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OZ: Bu calismada betonarme kirislerde farkl parametre olarak beton sinifi, boyuna donati olarak ¢ekme
ve basing donatis1 oranlarinin moment-egrilik davranisina etkisi arastirilmistir. Parametrelerin degerleri
degistirilerek sayisal bir ¢alisma yapilmistir. Bu amagla, 66 adet farkli parametrelere sahip dikdortgen
en-kesitli betonarme kiris tasarlanmistir. Kirislerin davranisi, malzemelerin dogrusal olmayan
davraniglar1 goz Oniine alinarak moment-egrilik iligkililerinden elde edilmistir. Analizlerde kiris
kesitlerinde beton igin sargisiz beton modeli kullamilmistir. Analiz sonuglar1 kullanilarak akma ve
kirlma durumunda moment-egrilik degerleri, egrilik siinekligi ve rijitlik oranlar: elde edilmistir. Analiz
sonuglarindan farkli parametrelerden elde edilen verilerin sonuglar1 ¢izelgeler halinde sunulmus ve
sonuglar degerlendirilmistir. Dikdortgen en-kesitli kirislerin davrarisi, egrilik siinekligi, rijitlik oranlari,
kirislerin akma ve kirilma momentlerinin degerlerinden yararlanarak yorumlanmistir. Betonarme kiris
elemanlarinda basing donatisi oraninin artmasi ile akma momenti, kirilma momenti ve maksimum
egrilik degerleri artmakta fakat akma egrilik degerleri azalmaktadir. Betonarme kiris elemanlarinda
basing donati oraninin artmasi ile elemanlarin siineklikleri ve rijitlikleri artirmaktadir.

Anahtar Kelimeler: Moment-egrilik, akma momenti, kirilma momenti, dogrusal olmayan davrams, sargisiz
beton, egrilik siinekligi.

Effect of Compression Reinforcement Ratio of Beams on the Moment Curvature Relationships

ABSTRACT: In this study, the effect of different parameters like concrete class, longitudinal tensile and
compression reinforcement ratios on the moment-curvature behavior of reinforced concrete beams was
investigated. A numerical study was performed by changing the values of the parameters. For this
purpose, 66 rectangular cross-section reinforced concrete beams with different parameters were
designed. The behavior of the beams was obtained from the moment-curvature relationship by
considering the nonlinear behavior of the materials. Unconfined concrete model was used for the beam
sections in the analysis. Moment-curvature values in the case of yield and ultimate stages, curvature
ductility values and stiffness ratios were obtained by using analysis results. The results obtained from
the analysis by using different parameters were presented in tables and the results were evaluated. The
behavior of the rectangular cross-section beams was interpreted by using the curvature ductility,
stiffness ratios, yield and ultimate moments. With the increase in the ratio of compression reinforcement
in the reinforced concrete beam elements, yield moment, ultimate moment and maximum curvature
values are increased but yield curvature values decrease. With the increase in the ratio of compression
reinforcement in the reinforced concrete beam elements, the ductility and stiffness of elements are
increased.

Key Words: Moment curvature, yield moment, ultimate moment, nonlinear behavior, unconfined concrete,
curvature ductility.
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GIRIS INTRODUCTION)

Betonarme yapi elemanlarinin davranisini, elemana ait kesit davranisi belirlemektedir. Kesit
davranisi, kesitte kullamilan malzeme, kesitin geometrisi ve kesite etki eden yiiklemelere baghdir.
Egilme etkisi altindaki bir kesitin davranisi ise en saglikli bigimde moment egrilik iliskisinden
belirlenebilir (Canbay ve dig., 2010). Kesitin rijitlik ve dayaniminin nasil degistigi, kesit davranisinin
siineklik durumu gibi olaylar yine moment-egrilik iliskisi tizerinden izlenebilir (Ersoy ve Ozcebe, 2012).
Yapilarin depreme kars: dayanikli olabilmesi i¢in, yap1 elemanlarinin yeterli dayanimlarinin yaninda bu
dayanimlarmi siirdiirebilmeleri igin elemanlarin siinek olmalar1 gerekmektedir. Betonarme kiris
davranisinin kavranabilmesi, kesit davranisinin iyi bilinmesi ile miimkiindiir. Kesit davranis: ise, en
saglikli bicimde moment-egrilik iliskisi tizerinden elde edilir (Caglar ve dig., 2014).

Betonarme kirislerin dogrusal olmayan davranisina etki eden faktorler; cekme ve basing donatisi
orani, enine donatinin ¢ap1, araligl ve betonun basing dayanimidir. Farkli parametrelerde esit en-kesit
alanina sahip dikdortgen betonarme kiris kesit modelleri tasarlanmis ve bu modellerin davranisina;
beton sinifinin, gekme ve basing donatisi oranlarinin moment-egrilik iliskisine olan etkisi arastirilmistir.
Incelenen parametrelerin davranisa etkileri, akma ve kirillma durumunda moment ve egrilik degerleri,
egrilik stinekligi ve rijitlik degerleri tizerinden degerlendirilmistir. Farkli parametrelerde tasarlanan
dikdortgen en-kesitli betonarme kiris modelleri i¢in ¢izilen moment-egrilik egrileri karsilastirarak
yorumlanmistir. Betonarme elemanlarin dogrusal olmayan davranislari dikkate alinarak analizler
SAP2000 (Ver.20.2.0) programinda gerceklestirilmistir. Betonarme kiris kesit hesabi ve tasarimi
yapilirken dikkat edilmesi gereken en Onemli husus, elde edilen kesitteki donati oraninin, dengeli
orandan kii¢iik olmasini saglamaktir. Bu kosul yonetmeliklerce zorunlu oldugu i¢in bu ¢alismada TS500
(2000)'de verilen smir degerler dikkate alimmistir. TS500 (2000)'de betonarme kirislerde siinek
davranisin saglanabilmesi i¢in, donati orant Denklem (2 ve 3) ile sinurlandirilmistir.

fm)( 600 )

=085k | — || =—=—— 1
Pp 1 (fyd 600 +fyd (1
Pmax = 0.85pp @)
(P—=P) < Pmax, P = Pmax 0.02 3)

Sabit geometride, farkli beton sinufi, boyuna donati olarak sabit ¢ekme ve farkli basing donati
oranlarina sahip toplam 66 adet betonarme kiris modeli tasarlanmistir. Betonarme kiris modellerinin
tasariminda Tiirkiye Bina Deprem Yonetmeligi (TBDY, 2018) ve Betonarme Yapilarin Tasarim ve Yapim
Kurallar1 (TS500, 2000)'de verilen hiikiimler dikkate alinmustir. Farkli parametrelerde tasarlanan
betonarme kiris modellerinde ¢ekme donatisi orani olarak; p,,,, = 0.85p, ve basing donati oran1 olarak;
ps = 0.0, 0.1pmax, 0-2pmax, 0.3Pmaxs 0-4Pmaxs 0-5Pmaxs 0-6Pmaxs 0.7Pmax, 0-8Pmax, 0.9Pmax V€ Prax
degerleri dikkate alinmistir. Betonarme kiris modellerinde C25, C30, C35, C40, C45 ve C50 olarak alt1
farkli beton smifi dikkate alinmigtir. Kiris modellerinde her beton sinifi i¢in ¢ekme donatisi orami
Pmax = 0.85p;, olacak sekilde sabit tutulmus basing donatis1 oranlar1 degistirilerek kesitlerin moment-
egrilik iliskisi aragtirilmistir. Incelenen parametrelerin davranisa etkileri, egrilik siinekligi, rijitlik
oranlar1 ve kiris tasima giicii momentleri {izerinden degerlendirilmis ve karsilastirarak yorumlanmastir.

Betonarme Kkiris kesitleri i¢in SAP2000 programinda malzeme modelleri tanimlanmigtir. SAP2000
programinda tanimlanan beton ve donati celigi icin hesaplarda ve malzeme modellerinde kullanilan
parametreler Cizelge 1’de 6zetlenmistir. Kirislerde eksenel yiikiin maksimum degeri N = 0.10 X A, X f,
olacak sekilde sinirlandirilmistir (TBDY, 2018). Betonarme Kkirislerin analizlerinde eksenel yiikiin degeri
N=0 olarak alinmistir. Betonarme kesitlerde eksenel yiikiin olmadig1 durumlarda sargi donatisinin etkisi
azalmaktadir. Bundan dolay1 analizlerde beton modeli olarak Mander sargisiz beton modeli (Mander ve
dig., 1988) kullanilmistir.
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MATERYAL ve METOT (MATERIALS and METHODS)

Betonarme kesitlerin moment-egrilik iliskilerini etkileyen ve tasarim asamasinda birer parametre
olarak diisiiniilen, beton basing dayanimi, ¢ekme donatisi oram ve basing donatisi orani gibi faktorlerin
moment-egrilik davramisina olan etkisinin incelenmesi bu ¢alismanin amacini olusturmaktadir. Bu
amagla kiris kesitlerin moment-egrilik iliskisi arastirilarak akma ve kirilma durumunda moment ve
egrilik degerleri, egrilik siinekligi ve rijitlik degerleri elde edilmistir. Elde edilen moment-egrilik iliskileri
farkli parametrelere gore Kkarsilastirmali olarak grafikler halinde sunulmustur. Moment-egrilik
iligkilerinden elde edilen degerler cizelgeler halinde karsilagtirmali olarak oOzetlenmistir. Tasarim
parametrelerinin incelenmesi icin analizlerde dikkate alinan kiris kesiti 250mmx500mm boyutlarinda
olup Sekil 1'de kesit geometrisi ve donati yerlesim plani verilmistir. Sekil 1’de A;; ¢ekme donatist
alanini, Aj; basing donatisi alanini ifade etmektedir. Beton basing dayanimi ile bagimli olarak incelenen
parametre; sabit ¢cekme donatis1 oranina gore basing donatisi oranidir. Bu amagcla 66 adet farkli
betonarme kiris modelinin moment-egrilik analizi yapilmistir.

® o e
A's

=500mm
d=450mm

h

; As

L bw=250min

Sekil 1. Tasarlanan kiris modellerinin en-kesit detaylar1
Figure 1. Cross-section details of designed beam models

Betonarme kiris kesit hesab1 ve tasarimi yapilirken dikkat edilmesi gereken en 6nemli husus, elde
edilen kesitteki donati oraninin, yonetmeliklerce Ongoriilen maksimum donati oranindan kiigiik
olmasini saglamaktir. Bu kosul yonetmeliklerce zorunlu oldugu igin bu ¢alismada TS500 (2000)’e gore
Denklem (2 ve 3)’te verilen sinir degerler dikkate alinmistir. Bu ¢alismada betonarme kirislerin egrilik
stinekligi gibi parametrelerinin arastirilmasi icin sabit ¢ekme donatisi orani dikkate alinmistir.
Hesaplarda g¢ekme donatist orani (ps = pmar = 0.85p,) tiim kiris modellerinde sabit alinmistir.
Betonarme kiris modellerinde basing donatisi oranlari (pg = 0.0, 0.10,0%, 0-20max, 0.3Pmax, 0-4Pmax.
0.50maxs 0.6Pmaxs 0.7Pmax, 0.8Pmax, 0.9Pmax V€ Pmayx) degistirilerek kiris elemanlarinin moment-egrilik
iligkileri incelenmistir. Beton basing dayaniminin kiris davranis: tizerinde etkisini arastirmak igin farkh
beton basing dayanumlar1 (C25, C30, C35, C40, C45, C50) dikkate alinmustir. Cizelge 2, 3, 4, 5, 6 ve 7’den
goriilecegi gibi kirislerde sabit beton simifi ve ¢ekme donatis1 orani icin basing donatis1 oran sifirdan
maksimum donati oranina kadar 11 farkli deger verilerek degistirilmistir.

Betonarme kesitlerde siineklik, kesitin dayaniminda Onemli bir azalma olmadan yapabilecegi
dogrusal Gtesi deformasyon kapasitesi olarak tanimlanir. Sayisal olarak ise egrilik stinekligi (u), egrilik
stineklik orani (u,) olacak sekilde Denklem (4 ve 10) ile ifade edilir. Egrilik siineklik katsayisi, kesitin
kirilma aninda yaptig egriligin (k,,), gekme donatisinin aktig1 anda kesitte olusan egrilige (k, ) oranidur.

U =k_y 4)
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Moment-egrilik grafiginin ilk dogrunun egimi, catlamis kesite ait etkin egilme rijitligine (ET) karsilik
gelmektedir (Caglar ve dig., 2014). Betonarme kirislerin etkin egilme rijitligi Denklem (5) ile
hesaplanmigtir. Denklem (5)’te M,, ve k,, sirasiyla akma momenti ve akma egriligidir.

El, = My (5)
e ky

Betonarme kirislerin kesit geometrisi (b ve h) ve betonun elastisite modiiliine (Ec) gore ¢atlamamais
kesit rijitlikleri (EI) Denklem (6 ve 7) ile hesaplanmistir. Farkli beton simiflar1 i¢in (TS-500, 2000) de
verilen beton karakteristik basing dayanimlarina (f;,) gore beton elastisite modyilleri (Ec) hesaplanmustir.
I; betonarme kirislerin briit atalet momentidir ve kesit geometrisine gore hesaplanmaktadir.

E. = 3250 + /f.. + 14000 (6)
I= b’ 7
=13 (7)

Betonarme kirisler igin hesaplanan etkin egilme rijitligi ve catlamamus kesit egilme rijitliklerinden
etkin rijitlik carpanlar1 (k.) Denklem (8)’den hesaplanmuistir.

El,

ke =Fr

®)

Betonarme kiriglerde moment-egrilik iligkilerinden akma ve kirilma durumlar1 igin moment (M,,, M,,)
ve egrilik (K, K,,) degerleri, akma ve kirilma egriliklerinden egrilik siineklikleri (1), akma momentleri ve
akma egriliklerinden etkin egilme rijitlikleri (El,) ve etkin rijitlik carpanlar (k,) hesaplanmstir.

Denklem (5) ile hesaplanan etkin egilme rijitline gore betonarme kirislerin farkli parametreler
(basing donat1 orani ve beton basing dayanimi) igin etkin egilme rijitlik oranlar1 (El,) Denklem (9)'a gore
hesaplanmistr.

El,_;; maksimum c¢ekme donatisi oranina sahip basing donatisi olmayan betonarme kiriglerin
(Ps = Pmax = 0.85p,, ps = 0.0) etkin egilme rijitligi degeridir. EI,_;; maksimum ¢ekme donatisi oramn
(Ps = Pmax = 0,85p;) ve farkli basing donatisi oranina sahip (pg = 0.0, 0.1p,4x, 0-2Pmax, 0-3Pmaxs 0-4Pmaxs
0.5pmaxs 0.6Pmaxs 0.7Pmaxs 0.80maxs 0.9Pmax V€ Pmayx) 11 farkli kiris modelinin etkin egilme rijitligi
degerleridir.

El,_;
El,_,

Ely = ©)

Denklem (4) ile hesaplanan egrilik siineklik katsayisina gore betonarme kiriglerin farkli parametreler
(basing donat1 orani ve beton basing dayanimi) igin egrilik siineklik oranlar1 (x,) Denklem (10)'a gore
hesaplanmigtir. 4, ,; maksimum cekme donatisi oranina sahip basing donatisi olmayan betonarme
kiriglerin (ps = pmax = 0,85p,, ps = 0.0) egrilik siineklik degeridir. x,_,; maksimum ¢ekme donatisi oran
(Ps = Pmax = 0.85pp) ve farkli basing donatis1 oranina sahip (pg = 0.0, 0.1p4x, 0.20maxs 0.3Pmaxs 0-4Pmaxs
0.5pmax, 0.6Pmaxs 0.7Pmax, 0.8Pmaxs 0.9Pmax Ve Pmax) 11 farkli kiris modelinin egrilik stineklik
degerleridir.

_ Ho-i
Ho-1

Hy (10)

Betonarme kiris kesitlerinde moment-egrilik iliskilerinden elde edilen akma ve kirilma durumlari
icin moment (M,, M,) degerlerine gore farkli parametrelere sahip betonarme kirigler i¢in M,;/M,,, ve
M,;/M,; oran degerleri hesaplanmigtir. M,; ve M,;; maksimum ¢ekme donatis1 oranina sahip basing
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donatisi olmayan betonarme kirislerin  (ps = ppax = 0.85p,, ps=0.0) akma ve kirilma
momentleridir. My; ve M,;; sabit beton basing dayanimi ve maksimum ¢ekme donatis1 orani (ps = ppax =
0,85p,) ve farkli basing donatisi oranina sahip (ps = 0.0, 0.1p14%, 0.2Pmaxs 0.3Pmaxs 0.4Pmaxs 0.5Pmax
0.60maxs 0.7Pmaxs 0-80maxs 0.90max V€ Pmax) 11 farkli kirigin akma ve kirilma momentleridir.

Cizelge 1. Malzeme modellerinde kullanilan parametreler (TBDY, 2018)

Table 1. Material parameters used in the model

Malzeme Parametre Deger
Beton Salzgls‘lz betonun maksimum gerilmeye ulastif1 birim sekil degistirme 0.002
Siifi: C25- degeri (¢w) T : T :
C50 Sargisiz betonun nihai birim sekil-degistirmesi (&cu) 0.0035
Karakteristik beton basing dayanimai (fe) 25-50MPa
Donati geliginin akma birim sekil degistirmesi (¢esy) 0.0021
Donatt Donati geliginin peklesme birim sekil degistirmesi (esp) 0.008
Celii: 5420 Donati geliginin kopma birim sekil degistirmesi (&) 0.08
Donati geliginin karakteristik akma dayanimi (fix) 420MPa
Donat geliginin karakteristik kopma dayanimai (fs) 550MPa
Cizelge 2. Tip-1 olarak tasarlanan kiris modellerine ait parametreler.
Table 2. Parameters of models designed as type-1
Kesit Kesit Ag A; , p—p
Grubu No Beton Sinifi (mm?) (mm?) Pp p P o
B1-0 0.0 0.0000 0.85
B1-1 199.1 0.0018 0.77
B1-2 398.3 0.0035 0.68
B1-3 597 .4 0.0053 0.60
B1-4 796.5 0.0071 0.51
Tip-1 B1-5 C25 1991.3 995.6 0.0208 0.0177  0.0089 0.43
B1-6 1194.8 0.0106 0.34
B1-7 1393.9 0.0124 0.26
B1-8 1593.0 0.0142 0.17
B1-9 1792.1 0.0159 0.09
B1-10 1991.3 0.0177 0.00
Cizelge 3. Tip-2 olarak tasarlanan kiris modellerine ait parametreler.
Table 3. Parameters of models designed as type-2
CI; isl.:l KesitNo  Beton Sinufi (mljizz) (1:11512) Pb p p d pbp
B2-0 0.0 0.0000 0.85
B2-1 226.1 0.0020 0.77
B2-2 452.3 0.0040 0.68
B2-3 678.4 0.0060 0.60
B2-4 904.5 0.0080 0.51
Tip-2 B2-5 C30 22613 11306 0.0236  0.0201  0.0101 0.43
B2-6 1356.8 0.0121 0.34
B2-7 1582.9 0.0141 0.26
B2-8 1809.0 0.0161 0.17
B2-9 2035.1 0.0181 0.08
B2-10 2261.3 0.0201 0.00
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Cizelge 4. Tip-3 olarak tasarlanan kiris modellerine ait parametreler.
Table 4. Parameters of models designed as type-3

é(r isl:; Kesit No Beton Sinif1 (mf:;lz) (mljizz) P P P d pbp
B3-0 0.0 0.0000 0.85
B3-1 250.9 0.0022 0.77
B3-2 501.8 0.0045 0.68
B3-3 752.6 0.0067 0.60
B3-4 1003.5 0.0089 0.51
Tip-3 B3-5 C35 2508.8 12544 0.0262 0.0223 0.0112 0.43
B3-6 1505.3 0.0134 0.34
B3-7 1756.1 0.0156 0.26
B3-8 2007.0 0.0178 0.17
B3-9 2257.9 0.0201 0.08
B3-10 2508.8 0.0223 0.00

Cizelge 5. Tip-4 olarak tasarlanan kiris modellerine ait parametreler.
Table 5. Parameters of models designed as type-4

Kesit Kesit Beton Sinifi A A, , p—0pr

Grubu No (mm?)  (mm?) P P P Py
B4-0 0.0 0.0000 0.85
B4-1 283.5 0.0025 0.77
B4-2 567.0 0.0050 0.68
B4-3 850.5 0.0076 0.60
B4-4 1134.0 0.0101 0.51

Tip-4 B4-5 C40 2835 1417 .5 0.0296 0.0252 0.0126 0.43
B4-6 1701.0 0.0151 0.34
B4-7 1984.5 0.0176 0.26
B4-8 2268.0 0.0202 0.17
B4-9 2551.5 0.0227 0.08
B4-10 2835.0 0.0252 0.00

Cizelge 6. Tip-5 olarak tasarlanan kiris modellerine ait parametreler.
Table 6. Parameters of models designed as type-5

é isli Kesit No Beton Simif (m[:;z) (mljizz) Pb P p' d pbp
B5-0 0.0 0.0000 0.85
B5-1 302.6 0.0027 0.77
B5-2 605.3 0.0054 0.68
B5-3 907.9 0.0081 0.60
B5-4 1210.5 0.0108 0.51
Tip-5 B5-5 C45 3026.3 1513.1 0.0316  0.0269 0.0135 0.43
B5-6 1815.8 0.0161 0.34
B5-7 2118.4 0.0188 0.26
B5-8 2421.0 0.0215 0.17
B5-9 2723.6 0.0242 0.08
B5-10 3026.3 0.0269 0.00




Kirislerde Basing¢ Donatis1 Oraninin Moment Egrilik iliskisine Etkisi 7

Cizelge 7. Tip-6 olarak tasarlanan kiris modellerine ait parametreler.
Table 7. Parameters of models designed as type-6

é isbltl Kesit No  Beton Siifi (mf:;lz) (mf::zz) Pb p p' d pbp
B6-0 0.0 0.0000 0.85
B6-1 318.4 0.0028 0.77
B6-2 636.8 0.0057 0.68
B6-3 955.1 0.0085 0.60
B6-4 1273.5 0.0113 0.51
Tip-6 B6-5 C50 3183.8 1591.9 0.0333 0.0283  0.0142 0.43
B6-6 1910.3 0.0170 0.34
B6-7 2228.6 0.0198 0.26
B6-8 2547.0 0.0226 0.17
B6-9 2865.4 0.0255 0.09
B6-10 3183.8 0.0283 0.00

ANALITiK CALISMA (ANALYTICAL STUDY)

Betonarme kiris elemanlarinin dogrusal olmayan davramisinin incelenerek bu davrarus: etkileyen
parametrelerin arastirmasi yapilmistir. Betonarme kiris elemanlarmmin davranisi moment-egrilik
iliskisinden incelenmistir. Moment-egrilik iligkileri ise malzemelerin dogrusal olmayan davranislari
dikkate alinarak farkli parametreler i¢in SAP2000 programu ile elde edilmistir. Betonarme kolon kesitin
ti¢ farkli malzeme modelinden olustugu diisiiniilmiistiir. SAP2000 programu ile yapilan moment-egrilik
analizlerinde, kabuk betonu icin Mander sargisiz beton modeli, ¢ekirdek betonu i¢in Mander sargili
beton modeli (Mander ve dig., 1988) ve donati ¢eligi icin Cizelge (1)’'de verilen peklesmeli model
kullamilmistir. Analiz sonuglarindan elde edilen moment-egrilik grafiklerinden farkli modeller ve
parametreler icin elde edilen simir degerler (ky, My, ku, Mu) cizelgeler halinde Ozetlenmistir. Egrilik
stinekligi ise moment-egrilik iligskilerinden elde edilen ky ve ku degerlerinden faydalanarak Denklem
(4)'ten hesaplanmistir. Analitik calismanin kapsaminda 66 adet farkli parametrelerde tasarlanan
betonarme kiris modelleri iizerinde analizler ve hesaplamalar yapilarak moment-egrilik grafikleri
karsilastirmali olarak verilmistir. Daha sonra elde edilen iligskilere gore elde edilen sonuglar
karsilagtirmali olarak c¢izelgeler halinde Ozetlenmistir. Farkli parametrelere gore incelenen Kkiris
modelleri i¢in analizlerden elde edilen moment-egrilik grafikleri Sekil 2, 3, 4, 5, 6 ve 7’de verilmistir.



S. B. YUKSEL, R. JAMAL, S. FOROUGHI

450
400 \
350
——B1-10
300 ——B19
& 250 B1-8
4 ——B1-7
2 500 ——Bl1-6
= B1-5
150 B4
100 ——B1-3
——B1-2
50 ——Bi1-1
——B10
0
0 20 40 60 80 100 120 140 160 180 200 220 240
K (Rad/1000m)

Sekil 2. Tip-1 olarak tasarlanan kiris modellerine ait karsilastirmali moment egrilik grafikleri.
Figure 2. Comparative moment curvature graphs of beam models designed as Type-1
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Sekil 3. Tip-2 olarak tasarlanan kiris modellerine ait karsilastirmali moment egrilik grafikleri.
Figure 3. Comparative moment curvature graphs of beam models designed as Type-2
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Sekil 4. Tip-3 olarak tasarlanan kiris modellerine ait karsilastirmali moment egrilik grafikleri.
Figure 4. Comparative moment curvature graphs of beam models designed as Type-3
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Sekil 5. Tip-4 olarak tasarlanan kiris modellerine ait karsilastirmali moment egrilik grafikleri.
Figure 5. Comparative moment curvature graphs of beam models designed as Type-4
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Sekil 6. Tip-5 olarak tasarlanan kiris modellerine ait karsilastirmali moment egrilik grafikleri.
Figure 6. Comparative moment curvature graphs of beam models designed as Type-5
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Sekil 7. Tip-6 olarak tasarlanan kiris modellerine ait karsilastirmali moment egrilik grafikleri.
Figure 7. Comparative moment curvature graphs of beam models designed as Type-6

Betonarme kiris kesitlerinin moment-egrilik iligkilerinden kesitte olusan hasar bolgelerinin sinirlari
farkli parametreler icin irdelenmistir. Betonarme kiris kesitlerinde akma ve kirilma durumlarn icin
moment (M,, M,)) ve egrilik (K,, K,,) degerleri, M,;/M,,, oranlar1, M,;/ M, oranlari, etkin egilme rijitlikleri
(El,), etkin egilme rijitlik oranlar1 (Ely), egrilik stinekligi () ve egrilik siineklik oranlar (x,) Cizelge (8,
9, 10, 11, 12 ve 13)'te Ozetlenmistir. Egrilik siinekligi (x) Denklem (4), etkin egilme rijitlikleri (El,)
Denklem (5), etkin egilme rijitlik oranlar1 (Ely) Denklem (9), ve egrilik siineklik oranlari (x,) Denklem
(10) ile hesaplanmustir. Cizelgelerde moment (M,,, M,) degerleri; kNm, egrilik (K,, K,) degerleri Rad X
103 /m ve Etkin egilme rijitligi (El,); kN.m? olarak verilmistir.
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Cizelge 8. Tip-1 olarak tasarlanan kiris modellerine ait analiz sonuglari.
Table 8. Analysis results of beam models designed as type-1

Kesit y Akm?{ aninda " K1r11n}? aninda -

u u e o p Hy

No | iNm) Rad/km) MM (Nm)  (Radjkm)  Mui/Mua
B1-0 | 3122 10.3 1.00 324.0 38.4 1.00 303 1.00 3.7 1.0
B1-1 | 3249 10.0 1.04 355.1 65.2 1.10 325 1.07 65 1.8
B1-2 | 325.6 9.4 1.04 388.0 109.0 1.20 347 114 116 3.1
B1-3 | 326.0 8.8 1.04 409.6 222.2 1.26 370 122 252 6.8
B1-4 | 3265 8.4 1.05 412.2 222.2 1.27 387 128 264 7.1
B1-5 | 326.5 8.3 1.05 415.0 2222 1.28 39.6 130 269 7.2
B1-6 | 326.7 8.1 1.05 417.8 2222 1.29 40.3 133 274 74
B1-7 | 327.1 8.0 1.05 419.8 2222 1.30 409 135 278 7.5
B1-8 | 328.1 7.9 1.05 423.2 222.2 1.31 417 138 282 7.6
B1-9 | 3283 7.8 1.05 426.1 222.2 1.32 423 139 286 7.7
B1-10 | 329.1 7.7 1.05 428.9 222.2 1.32 429 141 29.0 7.8
Cizelge 9. Tip-2 olarak tasarlanan kiris modellerine ait analiz sonuglari.
Table 9. Analysis results of beam models designed as type-2
. Akma aninda Kirilma aninda
Kesit M, K, M, K, El, El, w4,
No | eNm)  Rad/km) “PYM kNm)  (Rad/km)  Mui/Mu

B2-0 | 362.3 10.1 1.00 366.8 58.0 1.00 359 1.00 57 1.0
B2-1 | 367.5 9.6 1.01 425.1 93.2 1.16 382 106 97 17
B2-2 [ 367.6 9.0 1.01 462.0 2222 1.26 40.7 113 24.6 4.3
B2-3 | 368.6 8.6 1.02 465.1 2222 1.27 43.0 120 259 45
B2-4 | 368.7 8.3 1.02 468.1 222.2 1.28 443 124 267 4.7
B2-5 | 369.1 8.2 1.02 471.2 222.2 1.28 45.0 125 271 4.7
B2-6 | 370.3 8.1 1.02 474.3 2222 1.29 46.0 1.28 276 4.8
B2-7 | 371.0 8.0 1.02 477.0 2222 1.30 46.6 130 279 49
B2-8 | 372.0 7.8 1.03 478.9 2222 1.31 475 132 284 49
B2-9 | 3727 7.7 1.03 480.8 2222 1.31 48.1 134 28.7 5.0
B2-10 | 373.0 7.6 1.03 487.0 2222 1.33 48.8 136 29.1 5.1

11
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Cizelge 10. Tip-3 olarak tasarlanan kiris modellerine ait analiz sonuglari.
Table 10. Analysis results of beam models designed as type-3

Kesit y Akm;a( aninda y Klrllrr;? aninda I

u u e o H Ho

No | iNm) (Rad/km) M (iNm) (Radjkem) M/ Mua
B3-0 | 406.7 9.9 1.00 454.2 77.03 1.00 412 100 78 1.0
B3-1 | 406.8 9.3 1.00 4904 114.5 1.08 438 1.06 123 1.6
B3-2 | 407.8 8.8 1.00 512.5 2222 1.13 464 113 253 32
B3-3 | 408.0 8.5 1.00 515.7 222.2 1.14 482 117 263 34
B3-4 | 408.4 8.3 1.00 519.2 222.2 1.14 494 120 269 35
B3-5 | 409.3 8.1 1.01 522.7 222.2 1.15 50.3 122 273 35
B3-6 | 409.5 8.0 1.01 526.2 222.2 1.16 51.1 124 277 3.6
B3-7 | 4102 7.9 1.01 529.6 222.2 1.17 519 126 281 3.6
B3-8 | 410.7 7.8 1.01 533.0 2222 1.17 526 1.28 285 3.7
B3-9 | 4115 7.7 1.01 536.6 2222 1.18 533 129 288 3.7
B3-10 | 414.2 7.6 1.02 540.3 222.2 1.19 543 132 292 3.7

Cizelge 11. Tip-4 olarak tasarlanan kiris modellerine ait analiz sonuglari.
Table 11. Analysis results of beam models designed as type-4
. Akma aninda Kirilma aninda

Kesit M, K, M, K, El, El, p n

No | eNm)  Rad/km) M iNm)  (Rad/km) M/ Mha
B4-0 | 4583 9.8 1.00 5194 83.3 1.00 46.7 100 85 1.0
B4-1 | 459.2 9.3 1.00 558.4 136.1 1.07 496 1.06 147 17
B4-2 | 460.1 8.8 1.00 579.1 2222 1.11 523 112 253 3.0
B4-3 | 460.7 8.5 1.01 582.7 222.2 1.12 543 116 262 3.1
B4-4 | 460.7 8.3 1.01 586.6 222.2 1.13 556 1.19 268 3.2
B4-5 | 461.2 8.2 1.01 590.5 2222 1.14 564 1.21 272 32
B4-6 | 461.9 8.0 1.01 594.4 2222 1.14 574 123 276 3.3
B4-7 | 4625 7.9 1.01 598.4 2222 1.15 58.2 125 28.0 3.3
B4-8 | 465.0 7.8 1.01 602.4 222.2 1.16 594 127 284 3.3
B4-9 | 4652 7.7 1.02 605.2 222.2 1.17 60.0 128 287 34
B4-10 | 465.7 7.7 1.02 610.4 2222 1.18 60.8 130 29.0 34
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Cizelge 12. Tip-5 olarak tasarlanan kiris modellerine ait analiz sonuglari.
Table 12. Analysis results of beam models designed as type-5

Kesit y Akm?{ aninda " K1r1ln}(a aninda . .

u u e 0 u Hy

No | inm) (Rad/km) /M1 (iNm)  (Radjkm) Mui/Mua
B5-0 | 486.9 94 1.00 579.1 106.3 1.00 51.8 1.00 113 1.0
B5-1 488.0 9.0 1.00 614.1 222.2 1.06 542 1.05 24.7 22
B5-2 488.1 8.6 1.00 618.2 222.2 1.07 56.6 1.09 25.8 23
B5-3 | 490.2 8.4 1.01 622.0 222.2 1.07 58.6 1.13 266 2.4
B5-4 | 490.4 8.2 1.01 626.1 222.2 1.08 595 1.15 270 24
B5-5 | 491.5 8.1 1.01 630.2 222.2 1.09 60.6 1.17 274 24
B5-6 | 493.1 8.0 1.01 634.5 222.2 1.10 61.6 1.19 278 2.5
B5-7 | 493.5 7.9 1.01 638.7 222.2 1.10 62.5 121 281 2.5
B5-8 | 493.5 7.8 1.01 643.0 222.2 1.11 633 122 285 25
B5-9 | 495.2 7.7 1.02 647.1 222.2 1.12 64.1 124 288 25
B5-10 | 498.1 7.6 1.02 651.5 222.2 1.13 65.3 126 29.1 2.6

Cizelge 13. Tip-6 olarak tasarlanan kiris modellerine ait analiz sonuglari.
Table 13. Analysis results of beam models designed as type-6
] Akma aninda Kirilma aninda

Kesit M, K, M, K, El, El, u 4,

No | Nim) Rad/km) M iNm)  (Rad/km)  Mui/ M
B6-0 | 510.3 9.1 1.00 642.0 222.2 1.00 56.1 1.00 244 1.0
B6-1 512.9 8.8 1.01 646.0 222.2 1.01 58.6 1.04 254 1.1
B6-2 | 513.0 8.5 1.01 650.1 222.2 1.01 605 1.08 262 1.1
B6-3 | 515.0 8.3 1.01 654.3 222.2 1.02 62.1 1.11 26.8 1.1
B6-4 | 515.3 8.2 1.01 658.6 222.2 1.03 63.0 1.12 271 1.1
B6-5 | 5169 8.1 1.01 663.0 222.2 1.03 642 114 276 1.1
B6-6 | 517.5 8.0 1.01 667.4 222.2 1.04 649 116 279 1.1
B6-7 | 519.8 7.9 1.02 671.9 222.2 1.05 662 1.18 283 1.2
B6-8 | 520.1 7.8 1.02 676.4 222.2 1.05 66.9 1.19 286 1.2
B6-9 | 520.7 7.7 1.02 680.7 222.2 1.06 67.7 121 289 1.2
B6-10 | 522.2 7.6 1.02 684.3 222.2 1.07 68.7 122 292 1.2

ARASTIRMA SONUCLARI ve TARTISMA (RESEARCH RESULTS AND DISCUSSION)

Tasarlanan betonarme kiris kesitlerinin farkli parametrelere gore analiz ve hesap sonuglarindan elde
edilen degerler karsilastirmali olarak Cizelge 14, 15, 16, 17, 18 ve 19’da verilmistir. Farkli parametrelere
gore betonarme kirig modellerinde moment-egrilik analizlerinden elde edilen akma momenti degerleri
Cizelge (14) ve akma egrilik degerleri Cizelge (15)'te karsilastirilmali olarak verilmistir. Farkl
parametrelere gore betonarme kirislerde moment-egrilik analizlerinden elde edilen kirilma momenti
degerleri Cizelge (16) ve kirilma anindaki egrilik degerleri Cizelge (17)'de karsilastirilmali olarak
verilmistir. Betonarme kiriglerin moment-egrilik ilisiklilerinden elde edilen M, ve k, degerlerine gore
kesitlerin etkin egilme rijitlik oranlar1 (El,) Cizelge (18) ve betonarme kiriglerinin egrilik siineklik
oranlart (u,) Cizelge (19)'da karsilastirmali olarak verilmistir. Betonarme kiris elemanlarinin kesit
geometrisi ve karakteristik basing dayanimlarina gore Denklem (6 ve 7)e gore kesitlerin ¢atlamamais
egilme rijitlikleri (EI) hesaplanmis ve Cizelge (20)'de verilmistir. Betonarme kirislerin moment-egrilik
iligkilerine gore Denklem (5) ile etkin rijitlik (El,) degerleri ve Denklem (6 ve 7) ile hesaplanan
catlamamis kesitin egilme rijitliklerine (EI) gore hesaplanan etkin rijitlik ¢arpanlar: (k) Cizelge (21)'de
ve karsilastirmal1 grafigi Sekil (8)'de verilmistir.
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Cizelge 14. Kiris modellerinde analizlerden elde edilen akma momenti degerlerinin karsilastirilmasi.
Table 14. Comparison of yield moment values obtained from analysis results in beam models

Kesit
No

M,

Kesit
No

M,

Kesit
No

M,

Kesit
No

M,

Kesit
No

M,

Kesit
No

M,

B1-0
B1-1
B1-2
B1-3
B1-4
B1-5
B1-6
B1-7
B1-8
B1-9
B1-10

312.2
324.9
325.6
326.0
326.5
326.5
326.7
327.1
328.1
328.3
329.1

B2-0
B2-1
B2-2
B2-3
B2-4
B2-5
B2-6
B2-7
B2-8
B2-9
B2-10

362.3
367.5
367.6
368.6
368.7
369.1
370.3
371.0
372.0
372.7
373.0

B3-0
B3-1
B3-2
B3-3
B3-4
B3-5
B3-6
B3-7
B3-8
B3-9
B3-10

406.7
406.8
407.8
408.0
408.4
409.3
409.5
410.2
410.7
411.5
414.2

B4-0
B4-1
B4-2
B4-3
B4-4
B4-5
B4-6
B4-7
B4-8
B4-9
B4-10

458.3
459.2
460.1
460.7
460.7
461.2
461.9
462.5
465.0
465.2
465.7

B5-0
B5-1
B5-2
B5-3
B5-4
B5-5
B5-6
B5-7
B5-8
B5-9
B5-10

486.9
488.0
488.1
490.2
490.4
491.5
493.1
493.5
493.5
495.2
498.1

B6-0
B6-1
B6-2
B6-3
B6-4
B6-5
B6-6
B6-7
B6-8
B6-9
B6-10

510.3
512.9
513.0
515.0
515.3
516.9
517.5
519.8
520.1
520.7
522.2

Cizelge 15. Kiris modellerinde analizlerden elde edilen akma egriligi degerlerinin karsilastirilmasi.
Table 15. Comparison of yield curvature values obtained from analysis results in beam models

Kesit K, Kesit K, Kesit g Kesit K, Kesit K, Kesit K,
No No No No No No
B1-0 | 10.3 B2-0 101 B3-0 99 B4-0 98 B50 94 B6-0 9.1
B1-1 | 100 B2-1 96 B3-1 93 B4-1 93 B51 9.0 B6-1 88
B1-2 | 94 B22 90 B3-2 88 B42 88 B52 86 B6-2 85
B1-3 | 88 B2-3 86 B33 85 B4-3 85 B53 84 B6-3 83
B1-4 | 84 B24 83 B34 83 B44 83 B5-4 82 B64 82
B1-5 | 83 B2-5 82 B35 81 B45 82 B55 81 B6-5 8.1
Bl1-6 | 81 B26 81 B3-6 80 B46 80 B56 80 B6-6 80
B1-7 | 80 B2-7 80 B3-7 79 B47 79 B5-7 79 B6-7 79
B1-8 [ 79 B2-8 78 B3-8 78 B4-8 78 B5-8 7.8 B6-8 7.8
B1-9 | 78 B29 77 B39 77 B49 77 B59 77 B6-9 7.7
B1-10 | 7.7 B2-10 7.6 B3-10 7.6 B4-10 7.7 B5-10 7.6 B6-10 7.6

Cizelge 16. Kiris modelleri analizlerden elde edilen maksimum momenti degerlerinin karsilastirilmasi.
Table 16. Comparison of ultimate moment values obtained from analysis results in beam models

Kesit
No

M,

Kesit
No

M,

Kesit
No

M,

Kesit
No

M,

Kesit
No

M,

Kesit
No

M,

B1-0
B1-1
B1-2
B1-3
B1-4
B1-5
B1-6
B1-7
B1-8
B1-9
B1-10

324.0
355.1
388.0
409.6
412.2
415.0
417.8
419.8
423.2
426.1
428.9

B2-0
B2-1
B2-2
B2-3
B2-4
B2-5
B2-6
B2-7
B2-8
B2-9
B2-10

366.8
425.1
462.0
465.1
468.1
471.2
474.3
477.0
478.9
480.8
487.0

B3-0
B3-1
B3-2
B3-3
B3-4
B3-5
B3-6
B3-7
B3-8
B3-9
B3-10

454.2
490.4
512.5
515.7
519.2
522.7
526.2
529.6
533.0
536.6
540.3

B4-0
B4-1
B4-2
B4-3
B4-4
B4-5
B4-6
B4-7
B4-8
B4-9
B4-10

519.4
558.4
579.1
582.7
586.6
590.5
594.4
598.4
602.4
605.2
610.4

B5-0
B5-1
B5-2
B5-3
B5-4
B5-5
B5-6
B5-7
B5-8
B5-9
B5-10

579.1
614.1
618.2
622.0
626.1
630.2
634.5
638.7
643.0
647.1
651.5

B6-0
Bo6-1
B6-2
B6-3
B6-4
B6-5
B6-6
B6-7
B6-8
B6-9
B6-10

642.0
646.0
650.1
654.3
658.6
663.0
667.4
671.9
676.4
680.7
684.3
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Cizelge 17. Kiris modelleri analizlerinden elde edilen maksimum egrilik degerlerinin karsilagtirilmasi.
Table 17. Comparison of ultimate curvature values obtained from analysis results in beam models

Kesit
No

Ky

Kesit
No

u

Kesit
No

u

Kesit
No

u

Kesit
No

u

Kesit
No

u

B1-0
B1-1
B1-2
B1-3
B1-4
B1-5
B1-6
B1-7
B1-8
B1-9
B1-10

38.4
65.2
109.0
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2

B2-0
B2-1
B2-2
B2-3
B2-4
B2-5
B2-6
B2-7
B2-8
B2-9
B2-10

58.0
93.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2

B3-0
B3-1
B3-2
B3-3
B3-4
B3-5
B3-6
B3-7
B3-8
B3-9
B3-10

77.0
114.5
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2

B4-0
B4-1
B4-2
B4-3
B4-4
B4-5
B4-6
B4-7
B4-8
B4-9
B4-10

83.3
136.1
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2

B5-0
B5-1
B5-2
B5-3
B5-4
B5-5
B5-6
B5-7
B5-8
B5-9
B5-10

106.3
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2

B6-0
Bé6-1
B6-2
B6-3
B6-4
B6-5
B6-6
B6-7
B6-8
B6-9
B6-10

222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2
222.2

Cizelge 18. Kiris modelleri analizlerinden elde edilen rijitlik oranlarinin (El,) karsilagtirilmasi.
Table 18. Comparison of stiffness ratios (El,) obtained from beam model analysis

Kesit El Kesit El Kesit El Kesit El Kesit El Kesit El
No No No No No No
B1-0 1.00 B2-0 1.00 B3-0 1.00 B4-0 1.00 B5-0 1.00 B6-0 1.00
B1-1 1.07 B2-1 1.06 B3-1 1.06 B4-1 1.06 B5-1 1.05 B6-1 1.04
B1-2 1.14 B2-2 1.13 B3-2 1.13 B4-2 1.12  B5-2 1.09 B6-2 1.08
B1-3 1.22 B2-3 1.20 B3-3 1.17 B4-3 1.16 B5-3 1.13 B6-3 1.11
B1-4 1.28 B2-4 1.24 B3-4 1.20 B4-4 1.19 B54 1.15 B6-4 1.12
B1-5 1.30 B2-5 1.25 B3-5 1.22 B4-5 1.21  B5-5 1.17 B6-5 1.14
B1-6 1.33 B2-6 1.28 B3-6 1.24 B4-6 1.23  B5-6 1.19 B6-6 1.16
B1-7 1.35 B2-7 1.30 B3-7 1.26 B4-7 1.25 B5-7 1.21 B6-7 1.18
B1-8 1.38 B2-8 1.32 B3-8 1.28 B4-8 1.27  B5-8 1.22 B6-8 1.19
B1-9 1.39 B2-9 1.34 B3-9 1.29 B4-9 1.28 B5-9 1.24 B6-9 1.21
B1-10 1.41 B2-10 1.36 B3-10 1.32 B4-10 1.30 B5-10 1.26 B6-10 1.22

Cizelge 19. Kirig modelleri analizlerinden elde edilen siineklik oranlarinin (n ) karsilagtirilmasi.
Table 19. Comparison of ductility ratios (u ) obtained from beam model analysis

KesitNo | 1, KesitNo p, KesitNo p, KesitNo L, KesitNo 1, KesitNo §H,
B1-0 1.0 B2-0 1.0 B3-0 1.0 B4-0 1.0 B5-0 1.0 B6-0 1.0
B1-1 1.8 B2-1 1.7 B3-1 1.6 B4-1 1.7 B5-1 22 B6-1 1.0
B1-2 3.1 B2-2 43 B3-2 3.2 B4-2 3.0 B5-2 23 B6-2 1.1
B1-3 6.8 B2-3 4.5 B3-3 3.4 B4-3 3.1 B5-3 24 B6-3 1.1
B1-4 71 B2-4 47 B3-4 3.5 B4-4 3.2 B5-4 24 B6-4 1.1
B1-5 7.2 B2-5 47 B3-5 3.5 B4-5 3.2 B5-5 24 B6-5 1.1
B1-6 7.4 B2-6 4.8 B3-6 3.6 B4-6 3.3 B5-6 25 B6-6 1.1
B1-7 7.5 B2-7 49 B3-7 3.6 B4-7 3.3 B5-7 25 B6-7 1.2
B1-8 7.6 B2-8 49 B3-8 3.7 B4-8 3.3 B5-8 25 B6-8 1.2
B1-9 7.7 B2-9 5.0 B3-9 3.7 B4-9 3.4 B5-9 25 B6-9 1.2

B1-10 |78 B2-10 51 B3-10 3.7 B4-10 34 B5-10 26 B6-10 1.2
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Cizelge 20. Betonarme kiris elemanlarinin ¢atlamamis egilme rijitligi (ET).
Table 20. flexural bending stiffness (EI) of reinforced concrete beam elements
Beton b h I El
Ec MP
Sinufi (MPa) (m) (m) (m*) (kNxma2)
25 30250.0 0.25 0.5 0.0026042 88776.04
30 31801.0 0.25 0.5 0.0026042 92815.06
35 33227.3 0.25 0.5 0.0026042 96529.32
40 34554.8 0.25 0.5 0.0026042 99986.47
45 35801.7 0.25 0.5 0.0026042 103233.50
50 36981.0 0.25 0.5 0.0026042 106304.61
Cizelge 21. Betonarme kiris elemanlarinin etkin rijitlik katsayilar (k,).
Table 21. effective stiffness coefficients (k,) of reinforced concrete beam elements
, Kesit Kesit Kesit Kesit Kesit Kesit
p ke e e e ke ke
No No No No No No
0 B1-0 0.34 B2-0 0.39 B3-0 0.43 B4-0 0.47 B5-0 0.50 B6-0 0.53
0,1 B1-1 0.37 B2-1 0.41 B3-1 0.45 B4-1 0.50 B5-1 0.53 B6-1 0.55
0,2 B1-2 0.39 B2-2 0.44 B3-2 0.48 B4-2 0.52 B5-2 0.55 B6-2 0.57
0,3 B1-3 0.42 B2-3 0.46 B3-3 0.50 B4-3 0.54 B5-3 0.57 B6-3 0.58
04 B1-4 0.44 B2-4 0.48 B3-4 0.51 B4-4 0.56 B5-4 0.58 B6-4 0.59
0,5 B1-5 0.45 B2-5 0.48 B3-5 0.52 B4-5 0.56 B5-5 0.59 B6-5 0.60
0,6 B1-6 0.45 B2-6 0.50 B3-6 0.53 B4-6 0.57 B5-6 0.60 B6-6 0.61
0,7 B1-7 0.46 B2-7 0.50 B3-7 0.54 B4-7 0.58 B5-7 0.61 B6-7 0.62
0,8 B1-8 0.47 B2-8 0.51 B3-8 0.55 B4-8 0.59 B5-8 0.61 B6-8 0.63
0,9 B1-9 0.48 B2-9 0.52 B3-9 0.55 B4-9 0.60 B5-9 0.62 B6-9 0.64
1 B1-10 048 B2-10 053 B3-10 056 B4-10 0.61 B5-10 0.63 B6-10 0.65
k.; Betonarme Tasiyici Sistem Elemanlarmin Etkin Kesit Rijitlik Katsayisi
0,7
0,65
0,6
0,55
4
2 05
0,45 ——Tip-6
—a—Tip-5
0,4 ——Tip-4
—e—Tip-3
0,35 ——Tip-2
—*— Tip-1
0,3
0 0,1 0,2 03 04 0,5 0,6 0,7 0,8 0,9 1 1,1
p

Sekil 8. Betonarme kiris elemanlarinin farkli tip modellerine gore etkin egilme rijitlik ¢arpanlarinin
karsilastirilmali grafigi.

Figure 8. Comparison curves of effective stiffness coefficients according to different types of reinforced concrete beam elements
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SONUC (DISCUSSIONS)

Arastirma Sonuglar1 ve Tartisma boliimiinde 6zetlenen sonuglarin 1s1ginda asagidaki sonugclar elde
edilmistir.

e Betonarme kirislerde sabit beton basing dayanimi ve ¢ekme donatis1 orani i¢in basing donatisi

oranmnin artmasi ile moment-egrilik iligkilerinden elde edilen M,, M, ve k, degerleri artmakta fakat

k, degerleri azalmaktadir. Basing donat1 oranimin artmasi ile kesitlerin maksimum moment tagima

kapasitesi ve stinekligi artmaktadir.

e Sabit basing donatis1 ve ¢ekme donatis1 oranina sahip betonarme kirislerde beton basing

dayaniminin artmasi ile M,, ve M, degerleri artmakta, k, ve k, degerleri; p’ = 0.40p oranina kadar

azalmakta ve p’' =0.50p oranindan p’' =p oramina kadar sabit kalmaktadir. Beton basing

dayaniminin artmas1 maksimum moment kapasitesini artirmaktadir.

e Betonarme kirislerde sabit beton basing dayanimi ve ¢ekme donatisi orani igin basing donatisi

oranmnin artmas ile moment-egrilik iliskilerinden elde edilen EI, degerleri artmaktadir. Basing

donatis1 oraninin artmasi ile kesitlerin egilme rijitligi artmaktadur.

e Sabit basing donatis1 ve ¢ekme donatisi oranina sahip betonarme kirislerde beton basing

dayaniminin artmast ile hesaplanan EI, degerleri azalmaktadir.

e Betonarme kirislerde sabit beton basing dayanimi ve ¢ekme donatisi orani i¢in basing donati

oraninin artmasi ile moment-egrilik iliskilerinden elde edilen degerlere gore hesaplanan p, degerleri

artmaktadr.

e Sabit basing donatis1 ve ¢ekme donatisi oranina sahip betonarme kirislerde beton basing

dayaniminin artmasi ile p, degerleri; p’ = 0.40p oranina kadar artmakta ve p’ = 0.50p oranindan

p' = p oranina kadar azalmaktadir.

e Betonarme kirislerde sabit beton basing dayanimi ve ¢ekme donatisi oram igin, basing donati

oraninin artmasi ile k, degerleri artmaktadir.

e Sabit basing donatist ve ¢ekme donatisi oranina sahip betonarme kirislerde beton basing

dayaniminin artmasi ile k, degerleri artmaktadar.

e Basing donatis1 oraninin betonarme kirislerin maksimum moment tasima kapasitesi, etkin

egilme rijitligi, stinekligi ve kesitlerin etkin egilme rijitlileri tizerinde etkili oldugu ispatlanmustir.
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OZ: Esnek zaman pencereli arag rotalama problemi, belirli zaman araliklarinda servis gormek
isteyen miisterilere, erken ya da ge¢ hizmet verilmesine ceza maliyeti uygulanmasi kosuluyla izin
veren zaman pencereli ara¢ rotalama probleminin bir cesididir. Bu ¢alismada, ele alinan esnek
zaman pencereli arag rotalama problemi i¢in dnce kiimele-sonra rotala yontemine dayali bir yontem
onerilmistir. Ik olarak miisteriler K-Means ve K-Medoids kiimeleme algoritmalarina gore
kiimelenmis, daha sonra ise karisik tam sayili dogrusal programlama modeli yardimiyla
rotalanmistir. Son olarak, algoritmalarin etkinligini gostermek icin ANOVA testi kullanilmis ve
deneysel sonugclar, algoritmalar ile elde edilen sonuglarin firmanin gergek maliyetleri ile
karsilastirildiginda daha iyi oldugunu gostermektedir.

Anahtar kelimeler: Esnek Zaman Pencereli Ara¢ Rotalama Problemi, K-Means Algoritmasi, K-Medoids
Algoritmast

Cluster-First Route-Second Approach For The Solution Of Vehicle Routing Problem With Soft
Time Windows; A Supermarket Chain Application

ABSTRACT: The vehicle routing problem with soft time windows is a type of vehicle routing
problem with time windows which allow to serve customers outside their time windows, but the
penalty costs is applied for the company for early or late service. In this study, an approach consisted
of two stages as "cluster-first route-second” is proposed for the vehicle routing problem with soft
time windows. Firstly, customers are clustered according to K-Means and K-Medoids clustering
algorithms, then routed by the help of mixed integer linear programming model. Finally, the
ANOVA test is used to show the effectiveness of the algorithms and the experimental results showed
that the results obtained with the algorithms provides a better solution than the actual costs of the
firm.

Key Words: Vehicle Routing Problem with Soft Time Windows, K-Means Algorithm, K-Medoids Algorithm

GIRISINTRODUCTION)

Giiniimiizde hem kiiresel hem de yerel pazarlarda yogun bir rekabet bulunmaktadir. Rekabet
ortaminda isletmelerin miisterilerine daha iyi bir hizmet verebilmesi i¢in iyi bir planlama yapilmasi
ve giincel teknolojik gelismelerin takip edilmesi gerekmektedir. Isletmeler, yogun rekabetin oldugu
bu miisteri odakli pazarlarda varliklarim1 koruyabilmek ve rekabet ile miicadele edebilmek igin
kalitelerini arttirirken maliyetlerini azaltmak zorundadirlar. Isletmelerin toplam maliyetleri
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Esnek Zaman Pencereli Ara¢ Rotalama Probleminin Coziimii icin Once Kiimele-Sonra

Rotala Temelli Bir Yontem Onerisi; Bir Siipermarket Ornegi

icerisinde Onemli bir paya sahip olan dagitim maliyetleri azaltilirken ayni zamanda firmalarin
miisterilerine en kisa siirede hizmet vermeleri gerekmektedir. Bu nedenle dagitim maliyetlerini
azaltan, aracin kat ettigi toplam mesafeyi ya da siireyi en kiigiikleyen ve araglarin en uygun
rotalarinin bulunmasini saglayan amaglar arag rotalama probleminin (ARP) temel konular: igerisine
girmektedir.

[k kez Dantzig ve Ramser tarafindan tanimlanan ARP; merkezi bir depoda bulunan ayni veya
farkli kapasitelere sahip olan araglarin, her biri farkli konuma ve talebe sahip olan mdiisteriler
kiimesine toplam seyahat mesafesini veya siiresini en aza indirecek sekilde hizmet vererek depoya
geri donmesi icin gerekli rotalarin belirlenmesi problemi olarak tanimlanabilir (Toth ve Vigo, 2002a).
ARP’'nin sahip oldugu kisitlara gore farkli cesitleri vardir. Her miisteri icin ara¢ veya araglarin
hizmete baglayacag1 en erken ve en ge¢ zaman kisitlarini iceren zaman pencereli arag¢ rotalama
problemi (ZPARP) bunlardan biridir. ZPARP'nin amaci, miisteri talepleri yine miisterilerin arzu
ettikleri zaman araliklar1 dikkate alinarak dagitim rotalarinin olusturulmasidir. Esnek ve siki zaman
pencereli arag rotalama problemi ZPARP'nin farkl tiirleri olup, bu ¢alismada esnek zaman pencereli
arag rotalama problemi (EZPARP) ele alinmistir.

Arag¢ rotalama problemlerini ¢6zmek igin literatiirde pek c¢ok yontem gelistirilmistir.
Yontemlerden biri kesin ¢6ziim yontemleridir. Literatiirde en iyi bilinen kesin ¢6ziim yontemleri; dal
ve smir yontemi, dal ve kesme yontemi, kesme diizlemi yontemi ve dinamik programlamadir. Bu
yontemlerin performansi, arag rotalama problemleri NP-zor problem smifa girdigi icin problemin
boyutuna baghdir. Coziim yontemlerinden bir digeri ise sezgisel yontemlerdir. Sezgisel yontemler;
klasik sezgisel yontemler ve meta-sezgisel yontemler olmak iizere iki gruba ayrilmaktadir. Klasik
sezgisel yontemler olurlu ¢6ziimii daha kisa siirede bulabilmekte, fakat bulunan bu ¢6ziim yerel en
iyi degerleri icermektedir. Yapisal sezgisel yontemler, iki-asamal1 sezgisel yontemler ve gelistirici
sezgisel yontemler klasik sezgisel yontemlere 6rnek olarak verilebilir. Meta-sezgisel yontemler de en
iyi ¢oziime yakin ¢oziimleri bulabilme kabiliyetine sahiptirler. Ayrica meta-sezgisel yontemler
¢0zlim uzayin tararken yerel en iyi degerlerden kurtulabilmektedirler. Genetik algoritma, karinca
kolonisi algoritmasi, yapay ari kolonisi algoritmasi, parcacik siirii optimizasyonu, tabu arama
algoritmasi ve tavlama benzetimi meta sezgisel yontemlere 6rnek olarak verilebilir (Toth ve Vigo,
2002b).

Arag rotalama problemi NP-zor problem sinifina girmekte, bu nedenle de problemi ¢ézmek igin
gereken hesaplama siiresi problemin boyutuyla birlikte iistel olarak artmaktadir. Bundan dolay:
literatiirde var olan kesin ¢oziim yontemleri sadece kiiciik boyutlu problemleri ¢ozebilmektedirler.
Belirli sayida miisterinin ve kisitin oldugu gercek hayat problemlerinde bu yontemler en iyi ¢oziime
ulasma zaman almakta veya imkansiz olmaktadir. Bu nedenle ele alinan calismada biiyiik boyutlu
problemlerin makul siirelerde ¢6ziimiine olanak saglamak icin kiimeleme analizi kullanilarak
problemin boyutu kiigliltiilmiis ve sonrasinda kesin ¢6ziim yonteminin kullanimina olanak
saglanmistir.

Kiimeleme analizi, verileri benzerliklerine gore gruplara ayirarak siniflandirilmasimi saglayan
¢ok degiskenli bir istatistiksel analiz yontemidir (Kaufman ve Rousseuw, 1990). Kiimeleme
analizinin amaci, gruplandirilmamis verileri benzer Ozelliklerine gore simiflandirmak ve
arastirmaciya ise yarar Ozetleyici bilgiler sunmaktir. Yapilan kiimeleme isleminin basarisi, kiimeler
arasindaki benzerligin az, kiimelerin kendi igerisindeki benzerligin ise fazla olmasiyla dlgiilmektedir
(Hair ve dig., 1995).

Bu calismada 78 subeye sahip bir siipermarket zincirinin ana depodan ¢ikan araglarin sube
taleplerinin belirli zaman araliklarinda karsilanabilmesi i¢in uygun ara¢ rotalariin belirlenmesi
probleminin ¢dziimii igin 6nce kiimele-sonra rotala yontemine dayali bir yontem Onerilmistir.
Calismanin geriye kalan kismi ise sOyledir; ikinci boliimde literatiir arastirmasina yer verilmis,
i¢lincli boliimde ele alinan problemin tanimi ve formiilasyonu yapilmis ve dordiincii boliimde
Onerilen ¢dziim yontemi detayli olarak anlatilmistir. Besinci bdliimde ise uygulama kismina yer
verilmistir. Son olarak ¢alismadan elde edilen bulgular sonug kisminda 6zetlenmistir.
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LITERATUR ARASTIRMASI(LITERATURE REVIEW)

Bu calismada EZPARP'nin ¢o6ziimii i¢in 6nce kiimele-sonra rotala temelli iki asamali bir ¢6ztim
yontemi onerilmistir. Ik asamada, kiimeleme problemi kiimeleme analizi yontemlerinden K-Means
ve K-Medoids algoritmas1 kullanilarak ¢oziilmiistiir. Tkinci asamada ise rotalama problemi kesin
¢ozlim yontemlerinden tam sayili dogrusal programlama modeli yardimiyla ¢oziilmiistiir. Bu
nedenle literatiir arastirmamiz ARP'nin ¢6ziimiinde kiimeleme analizinin kullanildig1 ¢alismalar ve
EZPARP’nin ¢dziimiinde kesin ¢dziim yonteminin kullanildig1 ¢alismalar ile sinirlandirilmistir.

Ik olarak, ARP'nin ¢dziimiinde kiimeleme analizi yontemlerinin kullanildig1 literatiirde
calismalar incelendiginde, Thangiah ve Salhi (2001)'nin birden ¢ok depoya sahip ara¢ rotalama
problemi icin genetik algoritmaya dayanan genellestirilmis bir kiimeleme yontemi onerdikleri
goriilmektedir. Literatiirdeki test problemleri kullanilarak oOnerilen yontemin etkinligi
degerlendirilmistir. Onerilen kiimeleme yontemi, literatiirdeki 23 problemden 11 tanesi icin yeni en
iyi ¢6zlimii bulmustur. Crainic ve dig. (2008) iki asamali arag rotalama problemini ele almislardar. Tki
asamal1 ara¢ rotalama problemi, klasik ara¢ rotalama probleminin bir uzantisi olup tek bir depodan
miigteriye teslimatin uydular olarak adlandirilan menzil ara bolge deposuna yonlendirilmesi ile
gerceklestirilmesi olarak adlandirilir. Ele alinan problemin ¢oziimii igin kiimeleme temelli meta-
sezgisel bir yontem gelistirilmistir. Deneysel sonuglar kiimeleme temelli yontemin iyi performans
gosterdigini ve bu iki asamali sistemin maliyetlerde iyilestirme sagladigini gostermistir. Nallusamy
ve dig. (2010) calismalarinda, ¢oklu gezgin satici problemini basit gezgin satici problemine
doniistiirmek icin kiimeleme analizi yOontemlerinden K-Means algoritmasini kullanmislardir.
Kiimeleme isleminden sonra ise tabu arama ve benzetimli tavlama yontemlerini kullanarak gezgin
satic1 probleminin ¢dziimiinii yapmaislar ve elde edilen sonuglar1 karsilastirmiglardir. Caliskan (2011)
¢ok depolu ARP'nin ¢oziimiinde karinca kolonisi ile kiimeleme algoritmalarini birlikte kullanmis ve
toplam maliyeti en aza indirmeyi hedeflemistir. Yiicenur ve Demirel (2011) ¢alismalarinda gok
depolu arag¢ rotalama probleminin ¢oziimii igin iki agsamali bir yontem Onermislerdir. Yontemin
birinci asamasinda, Thangiah ve Salhi (2001)'nin gelistirdigi genetik algoritma tabanli kiimeleme
yontemi kullarularak kiimeleme islemi yapilmis, ikinci asamasinda ise karinca kolonisi
optimizasyonu ile rotalama islemi gergeklestirilmistir. Ortaya koyduklar1 melez yontemin
performansini test problemleri iizerinde degerlendirmislerdir. Sen (2014) kapasite kisitli ARP'nin
¢Ozlimil i¢in kiimeleme analizi yontemlerini GA ile destekleyerek yeni bir yaklasim gelistirmis ve
gelistirdigi yaklasiminin gegerliligini perakende sektoriinde bir 6rnek olay iizerinde test etmistir.
Bozyer ve dig. (2014) kapasite kisitli ARP’'nin ¢6ziimii i¢in gruplama asamasinda kiimeleme analizi
tekniklerinden C-means algoritmasimin kullamildigi, ©nce kiimele sonra rotala yontemini
onermislerdir. Comert ve dig. (2018) siki zaman pencereli ARP'nin ¢6ziimii i¢in kiimeleme analizi
tabanl iki asamali bir ¢6ziim yontemi Oonermislerdir. Onerilen yontemin gegerliligi bir 6rnek olay
{izerinde gosterilmistir. Unsal ve dig. (2018), ARP'nin bir alt dali olan okul servisi rotalama
probleminin optimizasyonu icin yapay zeka ve kiimeleme analizi teknikleri kullanilarak bir yontem
gelistirmiglerdir. Gelistirilen yontem Ankara ilindeki bir okula tagimacilik hizmeti veren servis
firmasindan toplanan rota verileri {izerinde uygulanmis ve elde edilen sonuglarin mevcut
degerlerden daha iyi oldugu iddia edilmistir.

EZPARRP literatiirde ilk kez Sexton ve Choi (1986) tarafindan c¢alisilmistir. Sexton ve Choi (1986),
calismalarinda hem toplama hem de dagitim islemleri yapilmaktadir. Zaman pencerelerinin
saglanamadig1 durumlarda ortaya ¢ikan toplam miisteri cezalarini en aza indirmek i¢in Bender
ayrigtirma yontemini uygulamislardir. Min (1991), EZPARP i¢in toplam seyahat zamanini ve zaman
penceresinden sapmalari en aza indirgemeyi amaglayan ¢ok amacli bir matematiksel model
onermistir. Onerdigi modelin etkinligi kiitiiphane dagitim sisteminde denenmistir. Fagerhalt (2001),
esnek zaman pencereli ¢ok gemili toplama ve dagitim problemini ele almistir. Tasima maliyetini ve
zaman pencerelerinin disinda hizmet verildiginde ortaya ¢ikan ceza maliyetini en aza indirgemeyi
amagclayan kiime ayristirma formiilasyonu tabanli bir optimizasyon yontemi Onermistir. Aydemir
(2006), EZPARP’'nin ¢dziimii i¢in ¢ok amacli bir matematiksel model onermistir. C)nerdigi modelin
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ti¢ adet amag fonksiyonu bulunmaktadir ve model tam zamaninda iiretim sistemi uygulayan biiyiik
bir otomotiv fabrikasinin tedarik¢ilerden malzeme almak i¢in kullanilan araglarin rotalanmasinda
uygulanmistir. Calvete ve dig. (2007), calismalarinda, EZPARP'nin ¢6ziimii i¢in hedef programlama
yaklasimini kullanarak bir matematiksel model gelistirmislerdir. Gelistirilen modeli ¢6zmek igin,
once uzun yollari hesaplayan ve ardindan en iyi olanlar1 segen bir siralama-takip-optimizasyon
yaklasimi Onerilmistir. Deneysel hesaplamalar bu yaklasimin orta olgekli problemler icin yeterli
oldugunu gostermektedir. Qureshi ve dig. (2009), esnek zaman pencereli arag¢ rotalama ve
cizelgeleme problemini ele almiglardir. Ele aldiklar1 problemin ¢6ziimii i¢in siitun iiretme temelli bir
optimizasyon yaklasimi sunmuslardir. Onerdikleri yaklagimin etkinligini Solomon’un test
problemleri iizerinde denemislerdir. Qureshi ve dig. (2010), bu ¢alismalarinda araglarin miisterilere
erken varislarinda beklenmekte, sadece ge¢ varislarinda cezamin tahsil edildigi EZPARP'nin bir
¢esidi olan yar1 esnek zaman pencereli arag rotalama problemi ¢alismislardir. Ele aldiklar: problemin
¢ozlimii igin de bir &nceki ¢alismalarinda oldugu gibi siitun {iretme temelli bir optimizasyon
yaklasimi sunmuslardir. Tas ve dig. (2014), calismalarinda stokastik seyahat siirelerine sahip
EZPARP’yi ele almislardir. Problemde, hem etkili hem de giivenilir olan rotalar elde etmek icin
stokastik seyahat siireleri dikkate alinmistir. Ele alinan problemin ¢oziimil icin siitun {iretme
yaklasimini kullanmiglardir. Chiong ve Chong (2017), EZPARP’'de bu zamana kadar c¢alisiimamais
durum olan performans bonusu dikkate alinarak matematiksel model gelistirmislerdir. Bu
matematiksel model sadece performans bonusunu EZPARP'de dikkate almakla kalmaz, aym
zamanda her bir personel arasindaki yiik dengesini olusturmay: saglamaktadair.

EZPARP'de klasik ARP gibi NP-zor problem smifina girdigi i¢in problemin kisit ve degisken
sayis1 arttiginda kesin ¢oziim yontemleri kullanilarak ¢oziilmesi zor hatta imkansiz hale
gelmektedir. Bu nedenle ¢alismamizin amaci, orta ve biiyiik boyutlu 6rnekleri makul siirelerde
¢6zmek igin kullanilabilecek &nce kiimele-sonra rotala yontemine dayali bir iki asamali ¢oziim
yaklagimi dnerilmektedir. Onerilen ¢6ziim yontemi miisterileri kiimeleyerek problemin boyutunu
kiigiiltmekte ve kesin ¢6ziim yOntemi kullanilarak ¢oziilmesine olanak saglamaktadir.

PROBLEMIN TANIMI VE FORMULASYONU (PROBLEM DESCRIPTION AND FORMULATION)

Bu c¢alismada, esnek zaman pencereli arag¢ rotalama problemi (EZPARP) calisilmistir. EZPARP,
zaman pencerelerinin ceza bedelleri Odenerek asilabildigi zaman pencereli arag¢ rotalama
probleminin bir ¢esididir. Eger arag belirlenen zaman pencerelerinden daha erken gelmisse erken
gelme ceza maliyetine, daha ge¢ gelmisse ge¢ gelme ceza maliyetine katlanmak zorundadir. Fakat
deponun zaman penceresi saglanmak zorundadir (Badeau ve dig., 1997).

EZPARP’'nin matematiksel modeli su sekildedir (Zare-Reisabadi ve Mirmohammadi, 2015):

Dizin Kiimeleri:

N={0,1,....n,n+1} :Subeler kiimesi, {0} ana depo

V={1,2,....k} :Araclar kiimesi

Karar

Degiskenleri:

Xijk :(1,j) € A ayrit turdaysa 1, degilse O

Yik :Aracin i. miigteriye varig zamani

Eix :Aracin i. miisteriye erken varis siiresi

Lik :Aracin i. miisteriye geg varis siiresi
Parametreler:

Cij :i. miigteriden j. miisteriye seyahat maliyeti

tij ii. miisteriden j. musteriye seyahat siiresi
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Si :Misteriler i¢in servis stiresi
le;, 1i] :Miisteriler i¢in zaman pencereleri
Iy :Erken hizmet ceza maliyeti
h; :Geg hizmet ceza maliyeti
fy :Aracin ana depodan ¢ikma maliyeti
Qi :i. miisterinin talep miktar1
Kiszitlar:
n n+l
minZ = ZZZCU +ZZf,,X0]+ZrLZE”+Z ZL”
v=1i=1 j= v=1j=
]#L
ZZX”—l vj € N/{0,n+1} M
VEA; i=0
i%j
n
dxn=1 Vj € N/{O,n+1) @
i=0
n
ngj -1 Vj € N/{0,n + 1} 3)
j=0
n n+1
ZXii, Z ZX”-—O vp € N/{O,n + 1} 4)
VEAp i=0 VEAp j=
v StV — _ Vv eV,Vi
vt sty =y < (1= Xp)M EN/{n+1},Vj EN/{0}i+#] ®)
n n
ZdeX}’jSCav Vv eV (6)
j=1 i=0
n+1
E}’ZeiZXi"j—y}’ vie N/{0,n+ 1}, Vv eV (7)
j=1
>y’ —1 VieN/{On+1}, vv=12..k 8)
k
z Yo = 9)
v=1
ij = {0,1} v(i,j) EN, Vv eV (10)
vy EL,LY =20 Vi EN, Vv eV (11)

Bu modelde, (1) ve (4) numarali kisitlar her miisterinin bir ara¢ tarafindan bir kez ziyaret
edilmesini saglamaktadir. (2) ve (3) numarali kisitlar her diigiime bir diigiimden gelinip bu
diiglimden de tek bir diiglime gecilmesini saglamaktadir. (5) numarali kisit aracin kalan zaman
dilimine ve servis siiresine bagli olarak miisteriye varis zamanini hesaplayan kisittir. (6) numaral
kisit azami arag kapasitesini kontrol eder. (7) ve (8) numarali kisitlar miisteriye varis zamanina bagl
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olarak araglarin erken ve gec varis siirelerini hesaplayan kisitlardir. (9) numarali kisit her arag icin
tur saatini sifirdan baslatir. (10) numarali kisit xix karar degiskenini ikili olarak siirlandirirken (11)
numaral kisit zaman degiskenlerinin negatif olmamasini saglamaktadir. Amag fonksiyonu ise dort
boliimden olusmaktadir. Birinci boliim; toplam seyahat maliyetini, ikinci boliim; gerekli olan
araclarin sayisini azaltarak tiim araglarin sabit maliyetlerinin toplamin, tiglincii ve dordiincii boliim;
tiim miisteriler i¢in zaman penceresi ihlali cezasini en aza indirgemeyi amaglar.

ONERILEN COZUM YONTEMI(RECOMMENDED SOLUTION METHOD)

Bu calismada ele aldigimiz EZARP kesin ¢6ziim yontemleri ile makul bir siirede ¢dziilememistir.
Bu nedenle, dnce miisterileri kiimeleyerek problemi kesin ¢6ziim yontemi ile ¢oziilebilir boyuta
getirecek daha sonra ise kiimelenmis miisterileri rotalama islemine tabi tutacak 6nce kiimele-sonra
rotala yontemine dayali iki asamal1 bir yaklasim onerdik.

Yontem Cizelge 1'de 6zetlenmistir:

Cizelge 1. Onerilen ¢6ziim yontemi asamalari
Tablel. Stages of recommended solution method
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1. Asama: Kiimeleme
Miisterilerin birbirlerine olan mesafeleri dikkate alinarak kiimeleme analizi yontemleri
kullanilarak kiimelenmesidir.

2. Asama: Rotalama
1. Asama sonucunda kiimelenen miisteriler i¢in en uygun dagitim rotalarinin karisik tam sayili
dogrusal programlama modeli yardimiyla olusturulmasidir.

Kiimeleme Analizi(Clustering Analysis)

Kiimeleme analizi, veri kiimesi igerisinde bulunan bilgilerin benzerliklerine bagli olarak
homojen gruplara bélmek amaciyla kullanilan ¢ok degiskenli bir analiz yontemidir (Johnson ve
Wichern, 1992). Kiimeleme analizinde asil amag; kiimeler arasindaki benzerlikleri en aza indirmek
ve kiimelerin kendi i¢indeki benzerliklerini ise en yiiksek seviyede tutmaktir (Tathdil, 2002).

Verilerin benzerliklerine gore kiimelere boliinmesinde kullanilabilecek ¢esitli yontemler vardir.
En ¢ok kullamilan kiimeleme yontemleri hiyerarsik ve hiyerarsik olmayan kiimeleme olarak iki
grupta toplanmaktadir (Blashfield ve Aldenferder, 1978). Bu calismada hiyerarsik olmayan
kiimeleme yontemlerinden olan K-Means ve K-Medoids kiimeleme algoritmalar1 kullanilmistir.

K-Means algoritmasi en eski kiimeleme yontemlerinden biri olup J.B. MacQueen tarafindan 1967
yilinda gelistirilmistir. Bu algoritmaya gore her veri sadece tek bir kiimeye ait olabilmekte ve n adet
veri nesnesi igeren veri kiimesi, k adet kiimeye boliinmektedir. K-Means algoritmasi dort temel
adimdan olugsmaktadir (Sariman, 2011). Bu adimlar:

Adim 1. Girilen k degeri kadar kiime merkezi belirle

Adim 2. Kiime merkezi disinda kalan verileri mesafelerine gore siniflandir
Adim 3. Siniflandirmaya gore yeni merkezler belirle

Adim 4. Merkezler kararli hale gelene kadar 2. ve 3. adimlar: tekrar et.

K-Medoids algoritmasi ise Kaufman ve Rousseeuw tarafindan 1987 yilinda gelistirilmistir. Bu
algoritmada veri kiimesi, k adet kiimeye boliinmektedir. Bu kiimeleme yontemindeki asil amag k
adet kiime igerisindeki verilerin benzerliklerinin yiiksek, kiimelerin ise benzersiz olmasidir.
Kiimenin merkezine en yakin nokta temsilci nesnedir ve medoid olarak adlandirilir. Temsilci nesne,
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kiimenin diger elemanlarina olan ortalama uzaklig1 en kiiciik yapan kiimenin en merkez noktasidir
(Isik, 2006).
K-Medoids algoritmasinin islem adimlar: asagida verilmistir:

Adim 1. k adet kiimenin baslangi¢ medoidlerini belirle

Adim 2. Her nesneyi kendisine en yakin medoide atayarak kiimeleri olustur

Adim 3. Temsilci nesne ile temsilci olmayan nesneyi degistirerek kiimelerin kararliligini1 dene
Adim 4. Kiimeler kararli hale gelene kadar 2. ve 3. adimlar1 tekrar et.

UYGULAMA (APPLICATION)
Problemin Tanimi(Definition of The Problem)

Bu c¢alismada ana depodan ¢ikan araglarin sube taleplerinin belirli zaman araliklarinda
karsilanabilmesi i¢in uygun arag rotalarinin belirlenmesi problemi ¢oziilmiistiir. Subelerin {irtinleri
kabul ettigi zaman araliklar1 onceden bellidir. Eger arag¢ belirlenen zaman araligindan énce subeye
ulasmis ise erken gelme ceza maliyetine, en ge¢ hizmete baslama zamanindan sonra ulasmis ise ge¢
gelme ceza maliyetine katlanmak zorundadir. Bu kisitlar nedeniyle ele alinan problem esnek zaman
pencereli arag rotalama problemidir (EZPARP).

Ele alinan problemde bir ana depo, dagitim yapilacak olan 78 sube ve dagitimi yapacak olan
araglar bulunmaktadir. Subelerin servis siireleri esit ve 1 saattir. Subelerin dagitimi yapilacak olan 21
haftalik talep verileri mevcuttur. Her subenin iiriin kabul edecegi farkli zaman pencereleri
bulunmaktadir. Dagitimi gerceklestirecek olan araglarin kapasiteleri maksimum 40 palettir. Arag ana
depodan ¢ikarak rotaya baslamali, her subeye tek bir ara¢ ugramali ve ara¢ ana depoya dondiigiinde
rotay1 sonlandirmalidir.

Problemin Coziimii(Solution of The Problem)

Ele alman problemin 1. haftadaki talep miktarlar1 dikkate alinarak detayli ¢6ziimii asagida
verilmistir. Kalan 21 hafta sonuglari ve firmadan alinan gercek maliyetlerCizelge6'da 6zetlenmistir.

Kiimeleme(Clustering)

78 adet sube kiimeleme analizi yontemlerinden olan K-Means ve K-Medoids algoritmalarina
gore ayr1 ayr1 kiimelenmislerdir. Kiimeleme islemi sonucunda her bir kiimenin sahip oldugu subeler
belirlenmistir. Asagida kiimeleme islemi detayl: bir sekilde verilmistir.

K-Means algoritmasina gore kiimeleme yapilirken farkli k (kiime sayisi) degerleri, kiime
merkezleri kararli hale gelene kadar denenmis ve elde edilen kiimeleme sonuglarindan en uygun k
degeri 11 olarak secilmistir. 78 sube belirlenen 11 adet kiimeye siniflandirilmistir.

K-Means algoritmasi sonucunda olusan kiimeler ve ugranacak subeler Cizelge2'de verilmistir.

Cizelge 2. K-Means algoritmasi sonucunda olusan kiimeler ve ugranacak subeler
Table 2. Clusters and related stores as a result of the K-Means algorithm
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Kiimeler Subeler

1 79-49-50-51
79-17-18-20-21-22-23-25-28-31-33-36-38-39-41-42-44-
45-46
79-32-34-35-37-40-43-47-48
79-72-74-75-76-77-78
79-1-2-4-5-6
79-66-67-68-69-70-71-73
79-30-52-53-54-55-56-57
79-7-8-9-10-11-12
79-60-63-64-65

79-58-59-61-62
79-3-13-14-15-16-19-24-26-27-29

O 0 NI O U i LW N

—_
_ O

K-medoids algoritmasina gore kiimeleme yapilirken farkli k (kiime sayisi) degerleri, kiimeler
kararli hale gelene kadar denenmis ve elde edilen kiimeleme sonuglarindan en uygun k degeri 11
olarak secilmistir. 78 sube belirlenen 11 adet kiimeye siniflandirilmistir.

K-Means algoritmasi sonucunda olusan kiimeler ve ugranacak subeler Cizelge 3'te verilmistir.

Cizelge 3. K-Medoids algoritmasi sonucunda olusan kiimeler ve ugranacak subeler
Table 3. Clusters and related stores as a result of the K-Medoids algorithm

KUMELER SUBELER
1 79-30-50-51-52-53-54-56-57
79-17-18-20-22-23-25-36-38-41-42-44-
45-46-55
3 79-16-19-21-26-27-28-31-33-39-40-43-
47-48
4 79-72-75-77-78
5 79-1-2-3-4-5-6
6 79-66-67-68-69-70-71-73
7
8
9

79-74-76
79-7-8-9-10-11-12
79-60-63-64-65

10 79-49-58-59-61-62

11 79-13-14-15-24-29-32-34-35-37

Rotalama(Routing)

Bu asamada, K-Means ve K-Medoids algoritmalarina gore kiimelenen miisterilerin 1. haftadaki
talep verileri dikkate alinarak kurulan karisik tam sayili dogrusal programlama modeli yardimiyla
¢oziilerek araglarin rotalar1 bulunmustur. Cizelge 4'te K-Means algoritmasina gore, Cizelge 5'te K-
Medoids algoritmasina siniflanan miisterilere ait rota ve maliyet bilgileri yer almaktadir. 21 haftanin
tiimiine ait maliyetler 6zet sekilde Cizelge 6’da verilmistir. Bu olusturulan rotalardaki 79 numarali
sube ana depoyu temsil etmektedir.
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Cizelge 4. K-Means algoritmasi sonucunda araglarin izleyecegi rotalar ve maliyetler
Table 4.The routes and the total cost for each vehicle as a result of the K-Means algorithm

KUMELER

ARACLAR

ROTALAR

MALIYET

(TL)

79-49-51-50-79

2442

79-39-79
79-44-25-17-79
79-33-22-79
79-18-42-46-21-79
79-20-31-79
79-36-38-23-79
79-28-79
79-41-45-79

23358

79-34-40-32-43-79
79-37-47-35-48-79

13594

N RN~ NI NGl b WD Rk

79-77-75-78-72-
74-79
79-76-79

10752

79-5-6-4-1-79
79-2-79

5098

79-70-73-68-79
79-67-79
79-71-69-66-79

9536

79-54-57-30-79
79-55-52-53-56-79

9308

79-8-9-79
79-7-12-10-11-79

13836

79-60-63-79
79-64-65-79

1724

10

79-58-62-61-59-79

3248

11

B W N R R, (MR RIN RO RN R

79-13-19-79
79-3-15-16-27-79
79-26-24-14-79
79-29-79

17204
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Cizelge 5. K-Medoids algoritmasi sonucunda araglarin izleyecegi rotalar ve maliyetler
Table 5. The routes and the total cost for each vehicle as a result of the K-Medoids algorithm

KUMELER ARACLAR ROTALAR MALIYET
(TL)

79-52-79

79-56-51-54-79

79-57-53-50-79

79-30-79

79-44-18-79

79-17-45-46-79

79-55-22-25-

23-79 17776
79-42-79

79-20-38-36-79

79-41-79

79-27-33-79

79-39-79

79-16-79

79-26-31-79 19322
79-28-79

79-48-19-21-79

79-43-40-47-79

79-78-72-79

79-77-75-79

79-4-6-3-79

79-5-1-2-79

79-70-73-68-79

79-67-79 9356
79-71-69-66-79

79-74-76-79 3340
79-8-9-79

79-7-12-10-11- 12490
79

79-60-63-79

79-64-65-79

79-58-79

79-61-49-59- 3634
62-79

79-34-29-14-79

79-32-37-35-

11 3 13-79 14442
79-15-24-79

10878

N Ul LWODN R WN -

6050

6006

N R[RIWODN~RLRINRINRINNOSOGs QO -

3180

N =[N =

10

N =
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Cizelge 6. Kmeans, K-Medoids algoritmalarinin ve gercek maliyetlerinin karsilastirilmasi
Table 6. Comparison of Kmeans, K-Medoids algorithms and their actual costs

K-Means K-Medoids

. . Gergek
Hafta Toplar(ljr Il\df)l.adlyet Toplar(ljr Il\df)lahyet Maliyetler (TL)
1 110100 106474 110400
2 107848 104591 108148
3 112652 102218 112952
4 105424 98833 105724
5 104680 101952 104980
6 107510 101800 107810
7 106822 103612 107122
8 108924 95236 109224
9 114560 98204 114860
10 105564 101664 105864
11 108184 101328 108484
12 105402 102304 105702
13 105078 98728 105378
14 110598 101074 110898
15 112752 105366 113052
16 109068 105804 109368
17 114216 103540 114516
18 108636 105810 108936
19 103800 95426 104100
20 123330 97092 123630
21 113370 105576 113670
ANOVA Testi(ANOVA Test)

Cizelge 6'daki sonuglara SPSS programinda ANOVA testi uygulanmis ve sonuglar elde
edilmistir.

Ho: pu=p=ps (K-Means, K-Medoids algoritmalar1 ile bulunan toplam maliyetlerin ve firmadan
alinan gergek maliyetlerin ortalamalar1 arasinda fark yoktur.)

Hi: pu#pz#ps(K-Means, K-Medoids algoritmalar ile bulunan toplam maliyetlerin ve firmadan
alinan gercek maliyetlerin ortalamalar: farklidir.)

Olacak sekilde hipotezler tanimlanmuistir.

Anova testi uygulandiginda ilk olarak varyanslarin homojen olup olmadig: incelenmektedir.
Varyanslarin homojenligi tablosu incelendiginde (Cizelge 7) p (sig.) degeri 0,579>0,05 oldugundan
dolay1 grup varyanslarinin esit oldugu sonucuna varilmaktadir.

Cizelge 7. Varyanslarin homojenligi testi
Table 7. Test of homogeneity of variances

LeveneStatistic df1 df2 Sig.
,551 2 60 ,579

Grup varyanslar: esit oldugu icin Cizelge8'deki ANOVA testinin sonuglari anlamli olacaktir.
ANOVA testi tablosundaki p (sig.) degeri 0<0,05 oldugundan dolay1 yukarida tanumlanan
hipotezlerden H; hipotezi kabul edilir. H;hipotezi kabul edildigi i¢in K-Means, K-Medoids
algoritmalari ile bulunan toplam maliyetlerin ve firmadan alinan gercek maliyetlerin ortalamalar1
farklidir diyebiliriz.
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Cizelge 8. ANOVA testi sonuglari
Table 8. ANOVA test results

Sum of df MeanSqua F Sig.
Squares re
B
etweenGroup 865607898,2 5 432803949,1 24,325 1000
s 85 42
WithinGroups 1067547406, 17792456,77
60
571 6
Total 1933155304, 2
857

Cizelge 9'da ele alinan problemin K-Means, K-Medoids algoritmalari ile ¢6ziimii sonucunda ve
firmadan alinan gercek maliyetlerin ortalamalar1 verilmistir. Toplam maliyetlerin ortalamas: K-
Means algoritmasi ile 109453,24 TL, K-Medoids algoritmas1 ile 101744,38 TL ve firmanin gercek
maliyetlerinin ortalamasi1 ise 109753,24 TL olarak bulunmustur. Bu sonuclar bize k-medoids
algoritmasinin daha iyi sonug verdigini gostermektedir.

Cizelge 9. Tanimlayici istatistikler
Table 9. Descriptive statistics

Std. Std.
N Mean Deviation Error
K-Means 21 109453,2 4567,023 996,606
Algoritmasi 4
K-Medoids 21 101744,3 3414,963 745,206
Algoritmas1 8
Fi liyetleri
irma Maliyetleri 1 109153,2 4567,023 996,606
Total 63 1069283’6 5575,144 703,505

SONUC (CONCLUSION)

Bu ¢alismada zaman pencereli arag rotalama probleminin bir ¢esidi olan EZPARP ele alinmis ve
¢oziimil icin ise Once kiimele sonra rotala temelli bir yontem Onerilmektedir. Bu yontem iki
asamadan olugsmaktadir. Onerilen yontemin birinci asamasinda subeler birbirlerine ve ana depoya
olan uzakliklar1 g6z oniine alinarak kiimelenmektedir. Dolayisiyla bu siire¢ EZPARP’nin boyutunu
kiiciiltmekte ve kesin ¢dziim yontemlerinin kullanilmasina olanak saglamaktadir. Ikinci asamada
ise, kiimelenen mdisteriler igin en uygun dagitim rotalar1 karisik tam sayili dogrusal programlama
modeli ile olusturulmaktadir. Onerilen yontemin etkinligi perakende sektoriindeki bir 6rnek olay
tizerinde denenmistir.

Perakende sektOriindeki firma; bir ana depo, dagitim yapilacak olan 78 subeye sahiptir.
Subelerin servis siireleri esit ve 1 saattir. Subelerin dagitimi yapilacak olan 21 haftalik talep verileri
mevcuttur. Her subenin {iriin kabul edecegi farkli zaman pencereleri bulunmaktadir. Dagitimi
gerceklestirecek olan araglarin kapasiteleri maksimum 40 palettir. Bu teslimat probleminde ilk olarak
subeler, birbirlerine ve ana depoya olan uzakliklar1 goz oniine alinarak K-Means ve K-Medoids
algoritmalar1 yardimiyla kiimelenmistir. Daha sonra ise kiimelenen miisteriler i¢in en uygun dagitim
rotalarinin karisik tam sayili dogrusal programlama modeli ile olusturulmasidir. Firmadan alinan
gercek maliyetler ile bu iki algoritmayla elde edilen sonuglar ANOVA testi ile karsilagtirilmistir.
Toplam maliyetlerin ortalamas1 K-Means algoritmasi ile 109453,24 TL, K-Medoids algoritmasi ile
101744,38 TL ve firmanin gercek maliyetlerinin ortalamasi ise 109753,24 TL olarak bulunmustur. Bu
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sonuglar bize K-Medoids algoritmasinin daha iyi sonug¢ verdigini gostermektedir. Bu olumlu
sonuglar nedeniyle, Onerilen yaklasimin uygulanmasi firmanin maliyetlerini %7 oraninda
azaltacaktir.
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ABSTRACT: In this study, two different solution ways have been developed for the problem of
classification of industrial small circular metal objects on the surfaces of engraved metal. It is the first
proposed solution to perform the pattern matching with XOR operator by extract the character region of
the circular metal objects as a pre-process, making the model of the Daugman’s Rubber Sheet Model
(DRSM) and performing feature extraction. As a result, obtained that average processing time is 69,72
milliseconds and 0,9398 accuracy rate in the first proposed solution. The second solution is the optical
character recognition (OCR) on the circular metal objects that to be realized character region detection
and character segmentation as a result of the Maximal Stabil Extremal Region (MSER) and Stroke Width
Transform (SWT) algorithms. Character recognition realized by using the model of Convolutional
Neural Network (CNN) class which is a deep machine learning approach of artificial intelligence. The
character recognition problem of the circular metal objects provided at the same time solved the problem
of object classification. As a result, obtained that average processing time is 1,596 second and 0,9719
accuracy rate in the second proposed solution.

Key Words: Object Character Recognition Problem, Object Classification Problem, Convolutional Neural
Network, Machine Learning, XOR Pattern Matching, Daugman’s Rubber Sheet Model, Circular Hough
Transform, Maximal Stabil Extremal Region, Stroke Width Transform, Image Processing

Oyma Karakterlere Sahip Dairesel Metal Cisimlerin Siniflandirma Probleminin Gériintii isleme
Yontemleri ile Coziimii

OZ: Bu calismada, endiistriyel iiretim olan dairesel kiigiik capli metal cisimlerin yiizeyleri iizerine oyma
islemi gerceklestirilmis karakterlere gore simiflandirilmasi problemi i¢in 2 farkli ¢oziim yolu
gelistirilmistir. Dairesel metal cisimlerin gorsellerinin 6n asama olarak karakter bolgesinin cikartilip,
Daugman’s Rubber Sheet (DRSM) modeli haline getirilmesi ve &zellik ¢ikarimi gergeklestirilerek, XOR
operatorii ile sablon eslestirme gergeklestirilmesi 6nerilen ilk ¢6ziim yoludur. ilk 6nerilen yontemin
sonucunda, ortalama islem siiresi 69,72 milisaniye ve 0,9398 dogruluk oran1 bagsarim parametreleri olarak
elde edilmistir. Tkinci ¢6ziim yolu, dairesel metal cisimler {izerindeki karakterlerin Maximally Stabil
Extremal Region (MSER) ve Stroke Width Transform (SWT) algoritmalar: sonucu karakter bolgesi tespiti
ve karakter segmentasyonu gerceklestirilerek yapay zekanin derin 6grenme yaklasimlarindan
Convolution Neural Network (CNN) sinifi tasarlanan model ile karakter taninmas: gergeklestirilmistir.
Karakter taninmas: saglanan dairesel metal cisimlerin ayni zamanda nesne smiflandirma problemi
coziilmiistiir. Ikinci olarak Onerilen yontemde ise, ortalama islem siiresi 1,596 saniye ve 0,919 dogruluk
oran1 basarim parametreleri olarak elde edilmistir.
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Anahtar Kelimeler: Nesne Karakter Tanima Problemi, Nesne Simiflandirma Problemi, Evrisimsel Sinir Aglari,
Makine Ogrenmesi, XOR Sablon Eglestirme, Daugman’s Rubber Sheet Modeli, Dairesel Hough Déniisiimii,
Maksimum Kararly Ekstrimal Bolgeler, Kontiir Genisligi Doniisiimii, Goriintii Isleme

INTRODUCTION

Image processing algorithms for object detection, object identification, object classification, and
object tracking problems and artificial intelligence algorithms in computer vision are frequently used to
solve these problems. The problem of recognizing objects, solving speed and success precision factors, in
other words, more successful methods are continuously developed. The object classification algorithms
used for general purpose are fast and accurate and can recognize a wide variety of objects.

Convolutional Neural Networks (CNN), which is developed as one of the Neocognitron is defined
by Fukushima that classes of hierarchical multilayered deep neural networks (Fukushima, 1980).
YOLOvV2 (YOLO-You Only Look Once), which is frequently used for the object classification problem, or
YOLO9000 algorithm with another name, can classify 9000 class objects, it can estimate the real-time
changing frames of objects in the VOC metric classification by 73.4% mAP (mean Average Precision -
mean Average Sensitivity) (Redmon and Farhadi, 2017). The more advanced YOLOv3 algorithm uses
COCO datasets, It has solved the problem of object classification on images having of 51.5% mAP in the
COCO mAP metric classification with a resolution of 320x320 in 22 ms (Redmon and Farhadi, 2019).
YOLO algorithms with high speed and accuracy rates for classification are trained with images with
different data sets to solve problems in different areas. For example; By adding Dense layers to the
YOLOV3 algorithm used to classify the real-time maturity of apples in the orchards, apple maturity in
the 3000x3000 resolution images with an accuracy of 81.7% was estimated (Tian ef al., 2019).

In this study, the classification problem according to the characters on the circular metal objects
produced in the industrial environment is presented with two solutions. Circular metal objects have
different diameters with respect to shape and are approximately 27.85 mm to 38 mm in diameter. The
height varies between 6.07 mm and 6.90 mm, also height values for the flash section located around the
body is ranges from approximately 1.90 mm to 3 mm. These measurements have been made by
Euroricambi electronic digital caliper measuring device. On the surface of circular metal objects include
expressions or characters (letter, number, symbol, punctuation, etc.) that have many purposes, such as
brand, model and serial number, to be classified as shown in Figure 1.

Figure 1. Sample products: some of the circular metal objects with engraved characters
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These characters are engraved on their surface. The engraving process was carried out by pressing
the press machine with certain molds/seals on circular metal objects. As a result of this non-sensitive
pressing, the characters are not markedly engraved on the metal surface.

The industrial camera device is used for sampling images of circular metal objects. The visuals
obtained with the industrial camera device are expressed as visual results of the camera. Obtained
images, image processing algorithms and artificial intelligence fields of CNN with deep learning classes,
specified the classification index according to the engraved characters on the metal surfaces, solved by
the following methods.

XOR Pattern Matching method is the first method applied to object classification problem in the
image processing process. As a priority for this method, respectively, to be applied of Laplace of
Gaussian (LoG) filter (Marr and Hildreth, 1980) to the visual results of the camera, Canny (Canny, 1986)
edge detection algorithm, Circular Hough Transform (CHT) (Lam and Yuen, 1996) algorithm, extraction
of Daugman's Rubber Sheet Model (DRSM) (Daugman, 1997) of obtained image, to be applied of Gabor
Filter (GF) (Gabor, 1946) and using the phase image as a result, extraction of Average Absolute
Deviation (AAD) of obtained image that showing normalized the image and realized feature extraction.
These matrix operations, respectively, Thresholding transform, matrix transposition, an image in order
to extend the horizontal alignment from the size 99x750 to 1x74250. This obtained matrix space has
uploaded to the database to be paired later for each image to be sampled, thus, the priority processes are
completed. For each new raw image taken into the object classification problem, the primary operations
are repeated and the XOR operator is processed with each matrix space in the database. Accessible the
ratio of logical "1" and "0" values obtained after the XOR operation process located. The ratio of the
binary value "0" in the image determines the ratio of the pattern matching. The object classification
problem has been solved by matching the pattern name in the database with the highest pattern
matching rate. You can see the results in Table 2.

Pretreatment methods for the Optical Character Recognition (OCR) method, which is the second
method used in image processing are, respectively, to be applied of LoG Filter, Canny edge detection
algorithm and finally CHT algorithm. The characters on the circular metal surfaces are located in the
center of the objects and are at a certain height of the objects. The character region expression for the
characters in this section will be used. In addition, the visual results of the camera were taken according
to these criteria in order to find the character region. According to the results obtained from the applied
of CHT algorithm for finding the character area of the identified objects, 3 different circle diameters were
obtained. The region within the smallest or innermost circle was found to be the front character region of
the circular metal surfaces. To find clearly the characters region and characters segmentation of the
extracted pre-character region images, respectively, to be applied of Sharpen Filter (SF), Maximally
Stable Extremal Regions (MSER) (Mikolajczyk et al., 2005) algorithm and Stroke Width Transform (SWT)
(Epshtein et al., 2010) algorithm . The MSER and SWT algorithms applied for the situations where the
characters are in the circular, inverse, or polar plane alignment yielded successful results. Character
images obtained as a result of character segmentation are made ready for OCR processing. Designed a
CNN model from deep learning classes for OCR processing and the model trained with reproducing
obtained character images and using EMNIST (Cohen et al., 2017) dataset. The trained model applied to
character images and it predicted the characters. For obtained results of output layer (softmax-dense
layer-classification layer) of this model. Thus, the solution of optical character recognition for the
classification problem of circular metal objects constitutes the second method of this study.

RELATED WORKS AND LITERATURE RESEARCH
XOR pattern matching approach

The template matching method, which is another approach performed by image processing methods
for object classification problem, consists of the basis of decision-making based on the matching
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percentages by recording the main images as the template as a template and processing them with the
images for matching.

In Bala and Tajinder work, solved the problem of object classification or the problem of Content-
Based Image Retrieval (CBIR) (Subrahmanyam et al., 2013) with a proposition called HSV (Hue
Saturation Value) histogram and a local text on XOR pattern (LTxXORP) (Bala and Tajinder, 2016). The
images obtained from the HSV information were navigated with the matrix with the determined
structural component using the scale invariant feature transform (SIFT) (Heikkila ef al., 2009) method to
develop the method of the Local Binary Pattern (LBF) (Ojala et al., 1996) and to obtain the LTxXORP
value.

In another study developed by Chawla and Oberoi, that provides solutions to problems such as
human discrimination or human identity within the object classification problem, the human eye iris
layer was visualized by using the images, respectively, by the image of DRSM (Daugman, 2003), to be
applied GF. The resulting image is converted to a binary image and the images in the database are
processed by the XOR operator. A mating relationship is established with Hamming distance data. In
this study using CASIA data, the average matching time was solved in 133.7 seconds and the human
identification problem was determined by the ratio of hamming distance to 0.3486 (Chawla and Oberoi,
2011).

Optical character recognition approach

In order to solve the object classification problem, OCR approach consists of image processing
methods, character area detection and character segmentation preprocesses.

A sample study has carried out the regional determination of characters on natural images using the
geometry and contour information of the edges-enhanced MSER algorithm for the problem of detection
of the character region (Huizhong et al., 2011). In that study, using the combination of Canny edge
finding operator and MSER algorithm, it has solved the character zone and segmentation problem of
relatively small character and fuzzy images on the ICDAR 2003 and 2005 datasets with a 60% accuracy,
metric of fis 66% which is a combination of precision and best match rate of and 60% best match ratio.

In another study, that have brought solutions for the character recognition problem, different fonts,
font thickness, font geometry, font colors, text, font size, text blurring, such as challenging images. By
combining MSER and adaptive thresholding methods, a solution was developed for character
segmentation, and non-textual shapes or objects were identified and taken out of the visual (Gonzalez et
al., 2012). To distinguish between non-text objects and text characters, from the classifiers based on the
Support Vector Machine (SVM) (Chapelle et al., 1999), Mean Difference Feature (MDF) (Hanif and
Prevost, 2009), Standart Deviation (SD) and Histograms of Oriented Gradient (HOG) (Dalal and Triggs,
2005) methods were used. By applying work on ICDAR 2003 data sets, it solved the problem of character
area detection and character segmentation with an 81% accuracy, metric of f is 67% which is a
combination of precision and best match rate of and 57% best match ratio.

A contrast-enhanced MSER algorithm is applied for character segmentation, and in another study,
the problem of character-zone detection with the application of the Stroke Width Transform (SWT)
algorithm, methods for the detection and elimination of non-text objects in geometric constraints are
presented (Li and Lu, 2012). Firstly, the character region of the images with fuzzy characters was
performed with the contrast-enhanced MSER algorithm developed for the blurred state of the character
region obtained by the basic MSER algorithm (Matas et al., 2004). Secondly, the non-text objects were
visualized after the geometric restriction operation using the parameters determined according to the
character dimensions and saturation values between 0.3mm-3mm (3-30 pixel) and the aspect ratio used
in Zhao study (Zhao et al., 2011). Finally, in order to analyze the alignment of the texts, the problem of
character area detection was solved by using to applied of the skeleton filter of the characters by using
the algorithm (Shivakumara et al., 2011) study using the contour width of the texts. By applying work on
ICDAR 2003 data sets, it solved the problem of character area detection and character segmentation with
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a 59% accuracy, metric of fis 59% which is a combination of precision and best match rate of and 59%
best match ratio, and solved the character segmentation problem.

In another study for character zone detection and character recognition problems for real-time and
low-contrast images, low-contrast areas are scanned for detection of the character region. This method is
called difficult regions (Extremal Region), the characters in the region of the outside pixels RGB and HSI
values, the region itself is higher than the RGB and HSI values have been introduced (Neumann and
Matas, 2012). At this stage, two types of classification criteria are indicated. Firstly, the binary image
obtained by the efficient threshold value is counted with 2x2 pixel patterned Eular Counter (Pratt, 2001),
and it is determined that the topological properties of image are obtained using Real AdaBoost (Schapire
and Singer, 1999) classifier is one of the decision tree/classifier that uses parameters such as aspect ratio
and compactness. Secondly, the topological feature visualization was obtained by using the Radial Basis
Function (RBF) (Miiller et al., 2001) method from the classifiers based on SVM. The comparison of the
detected secondary visual properties with the RGB and HSI results resulted in the problem of character
region extraction in low contrast regions. By applying work on ICDAR 2003 data sets, it solved the
problem of character area detection and character segmentation with a 73.1% accuracy, metric of f is
68.7% which is a combination of precision and best match rate of and 64.7% best match ratio, and solved
the character segmentation problem.

Convolutional neural network approach

The CNN deep learning algorithm, which is extremely useful for object classification problem, is
successfully used in the problem of defining characters such as optical characters and handwriting.

In a sample study developed by Zhou and et al., one of the CNN classes developed to find the visual
region of the characters is introduced to the model called PVANet2x, the Fully Convolution Network
(FCN) (Long et al., 2015) model. For the design of the model, the dimensions of the character regions in
the image and the geometry parameters of the character regions are evaluated, 4 Conv layer + 3
Unpooling layer + FC layer + 4 classification value model is created. Using the ICDAR 2015 data set for
the training of the model, it has also solved the problem of character zone detection with the accuracy of
83.27% in the ICDAR metric classification, the metrics ratio is 80.72%, the combination of precision and
best match rate is 78.33% (Zhou et al., 2017).

In Xie and et al. study, for the problem of character-zone detection, we developed the algorithm of
the Feature Pyramid Network (FPN) (Ma et al., 2018) from the CNN class, which was inspired by the
reinforcement algorithm (He et al, 2017) to introduce the Supervised Pyramid Context Network
(SPCNET) algorithm (Xie. et al., 2018). The structure of the model is multilayered and consists of
respectively, FPN structure layer + the text context classifier module which they develop in their work
for pre-classification + mask RCNN model. The ResNet50 model is used for the Mask RCNN model,
using the ICDAR 2015 data set to determine the character region solved with the accuracy of 88.7% in
the ICDAR metric classification, the metrics ratio of 87.2%, the combination of precision and best match
rate is 85.8%.

MATERIAL AND METHODS
Classification with XOR pattern matching

The results of the Dark-Field Ring IR light source selected for visualization of the circular metal
surfaces according to the parameters generated for the purpose of obtaining the circular dimensions and
the characters are shown in Figure 2. According to the ratio of the camera results obtained under
different light intensities to the ratio of the circle diameters, the exposure time of the light source was
determined as 10,000 milliseconds (ms).
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(a) (d)
Figure 2. Visual results of the camera: (a) result image of setting exposure time as 7 ms, (b) exposure
time as 10 ms, (c) exposure time as 12 ms, (d) exposure time as 15 ms

In cases where the light intensity is less than or equal to 7 ms, the edge contours of the circular metal
objects appear to be better, but the appearance of the characters becomes very fuzzy, and the character
area detection problem is not successful. In the case of a light intensity of 15 ms and above, but the
character contour of the circle appears to be better, and the contour of the circular metal objects becomes
more blurred. The main purpose of the detection of edge contours is that the character region must be
very specific in order to obtain an efficient result to applied of MSER algorithm. Therefore, the images
obtained in the visual results of the camera, as seen in Figure 2, should be cut out of the character area in
the most inner circle, and the non-character regions should be eliminated by visual exclusion. In the
section Finding the circle diameters, which are preprocessed for the determination of the character
region.

Finding circle diameters - solving localization problem

Grayscale images of 800x600 pixels were prepared and the necessary steps were taken to find the
circular diameters of circular metal objects in Appendix shown as Figure 1.

Firstly, the input image was softened and the noise on the image was tried to be reduced and the
Laplace of Gausian (LoG) (Marr and Hildreth, 1980) filter was used to sharpen the edge contours of the
circular metal object in the image. LoG filter pixels are calculated with the following equation.

x?+y?

2 2
LoG(x,y) = -2 l1- u]e 202 (1)

no* 202

In equation (1), where (x,y) are pixels of input images, o is standard deviation value. Set o= 0.4
value of Gaussian Filter, Laplacian Filter is applied to calculate the edge information in the image.

Secondly, using the Canny edge detection algorithm to apply the image to the LoG filter, the edge
contours of the image are detected. Canny edge pixels are calculated with the following equations.
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k=R = f_oow SNR(x) Localization(x + t)dx (2d)

Ri;j(x) = LoG(x, y)e(_m) (2e)

In equation (2a), where f(x) is convolution filter for noise reduction and edge pixels, -W, W is edge
pixels, A is amplitude of applied each step, n is the derivative number of the delta function, SNR is
indicates the output signal-to-noise ratio (error rate) of the edge finding operator. The high SNR value
indicates that there is more signal at the output function and less noise at the same time.

In equation (2b), where Localization represents the equivalent of the actual edge pixel position, the
distance between the placed pixel position of the filter. The Localization value indicates that the distance
between the actual edge pixel positions is small.

In equation (2c), where k represents convolution multiplication of SNR and Localization values.

In equation (2d) presented convolution multiplication in equation (2c), where i and j are pixel values
in Cartesian coordinates, R indicates the output values. Obtained result of k has value with high
complexity that can be reverted the first derivative of the Gaussian function.

In equation (2e) The edge map containing the gradient amplitude values obtained, non-maximum
suppression (Canny, 1986) technique is applied to eliminate extracellular pixels.

The Hough Transform (Hough, 1962) algorithm developed as the edge detection algorithm, and
Circular Hough Transform (CHT) (Ylajaaski and Kiryati, 1994; Lam and Yuen, 1996) algorithm was used
to detect circular contours according to the pixel relations within the image. In the mathematical
expression given in Appendix shown as Figure 1. The central coordinates and radius pixel values were
found for each of the three circles obtained on the image. The circular contours coordinates were plotted
on the image as shown as Figure 3. And the circle representations were performed, and the values of Q1,
Q2, Q3 was found in row 16 of by using the ratio value (pixel - mm conversion) in row 5 in the Appendix
shown as Figure 1. For results of Q1, Q2, Q3 see Table 1.

Table 1. Circle diameters determined after CHT algorithm

Sample Name Q1 Q2 Q3 t p
ANKA 33 mm 27.26 mm 19.24 mm 3,000 s 98.70 %
DELPHI 35.40 mm 30.06 mm 21.78 mm 3.14s 98.27 %
STELLOX 33.13 mm 27.92 mm 15.90 mm 292s 99,000 %
4U NaN 22.45 mm 22.45 mm 244 s 96.30 %
A1016 28.59 mm 24.45 mm 18.44 mm 2.69s 95.42 %
HEARTH NaN 22.45 mm 22.45 mm 2.39s 97.48 %
WONGA 30.33 mm 30.46 mm 16.30 mm 250s 98.58 %
511545 38.21 mm 26.45 mm 18.17 mm 352s 99.18 %
1118 38.48 mm 26.45 mm 16.97 mm 3.72s 98.73 %
METZGER 38.21 mm 26.72 mm 18.70 mm 3.70s 99.10 %
APLUS 29.26 mm 29.56 mm 18.57 mm 2.89s 98.59 %

In Table 1, as a result of the application of the CHT algorithm, circular metal objects show the circle
diameters. Q1 represents the outer diameter, Q2 is the middle diameter, and Q3 represents the inner
diameter. t is the fixing process time and p is the accuracy ratio. NaN expressions donates the circle
cannot be determined, Q3 results of 4U and HEARTH samples and APLUS Q1 result are shown

incorrectly.
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Figure 3. Circular Hough Transform (CHT) Results: For the determination of circle diameters, the CHT
algorithm was used to determine the 3 circle positions (bottom)

Image normalization and feature extraction

Once the circle diameters have been detected, the remaining character region within the smallest
circle diameter (Q3) area is cut off from the main image. The problem of character segmentation and
character segmentation of the cut image is simplified. Two different approaches have been introduced
for character region extraction. Daugman’s Rubber Sheet Model (DRSM) is used in this approach to
align, normalize characters in a circular alignment. An approach developed by Daugman has developed
a pattern matching method using the human eye for human recognition in the object classification
problem. Normalized operation that is DRS model applied to images selected for circular alignment of
characters. DRS model pixels are calculated with the following equations.

I1(x,y) - I(x(r, 0),y(r, 9)) - I(r,0) (3a)
x(r,0) = (1 —1)x,(0) +rx(0) (3b)
y(r,6) =1 —1)y,(0) +rys(6) (3c)
DRS(x,y) = 1(x(r, 6, y(r,0)) (3d)

In equation (3a), where I(x,y) is Cartesian coordinate plane image, x(r, 6) and y(r, ) indicate the
polar coordinate plane. Circles in the Cartesian coordinate plane of r and 0, and indicates I(r, 0)
representations in the polar coordinate plane.

In equation (3b) and (3c), where x,(6) and y,(8) are bottom edge pixel points of the characters set
for the image warping, so that the character region will not be exposed, x;(68) and y,;(8) are denotes the
pixel points of the outer diameters of the smallest circle cut.

In equation (3d), the pixel points of the normalized coordinate plane obtained are DRS (x, y).

For x,,(8) and y,(8) pixel points, 30 pixels less than the radius of the smallest circle is given. Because
the exactly character region is a little inner zone of the smallest circle, see in Figure 3. x;(8) and y,(68)
pixel points are the center point of the smallest circle. The most inner circle region has been extended
from frame resolution (Sample Name = DELPHI - 327x327) to a resolution of 99x750 after normalization.
Normalized images created with re-determined pixel points DRS for the Cartesian image of the polar
image, and the next stage is made available for feature extraction. Obtained DRSM images as shown in
Figure 4 (b).

For feature extraction process, sing that texture analysis (Turner, 1986), specific band-pass channels
and spatial frequencies (Havlicek ef al., 1997) such a given parameters by Gabor Filter (GF). GF is applied
on DRSM image pixels with the following equations.

x' = xcosB + ysinf (4a)
y' = ycosO — xsinf (4b)
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G(x,y; 6,f) =exp {—%[z—; + 3;—;]} cos (2mfx") (4c)

In equation (4a) and (4b), where x” and y’ are the radian values of the input image pixel values, 0 is
angle value to which the filter will be applied.

In equation (4c), f is wavelength (frequency - cycles/degree), & values are contrast deviation, G(x,y) is
magnitude frame of GF after applied GF, G(6, f) is denotes phase frame of GF after applied GF.

In this study, when applying GF that parameters has been identified as f=2, 4, 8, 16, 32, and 0=
0°, 45°, 90°, 135". In practice, the best results are obtained from the sources of (Tan, 1995; Lee, 1996;
Clausi and Jernigan, 2000) for the obtained frequency and @ constants. Phase images of GF used for
pattern and texture factors in feature extraction (Oppenheim ef al., 1983; Scott T. Acton et al., 2001; Tisse
et al., 2002). Obtained phase frames as shown in Figure 4 (d)(e)(f)(g)(h).

Phase images were created for each sample with 20 different f frequencies and 4 different 0 angle
values and totally 220 items for 11 sample images. The color density range of the phase images obtained
after the GF was determined as -3.14 to 3.14, and the "0" and "1" values that should be used for pattern
matching were converted to the logical values and the Mean Absolute Deviation (MAD) algorithm was
applied to the phase images to minimize the depreciation (Ma et al., 2002). MAD algorithm is calculated
the GF phase pixels with the following equations.

MAD(x,y) = + 38 ;-11G(6, ) — mean(G(6, 1)) (5a)
o =1253 X OMS(x,y) (5b)
MAD'(x,y) = G(0,f) X @ (5¢)

In equation (5a), (5b) and (5c), where x and y are pixel values of the phase image, N is sum of pixel
values, o is a constant used to normalize the image of MAD (x, y), G(6, f) is phase frame of GF, MAD'(x,
y) is obtained output image. The pixel values of the obtained phase images after MAD that if less than
"0" is "0", if rather than "0" is "1", and obtained binary image to thresholding the MAD image as these
conditions. Obtained for binary images as shown in Figure 4 (i).

In order to shorten the processing time for pattern matching, the image information has been
reduced from 99x750 - 74250 pixel to 10x75 -750 pixels. Resized images were indexed in a single
alignment and added to the database at 1x750 resolution, then matched. Sample name and index
number are also uploaded to the database.

XOR pattern matching

The XOR logic operator is a very useful and fast way to match the "0" response given by the same
binary values (Zhang et al., 2010; Bala and Tajinder, 2016). XOR operator calculating the matching with
the following equations.

S = £V=1Ai @ Bi (63)
a=—x5(0) (6b)

In equation (6a), where i is pixel index of matching image and image in database, N is sum of index
number, A is matching image, B is image in database, S is obtained image after XOR operator process.

In equation (6b), where 5(0) is sum of binary pixels "0" values of the obtained image, @ donates the
rate of matching. The application results consist of matching rate, DRSM, GF and XOR operator process
time are shown in Table 2.
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Figure 4. (a) Cut off view the inner circle area, (b) Normalized image as Daugman's Rubber Sheet Model
with reduce 30 pixels, (c) GF 6 =0, o= 2 magnitude frame, (d) GF 6 =0, =2 phase frame, () GF =0, o
= 4 phase frame, (f) GF 0 =0, =8 phase frame, (g) GF 0 =0, o=16 phase frame, (h) GF 0 =0, =32
phase frame, (i) MAD feature extraction image after applied GF 6 =0, =2 phase frame

Table 2. XOR pattern matching results and all process time

Sample Name DRSM time GF time XOR time Match Ratio
ANKA 27 ms 4 ms 37 ms 0.932687
DELPHI 34 ms 4ms 38 ms 0.894114
STELLOX 22 ms 3 ms 39 ms 0.960512
4U 39 ms 4 ms 39 ms 0.963340
A1016 27 ms 4 ms 39 ms 0.876377
HEARTH 35 ms 4ms 39 ms 0.965684
WONGA 22 ms 3 ms 37 ms 0.932081
511545 24 ms 4 ms 38 ms 0.962653
1118 23 ms 3 ms 38 ms 0.955879
METZGER 27 ms 4 ms 38 ms 0.931286

APLUS 27 ms 3 ms 38 ms 0.963246
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In the algorithms applied to the XOR pattern matching method, the processing times and matching
ratios of the sample products are indicated. DRSM time specifies the processing time for the Daugman's
model, GF Time is the processing time for the Gabor Filter applied for feature extraction, XOR time is the
processing time for the pattern matching, and the Match Ratio is refers to rate of matching after XOR
operator process.

Classification with optical character recognition

The second proposed method is OCR approach to use CNN from the deep machine learning classes
for character recognition and circular metal object classification problem (Bell and Sejnowski, 1997;
LeCun et al., 1998; Connell and Jain, 2001; Hinton et al., 2006; Keysers et al., 2007; Lee et al., 2009;
Krizhevsky et al., 2012; LeCun ef al., 2015; Jailin Reshma et al., 2016; Zhou et al., 2017). Before the CNN is
performed, the process of repeating the character region within the inner circle is repeated. The presence
of the circle diameters which are the pretreatment for the detection of the character zone is described in
the Finding Circle Diameters section. Secondly, MSER and SWT algorithms to be applied respectively on
the inner circle to detect character region and segmentation of characters. Lastly, CNN algorithms to be
applied segmented character images for character recognition.

Maximally stable extremal region implementation

The second step is contrast enhancement sharpen filter was used to better characterize the character
region after the pre-processing of character-zone detection, and to sharpen the characters in the image
(Kocer and Cevik, 2011). In the resulting image, the contrast of the character edge pixels is increased and
the usefulness of the character area detection and segmentation is increased and it is introduced in
Figure 5 (b). The third step is for the detection of the character region is the algorithm for MSER from the
blob coloring methods (Salembier and Garrido, 2000; Mikolajczyk et al., 2005; Donoser and Bischof,
2006). For MSER, the image was first converted to a binary image with a thresholding is 63 best found
value. Then, the MSER algorithm marks possible character edge contours by blocking non-character
zones with MSER blob extraction between binary pixels. The character region with these marked pixel
points is enclosed in the bounding box as shown in Figure 5 (c).

Stroke width transform implementation

As shown in Figure 5 (c), it is marked in some non-character regions. In order to get rid of this
situation, SWT algorithm was used to eliminate the non-character regions. SWT uses contour-width
information of characters to eliminate contour-width information that is more or less than this
information in the image. SWT algorithm is calculated with the following equations.

r=p+ Yj_ind, (7a)
T

dy= —dp+ * (7b)

s=p—q (7¢)

In equation (7a), (7b) and 7(c), where p is inner contour pixel of character, N is sum of pixel values of
p, n is number of iterations, d, and d, are directions of gradient, g is the outer contour pixel of the
character, s denotes the width. The non-character regions are sifted with obtained character pixel
contours and the character’s regions are re-marked after SWT and it is introduced in Figure 5 (d). In the
character areas marked, some of characters have been marked several times. A series of matrix
operations have been performed for this problem. These matrix operations, respectively, eliminate the
same coordinate and eliminate the sum of x, y coordinate the difference sum of x + 1, y + 1 coordinate
totals if the difference is less than 10 pixels. The mathematical model of Matrix operations is shown in
equation (8).
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Yymixy= N Lxy , if equality is 0

8
Yyymilx+y) = (x+ 1,y + 1| <10, if equality is 0 ®

bbox(x,y) = {

In equation (8), where x, y are detected character contour coordinates, N is sum of coordinates, a
constant of 10 is a constant value for repeated character contour points and bbox is marked edge counter
coordinates. Character coordinates of the character contour after SWT are normalized with this formula,
and the character regions are re-marked as shown in Figure 5 (e). The problem of detection character
region and character segmentation problem is solved with these normalized coordinate values and the
characters are prepared for the problem of character recognition.
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Figure 5. (a) Cut off view the inner circle area, (b) sharpen filter image applied for contrast enhancement,
(c) character regions results determined by MSER, (d) character regions results determined by SWT, (e)
character region results obtained by normalizing the character coordinates

Convolutional neural networks implementation

In the character images prepared, the CNN of deep learning class was applied to the methods which
are frequently used for the object classification problem. The CNN model is designed based on character
dimensions and character positions within an image, also shown in Figure 6. For 3 Convolution layers,
32, 32 and 64 filters were applied respectively from the 3x3 matrix. For 3 MaxPooling layers stride value
is 2. Obtained 36 class type with 1 Flatten layer and softmax layer. Used Relu (Qian ef al., 2018) as
activation function and Adam (Kingma and Ba, 2015) as optimization function.

For the training of the model, some of the images obtained in SWT were reproduced such as binary
inversion, inversion in x and y axes, rotation, noise addition, histogram equalization, adaptive histogram
equalization, image density values. In another part, EMNIST (Cohen et al., 2017) letters data set was
used. 36000 training images, 9000 verification images, each 1000 characters, were used for 36 characters.
The model training was set as 10 epochs and a total of 2810 iterations were applied. As a result of the
training that obtained minimum validation loss was found to be 0.088, accuracy was 97.76 % and
validation accuracy was 97.66 %. Graphs of the training process including accuracy percentages and loss
rates are shown in Figure 7. Character images are passed through the trained model have been solved
the classification problem of circular metal objects by the OCR approach. The prediction results of
character recognition as shown in Figure 8. For character recognition processing time, see Table 3
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Figure 6. The isotropic view of designed CNN model

Table 3. The process times of after applied OCR algorithms

Sample Name MSER time SWT +n* time OCR time
ANKA 767 ms 358 ms 511 ms
DELPHI 672 ms 167 ms 507 ms
STELLOX 1393 ms 207 ms 477 ms
4U 1288 ms 133 ms 456 ms
Al016 427 ms 178 ms 504 ms
HEARTH 1170 ms 154 ms 525 ms
WONGA 4581 ms 99 ms 461 ms
511545 1093 ms 161 ms 468 ms
1118 880 ms 61 ms 504 ms
METZGER 1009 ms 103 ms 513 ms
APLUS 1055 ms 321 ms 461 ms

In Table 3, the algorithms applied for the OCR process and their processing times are available. The
n* represents the matrix normalized processing time applied to the characters region coordinates after
SWT.

A VAT BYETET SR e e

Training (smoothed)
Training

= — @ — — Validation

Accuracy (%)

(@)

104
Epoch 1 Epoch 2 Epoch 3 Epoch 4 | Epoch 5 Epoc) 6 Epoch 7 Epoch 8 Epoch @ Epoch 10
B |
o 00 1000 1500 200 2500
Heration
:51
.
3
|
25 Training (smoothed)
& Traiing
g 2
=R — — @ — — Valdation
os- Naa, e
b Epoen i, SO - » S o o B
0 500 1000

lteration
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Solving the Classification Problem of Circular Metal Objects with Engraved Characters by Image Processing Methods 45

(b) (a) (b)
Figure 8. (a) The result of character segmentation of images normalized after SWT, (b) the result of OCR,
characters have been detected by the CNN algorithm.

DATASET AND PERFORMANCE HARDWARE

For the sampling images of industrial products of circular metal objects, the Cognex brand 157010
model scanning camera and the 35mm C-mount Lens were used. By In-Sight Explorer program with
800x600 resolution grayscale images were obtained. The data sets of EMNIST and reproducing from the
obtained images are uses in order to train the CNN model.

In the scope of the study, Intel i7 4720HQ 2.6GHz CPU, 16GB 2133MHz RAM used and NVidia
GTX960 2GB RAM GPU hardware was used to train CNN model. The processing times of the whole
applied algorithms, which are mentioned in the tables, were obtained with the specified hardware and
the programming phase of the study was developed in Matlab R2018a software.

RESULTS AND DISCUSSIONS

As shown as Figure 8, The characters on the circular metal objects are engraved and, since they do
not have a different background, the fact that some characters are in very different fonts and that some
characters are very adjacent make difficult the OCR problem. However, the MSER algorithm is quite
successful when some characters on circular metal objects are not contiguous with one another and have
sufficient font size. After successful character segmentation yielded successful character recognition
results as shown in Figure 8.

Table 4. Comparison of proposed methods

Applied Methods Average Processing Time Accuracy Rates
Finding Circle Dimensions 2.99s 0.9812
XOR Pattern Matching Method 69.72 ms -
OCR Method 1.596 s 0.9719

Table 4 shows the processing times and accuracy of the proposed methods for the classification of
circular metal objects. In both methods, the determination of the localization or find the diameter of the
circles was applied as a preliminary stage. Accordingly, the processing time for the XOR pattern
matching method lasts approximately 3.059 seconds in total, while the OCR method takes a total of 4.586
seconds. If compiled with C++ or Phyton languages, processing times are expected to decrease. In
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addition, in the case of processing on the GPU core with opencv or emgucv libraries will significantly
reduce the processing times.

CONCLUSIONS

The XOR pattern matching and OCR solutions applied for the classification problem of circular
metal objects with engraved characters are presented in the tables. Although the XOR pattern matching
solution is much faster than the OCR method, but decreases the accuracy of matching ratio, such as the
change of character sizes, the formation of a camera image with a different angle of circular metal
objects. Although the MSER and SWT algorithms applied at the preliminary stage for the OCR method
took much time in terms of processing time, they gave successful results for the segmentation of the
characters and the character regions. The accuracy of the CNN model applied to the OCR in the final
stage was 97.66%, and it achieved a high level of success in the visualization where character area
detection is done correctly. The main points of this thesis result is classify the circular metal objects in
separation section and also, control and verification the accuracy of characters after pressing process in
quality control section. Besides that, it is contributed that XOR pattern matching can be used for
classification of engraved material and also MSER and SWT algorithms are successful on solution of
character recognition problem of engraved materials. For the classification problem of circular metal
objects, the success of the OCR solution is proposed, given the factors such as camera visualization of the
products at a different angle, the potential for a wide range of products that can be increased or changed,
the realization of new products' feature extraction for XOR template matching, and the increasing work-
time process.

SYMBOLS
o :sigma, T: tav, O: theta, 0 : delta, f: frequency

APPENDIX

Algorithm 1 Applied Algorithms for Circle Detection
Input: grayscale images in
Output: diameters of circle out

Initialisation :
: Laplacian of Gaussian Filter
: Canny Edge Operator
: Circular Hough Transform

LOOP Process - circular pixel voting
4 count + 0,I(x,y),r C rmin A rmaz,0° < § < 360°
5: ratio + (0.1 % 33.0)/49.40
6: for = to y do
7. for rmin to rmax do

for #min to fmaz do

[ S

- a <+ —r*cos(f*m/180)
10: b+ y—rxsin(f * 7/180)
11: count + count + 1
12: I(a,b,r) + count
13: end for
14 end for
15: end for
16: Q1 + (rl *2) = ratio

)
17: Q2 + (r2 % 2) = ratio
18: Q3 + (r3 % 2) = ratio
19: return 1,02, Q3

Figure 1. Algorithm 1 shows applied whole algorithms for detection and measure dimensions of circles



Solving the Classification Problem of Circular Metal Objects with Engraved Characters by Image Processing Methods 47

Algorithm 2 Applied Algorithms for XOR Pattern Matching
Input: inner circle area image in
Output: pattern matching rate out
Initialisation :
Daugman’s Rubber Sheet Model
2: Gabor Filter
Mean Absolute Deviation
4: XOR Operate
LOOP Process - XOR &
A; + I(z,y), B; + database image (z,y). count + 0
6: for i to size of A; do

A; @ B;
8: if (result of @& = 0) then
count+ =1
10  end if
end for

12: result of zero rate « count = size of B;
return resultofzero rate

Figure 2. Algorithm 2 shows applied whole algorithms in order to make XOR pattern matching after
detection Q3 inner circle
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OZ: Maden acik ocaklarinda, miihendislik calismalari ile olusturulan sevlerde, karayolu ve demiryolu
yarmalarinda ve dogal sevlerde duraysizlik olugsmasi durumunda sev kaymalar1 olusabilmektedir.
Meydana gelen bu kaymalar yasam kaybina, ekonomik kayiplara, geometrisi bozulan alanlara sebebiyet
vermektedir. Bu sonuglarin oniine gegebilmek icin olusan duraysizliklarin izlenmesi ve elde edilen
sonuglar neticesinde emniyeti arttirici jeoteknik revizyonlar, kaya diismesini onleyici sistemler gibi
onlemlerin alinmasi gerekmektedir. Bu ¢alisma, halen Tiirkiye Komdiir Isletmeleri(TKI) Garp Linyitleri
Isletmesi'ne (GLI) bagh olan Ilgin-Cavuscugél linyit acik ocaginda gerceklestirilmistir. Ocakta yapilan
incelemeler ve denetlemeler neticesinde ocagin dogu sevinin 60 m ilerisinde bulunan Cavuscugél tren
istasyonuna yonelimli ¢ekme catlaklar: tespit edilmistir. Bu bolgede 112 giinliik siiregte belirli araliklarla
sev hareketleri izlenmistir. Izlemede 6lciim sistemi olarak jeodezik Ol¢tim yontemi kullamilmistir. Elde
edilen veriler sonucunda sevdeki deformasyon hareketleri degerlendirilmistir. Ardindan, bu
hareketlilige bagli matematiksel bir esitlik gelistirilmistir. Gelistirilen model sonuglar ile arazi verileri
arasinda yiiksek regresyon oldugu tespit edilmistir.

Anahtar kelimeler: Deformasyon, agik ocak, sev durayliligi, jeodezik 6l¢iim, matematiksel modelleme

Investigation of Instability Problems in the Cavuscugol Open Lignite Mine

ABSTRACT: Slope failure may occur in slopes of open pits slopes, engineering works, highway and
railway cuts and natural slopes in case of instability. These failures result in loss of life, economic losses
and deterioration of the geometry. In order to prevent these undesired results, monitoring the instability
on the slopes is essential. safety enhancement geotechnical revisions, rock fall prevention systems etc.
must be established according to the results of monitoring studies. This study was carried out in Turkish
Coal Enterprises (TKI) Ilgin-Cavuscugél lignite open pit mine. As a result of the investigations and
inspections conducted in the quarry, tension cracks were found. directed to Cavuscugo6l train station,
which is 60 m far from the eastern slope of the quarry. Slope movements were monitored at certain
intervals in a period of 112 days by using geodetic measurement method as a monitoring system.
Deformation data of the slope were evaluated and a mathematical equation based on these movements
was then developed. High correlation was determined between model results and real deformation data.

Key Words: Deformation, open pit, slope stability, geodetic measurement, mathematical modelling

GIRISUNTRODUCTION)

Sevlerin durayliigimin korunmasi ag¢ik ocak madenciliginde madencilik faaliyetlerinin saglikli
yapilabilmesi acisindan biiyiik onem tasir. Ocak igerisinde agilan kalici ve iiretim basamaklarindaki
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sevlerin kaymasinin 6nlenmesi i¢in durayliligin saglanmas: gerekmektedir. Meydana gelebilecek bir sev
kaymasi yasamsal ve ekonomik kayiplara yol acabilmektedir. Buna bagh olarak, agik ocak madencilik
faaliyetlerinin yiiriitiilmesi i¢in en uygun sev agisinin belirlenmesi giivenli bir madencilik ¢alismasinin
yapilabilmesi igin en basta gelen unsurdur. Ancak uygulanan kazi yontemleri, sev geometrisi,
depremler, yeralti su durumu, jeolojik 6zellikler ve malzeme 6zellikleri gibi faktorler sev durayliligini
etkilemektedir (Ozgenoglu, 2005). Bu faktdrler géz oniinde tutularak sevlerin devamli gézlem altinda
tutulmasi, durayliligin bozulmasina isaret edecek belirtilerin 6nceden fark edilmesi acisindan biiyiik
Onem arz eder. Sevlerde izleme ve kontrol etme islemleri icin farkli metotlar bulunmaktadir. Bunlardan
bazilar1 jeodezik Ol¢iimler, ¢cekme catlagi ve eklemlerde ac¢ilma miktarinin 6lgiilmesi, elektronik mesafe
Olgerlerin kullanilmasi, fotogrametrik yontem, sondaj borusu igerisinden yiizey altinda gerceklesen
hareketleri izlemeye yarayan inklinometrik yontem ve ylizeydeki deformasyonlarin izlendigi
ekstansometrelerdir (Kulaksiz, 2012).

Bu metotlardan jeodezik yontem ile izlemede, duraysiz bolgede deformasyon olusumu beklenen ve
beklenmeyen karakteristik yerlerinde noktalar segilerek bir kontrol agi olusturulur. Olusturulan bu
kontrol aginda belirlenen zaman araliklarinda periyodik OoOlgiimler gergeklestirilir. Neticede bu
noktalarin koordinatlarindaki degisim istatistik ve matematik test yontemleri ile hesaplanarak
kaydedilir. Son yillarda da bu konuyla ilgili bir¢ok arastirmaci araziden elde edilen verinin
modellenmesi igin birgok yeni ¢alismalar yapmislardir. Ornegin Venter ve dig. (2013), Rio Tindo’da ki
Pilbora demir madeninde, jeodezik izleme yontemlerini kullanarak elde ettigi verileri ters-hiz ve hiz-
zaman egim yontemlerinde kullanarak heyelanin gerceklesecegi zaman tahmin etmis ve tahminleri
sonucu hicbir personel ve makina zarara ugramadan kayma gerceklesmistir. Dereli (2010), Cetinkaya-
Divrigi (Sivas) demiryolunda bulunan sevlerin kinematik kontrollii duraysizlik analizlerini yapmuistir.
Akbulut ve dig. (2013), Afsin-Elbistan Linyitleri Isletmesi Kislakdy acik ocaginda bati ve dogu
sevlerindeki duraysizliklar incelemis ve olusabilecek kayma modelini ortaya koymay1 amaglamislardir.
Karagoz ve dig. (2016) Alipasa agik ocak albit madeninde meydana gelen heyelani GPS ile izlemis ve
olusum nedenlerini arastirmistir. Carla ve dig. (2017) ii¢ farkli heyelanin (Mt. Beni, Vajont ve Stramboli)
ve Italya’daki tarihi sehir duvarinin ¢okme davramsini incelemiglerdir. Ellerindeki veriler ile ters hiz
yontemi uygulamislardir. Vanneschi ve dig. (2018), Cek Cumhuriyeti Kuzey Bohemya’da bulunan bir
acgik ocak linyit isletmesindeki sevlerde olusan catlaklari jeodezik yontemle izleyerek elde ettikleri
verileri kullanarak limit denge duraylihik analizi ile sonlu elemanlar olasilik analizini
kargilagtirmiglardir.

Bu calismada, TKI-GLI'ne bagl Ilgin-Cavuscugdl linyit sahas1 dogu sevlerindeki cekme ¢atlaklari ile
belirti veren olas1 duraysizlik alanlarindaki deformasyonlar jeodezik olgiim yontemi ile belirli zaman
araliklarinda izlenmistir. Calismada, heyelan olusabilecek bolgedeki test noktalarinin ii¢ boyutlu
koordinatlarinin degisip degismediginin belirlenmesi ve kaymanin énceden tespiti i¢in kontrol aglar
kurulmus ve belirli araliklarla Ol¢timler gergeklestirilmistir. Bu kapsamda, degisme miktarlar:
kaydedilmis ve elde edilen zamana baghh deformasyon hareketlerinden matematiksel bir esitlik
gelistirilmistir. Ardindan da bu esitlikten elde edilen veriler gergek verilerle karsilastirilarak arasinda
olusan bagintilar ve bu bagintilarin istatistiksel dogruluklar: belirlenmistir.

CALISMA SAHASI(FIELD STUDY)

Konya Ili'me bagli Ilgmn Ilgesi; Konya-Afyon karayolu iizerinde, Konyanin kuzeybatisinda ve
Konya'ya 87 km. mesafededir. Cavuscugdl linyit agik ocagi, Ilgin Ilgesinin kuzey batisinda yer
almaktadir. Ocak Tlgin flge merkezine 15 km. mesafededir. Ocak yolu asfalt olup yaz kis ulagima agiktir.
Cavuscugol linyit ocagi ayni zamanda Konya-Afyon demiryolu giizergahi iizerindedir. Sahanin yer
bulduru haritas: ve uydu goriintiisii $Sekil 1’de goriilmektedir.

Sahanin temelini paleozoik yasli metamorfik sistler olusturur. Bunun tizerine jura-kretase yash
kristalize kiregtaslari, neojene ait pliosen caginda tesekkiil etmis kdmdirlii seri ve daha sonra kiregtasi
molozlari, killi kumlu marnh karigik seri ve nihayet moloz ortiileri ve aliivyonlar gelmektedir (Caglar,
1989).
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Ekskavator-kamyon yontemi sahada komidir {iretimi ve dekapaj islemleri i¢in kullanilan yontemdir.
Bu sahada komiir {iistii dekapaji, komdir {iretimi, ara kesme ve komdiir iistii temizligi gibi madencilik
faaliyetleri yiiklenici firmalar tarafindan gerceklestirmektedir.

Golyaka

Cavuscugol |
Linyit Sahasi

achagkent

Sekil 1. TKI-ILI Tlgin Cavuscugél ocaginin yer bulduru haritas ve uydudan goriintiisii
Figure 1. Site location and satellite image of TKI-GLI Tlgin Cavuscugdl lignite mine

OLCUM SiSTEMI(MEASUREMENT SYSTEM)

Olgiim sisteminin esasim jeodezik ag olusturmak yolu ile ocakta jeodezik &lgiimler alinmasi
olusturmaktadir. Bir jeodezik ag sevdeki hareketli bolgenin etrafinda, iistiinde ve hareketin olmadig:
bolgelerde kontrol amacli olusturulan prizmalardan meydana gelir. Sevdeki ol¢iim istasyonundan
prizmalara olan agilar ve mesafeler hareketin izlenmesi amaciyla diizenli olarak Olgiiliir. Sabit kontrol
noktalarinin stabil bir yiizey {izerinde olmasi ¢ok onemlidir. Zemin hareketlerinin jeodezik oOlgtilerle
saptanmasi i¢in uygulanan yontem, incelemeye konu olan bdlgenin, hareket beklenen, hareket
beklenmeyen ve hareketinden kusku duyulan kesimlerinin jeodezik kontrol ag1 olusturmak ve bu agmn
belli zaman tekrarlama ol¢iisii sonucunda elde edilecek nokta koordinatlarinin zamanla degisiminin
matematik istatistik test yontemleriyle analizi esasina dayamir. Istasyonlarm bulundugu hareketli
bolgede {ii¢ adet sabit poligon noktas: tesis edilmis ve hareketin oldugu bu ti¢ noktada teodolit yardimi
ile belirli zaman araliklariyla X, y ve z koordinatlar1 okunmus ve kaydedilmistir.

Sahada yapilan incelemelerde sev iistlerinde ¢ekme catlaklarinin olustugu ve bazi lokal kaymalarin
oldugu tespit edilmistir (Sekil 2). Bu ¢alismada, olas1 bir duraysizlik halinin tespiti ve gerekli 6nlemlerin
alinabilmesi agisindan bu bolgelerde olusan zamana bagli deformasyonlarin takip edilmesine ve bu
izlemenin jeodezik yontem ile yapilmasina karar verilmistir. Bu kapsamda, deformasyon olusumu
beklenen yerlerde 3 adet nokta belirlenerek bir kontrol ag1 olusturulmus ve periyodik araliklarla bu
noktalardan olciimler alinmustir. Olciimlere 5 Kasim 2018 tarihinde baslanarak 25 Subat 2019 tarihinde
sonlandirilmistir. Toplamda 112 giin siiren 23 adet olclim gergeklestirilmistir. Olciim sonuglar:
neticesinde yaklasik 100. giinden sonra sahada deformasyon hizinda artis goriilmesi ile birlikte sevde
yetkililer tarafindan onlemler alinmis ve deformasyon hareketliligi durdurulmustur. 112 giinliik siiregte
1 no’lu istasyonda 235 mm, 2 no’lu istasyonda 346 mm ve 3 no’lu istasyonda da 182 mm toplam
deformasyon (ii¢ yonlii deformasyonun bileskesi) tespit edilmistir.
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Cizelge 1. Jeodezik dl¢iim tarihleri
Table 1. Geodetic measurement dates

Olciim No Olgiim Tarihi Olciim No Olgiim Tarihi Olciim No Olgiim Tarihi

1 5.11.2018 9 15.12.2018 17 25.01.2019
2 10.11.2018 10 21.12.2018 18 31.01.2019
3 15.11.2018 11 25.12.2018 19 5.02.2019

4 20.11.2018 12 31.12.2018 20 9.02.2019

5 25.11.2018 13 5.01.2019 21 15.02.2019
6 30.11.2018 14 10.01.2019 22 20.02.2019
7 5.12.2018 15 16.01.2019 23 25.02.2019
8 10.12.2018 16 20.01.2019

9 7> 4 ; &
Sekil 2. Sahada goriilen ¢ekme catlaklari

Figure 2. Tension cracks seen in the field
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Figure 3. Points of geodetic measurement stations
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MATEMATIKSEL ESITLIK(MATHEMATICAL EQUATION)

Ocakta yapilan gozlemler ve ocak miihendislerinin yapti§1 calismalar neticesinde sevlerde
hareketlilik oldugu belirlenmistir. Ozellikle Cavuscugdl tren istasyonu tarafinda olusabilecek bir
duraysizligin ciddi sonuglar dogurabilecegi diisiincesiyle bu hareketliligin ne tiir bir egilim igerisinde
oldugunun belirlenmesi 6nem kazanmistir. Bu kapsamda, oOzellikle ¢ekme c¢atlaginin bulundugu
bolgeler dikkate alinarak ocak sevlerinde Olgiim noktalarinin kurulmasi gereken koordinatlar tespit
edilmistir. Bu noktalara 6l¢iim istasyonlar: tesis edilmis ve periyodik araliklarla dlciimler yapilmistir.
Yapilan bu 6l¢timlerden bir veri tabani olusturulmustur. Ardindan, olusturulan bu veri tabani istatistiki
olarak incelenmis ve genel egilimi belirlenmistir. Hareket egilimi belirlenen her bir istasyon igin bir
matematiksel esitlik gelistirilmistir. Elde edilen matematiksel esitlik neticesinde eldeki verilerden yola
¢ikarak Ol¢iim yapilmayan herhangi bir zamanda olusabilecek deformasyon miktari ve hizinin
belirlenmeye calisilmistir.

Kennedy ve dig. (1970) tarafindan yapilan bir ¢alismada, Sili’deki bir bakir acik ocaginda zamana
bagli deformasyonun iistel bir bagintiya sahip oldugu belirlenmistir. Benzer olarak, Zvelebil ve Moser,
(2001) tarafindan yapilan bir diger ¢alismada ise aymi tipte bir bagintinin Cek Cumhuriyeti-Kuzey
Bohemia’da uluslararasi bir yol kenarinda kumtasi formasyonunda meydana gelen bir kaymada
gergeklestigi vurgulanmis ve zamana bagl izleme sonucunda sev kaymasi yaklasik 2 ay 6nceden tahmin
edilebilmigtir. Ulkemizde de Ilgin ve Yatagan linyit agik ocaklarinda bu alanda benzer galismalar
gerceklestirilmistir. Olusan ¢ekme catlaklar1 {izerinde deformasyon oOl¢iimleri yapilarak zamana bagh
deformasyon olusumu yiiksek regresyonlu bagintilar ile modellenmis ve gercek veriler ile esitlikten elde
edilen veriler karsilastirilmistir (Ozsen ve Ozkan, 2013, Ozsen ve Kurt, 2015, Ozsen, 2017). Bu calismada
ise Ozgsen ve dig. /nin (2019) gelistirmis oldugu baginti uygulanmis ve gelistirilerek Esitlik 1’deki
degisiklik ile revize edilerek kullanilmistir.

U = C;log(t) + Cyt + (C5t)% (1)

Burada,

U: Deformasyon miktar1 (mm)

t: Zaman (giin)

C1, C2, C3 ve C+Uygun istatistiksel parametrelerdir.

Yapilan istatistiksel analizler neticesinde elde edilen bagintilar ve bu bagmntilar ile olusturulan
grafikler sirasiyla Cizelge 2 ve Sekil 4’de sunulmustur.

Cizelge 2. Gelistirilen esitlikler ve regresyon katsayilar1
Table 2. Equations developed and regression coefficients

Istasyon No Esitlik Regresyon Katsayisi
1 U = 106,3log(t) — 14,46t + (3,216t)"%2° 0,95
2 U = 1059 log(t) — 2,053t + (0,03132t)3*¢° 0,99
3 U = 30,31log(t) — 0,1581t + (0,0366t)*°% 0,98

Matematiksel modelleme caligmalar1 kapsaminda Esitlik 1'deki bagintinin yiiksek regresyon
katsayilarindan da anlasilacag: iizere gergek arazi deformasyon verileri ile ¢ok iyi uyum gosterdigi
ortaya cikmistir. Cizelge 2’deki esitlikler dikkate alinarak olusturulan egriler Sekil 4’de goriildiigii
gibidir. Zamana bagli deformasyon hareketlerinin incelenmesi neticesinde, Istasyon 1 igin regresyon
katsayis1 0,95, 1stasyon 2 i¢in 0,99 ve 1stasyon 3i¢in 0,98 olarak belirlenmistir.
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Sekil 4. Sahadan elde edilen gergek deformasyon verileri ile matematiksel modelden edilen veriler
Figure 4. In-situ deformation data obtained from the field and the mathematical model data
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Cizelge 3. Araziden elde edilen deformasyon miktarlari ile esitliklerden elde edilen deformasyon

miktarlarinin karsilagtirilmasi
Table 3. Comparing the deformation data from in-situ field measurements and the equations

Istasyon Arazi verisi* Esitlik sonucu®
No (mm) (mm)
1 235 239
2 346 347
3 182 185

*112 giin sonunda

Ayrica elde edilen esitlik gercek Ol¢iim verileri ile denenmis ve bu sonuglar Cizelge 3’de
sunulmustur. Cizelge 2’de goriilen fonksiyonlarda 112 giin olan nihai Ol¢lim zamam yerine
konuldugunda Esitlik 2’den Cizelge 3'deki degerler elde edilmistir. Bu degerlerden de goriilecegi iizere
esitlikten gercek veriye c¢ok yakin sonuglara ulasilmistir. Bu degerlerin karsilastirmali grafikleri
olusturuldugunda aralarinda dogrusal bir bagintinin oldugu belirlenmistir (Sekil 5). Arazi deformasyon
verileri (Av) ile esitlik deformasyon verileri (Ev) arasindaki bagintilar Esitlik 2’de verilmistir. Esitlik 1’den
elde edilen sonug verileri ile araziden elde edilen gercek veriler karsilastirnldiginda iki parametre
arasindaki regresyon katsayisi 0,99 olarak tespit edilmistir. Bu durumda Esitlik 1’den elde edilen
degerlerin gergek arazi verisine neredeyse tam olarak ulastig1 sonucuna varilmustir.

Ao = 0,9855E, + 6,3462 )
Burada;

Aw: Araziden elde edilen gercek deformasyon verisi (mm),
Eq: Esitlik 1’den elde edilen veri (mm)

istasyon 2

w
[V
(=)

310
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Sekil 5. Arazi deformasyon verileri ile esitliklerden elde edilen deformasyon verilerinin karsilastirilmasi
Figure 5. Comparing the in-situ data and the data obtained from equations

SONUCLAR(CONCLUSIONS)

Bu ¢alismada, Ilgin Cavuscugdl linyit agik ocagi dogu sevlerinin ¢ekme catlaklar: ile belirti veren
duraysiz oldugu tespit edilen bolgesinde toplam 112 giin siiren bir deformasyon izleme ve
degerlendirme uygulamas1 gerceklestirilmistir. Sev duraysizli§i oldugu belirlenen alanlarda jeodezik
kontrol ag1 olusturularak deformasyon miktarlar1 diizenli araliklarla Ol¢iilmiistiir. Yatay ve diisey
yonlerindeki deformasyonlar belirlenmis, ardindan tiim yonlerdeki deformasyonlarin bileskesi alinarak
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toplam deformasyon miktar: belirlenmistir. Bu l¢timler 1s1ginda 112 giinliik 6l¢iim siireci neticesinde; 1
no’lu istasyonda 235 mm, 2 no’lu istasyonda 346 mm ve 3 no’lu istasyonda 182 mm toplam deformasyon
tespit edilmis ve tiim istasyonlarda hareketliligin ocagin bat1 yoniine dogru oldugu goriilmiistiir.

Ocakta olusan bu deformasyon hareketleri ileri tarihlerde olusabilecek duraysizlik problemlerinin
ne sekilde olusabileceginin sorgulanmasina neden olmustur. Bu nedenle dnceki ¢alismalarin da 1s181inda
sonug degerlerinin tespitinde yiiksek regresyon katsayili sonuclar veren bir esitlik gelistirilmis ve
verilere tatbik edilmistir. Elde edilen matematiksel esitliklerde amag, gercek verilerin kullanilarak
bilinmeyen verilere ulasilmasidir. Bu sayede farkli tarihlerde bu ocakta olusabilecek deformasyon
miktarlarinin tahmin edilmesi miimkiin olabilecektir.

Ocak stirekli gozlem altinda tutulmali ve deformasyon hiz ve ivmesi gibi bazi parametreler goz
oniine alinarak kritik hiz ve ivme degerlerine yaklasildiginda bu degerler kritik sinirlarin iistiine ¢ikarsa
mutlaka mevcut bolgede onlem alinmalidir. Hizlanma egilimin devam etmesi halinde hizlanmay1
azaltacak tedbirler alinmalidir. Yapilacak delme-patlatma ¢alismalari, zaman igerisinde bolgede yapilan
calismanin yogunlugundaki degisimler, siddetli yagis veya bolgede olusabilecek depremler gibi bazi
parametrelerin degismesi de deformasyon hizinda artislara neden olabilir. Sevlerin siirekli izlenmesi ve
elde edilen sonuclarin acilen degerlendirilmesi istenmeyen durumlarin Oniine gecilmesi agisindan
onemlidir.

Bu calismada ele alinan bolgedeki hiz ve ivme degerlerinin normal degerler icerisinde seyretmekte
oldugu ancak son dénemde hizlanma egilimine girdigi tespit edilmistir. Yapilan miidahaleler ile
degerler tekrar kritik degerlerin altina ¢ekilmis ve olas1 tehlikeli bir durumun o6niine gegilmistir. Bu
calismadaki denklemlerin kisa vadeli sonuglar icin kullanilmas: uygun olacaktir. Yukaridaki etkenlerin
degisimi ile farkli durumlar igin denklemler revize edilmeli ve belirlenen yeni duruma gore hareket
edilmelidir.
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OZ: Bu calismada, Merrifield recinesine desteklenmis kaliks[4]aren dinitro tiirevi (DNK[4]MR)
hazirlanarak, sulu ortamda bulunan énemli organik kirleticilerden olan fenol (FEN), p-klorofenol (PKF),
m-nitrofenol (MNF) ve p-nitrofenol (PNF) gibi baz1 fenolik tiirlere kars: ekstraksiyon 6zellikleri incelendi.
Sentezlenen bilesiklerin, FT-IR analizleri ile karakterizasyonlar1 gergeklestirildi. Sonuclara gore, yukarida
bahsi gegen fenolik tiirlere karsi sirasiyla % 24,3, 40,5, 62,4 ve 65,9 ekstraksiyon verileri elde edildi.
Ayrica, farkli fenolik tiir konsantrasyonlarina karsi DNK[4]MR'nin ekstraksiyon o6zellikleri incelendi.
Son olarak, DNK[4]MR'nin fenolik tiirlere karsi ekstraksiyon kabiliyetlerinin ayrintili bir sekilde
incelenmesi icin farkli konsantrasyonlarda ligand ¢ozeltileri hazirlanarak log D'ye karsi log [L] grafigi
cizilerek etkilesim sonucu olusan ekstraksiyon denge sabitleri (Kex) hesaplandi. Hem literatiir bilgileri
hem de yapilan bu ¢alismanin sonuglarina gore, kaliksaren tiirevlerinin kendisine 6zgii {i¢ boyutlu yapisi
ve hidrojen bag1 yapabilme kabiliyetleri sayesinde, fenolik tiirlerin sulu ortamlardan uzaklastirilmasi
konusunda oldukg¢a kullanigh olabileceklerini gostermistir.

Anahtar Kelimeler: Ekstraksiyon, Hidrojen bagi, Fenolik tiirler, Kaliksaren, Merrifield re¢inesi.

Investigation of extraction properties of calix[4]arene dinitro derivative supported in merrifield resin
towards phenolic species in aqueous media

ABSTRACT: This article describes the preparation of calix[4]arene dinitro derivative supported in
Merrifield resin (DNC[4]MR) and the investigation of its extraction properties towards some phenolic
species such as phenol (PHE), p-chlorophenol (PCP), m-nitrophenol (MNP) and p-nitrophenol (PNP)
which are important organic contaminants in aqueous media. Synthesized compounds were
characterized by FT-IR analysis. According to results, % extraction values of phenolic species above
mentioned were found 24,3, 40,5, 62,4 ve 65,9 %, respectively. Additionally, the extraction properties of
DNKI[4]MR were investigated towards phenolic species towards different concentrations. Finally, the
extraction properties of DNK[4]MR were also evaluated for different concentrations of the ligand.
Extraction equilibrium constants were calculated by log D vs. log [L] graphs. Consequently, according to
both literature and this study, calixarene derivatives which have a unique three-dimensional structure
and hydrogen bonding capabilities can be useful for removal of phenolic species from aqueous media.

Key Words: Calixarene, Extraction, Hydrogen bonding, Merrifield resin, Phenolic species.
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Merrifield Reginesine Desteklenmis Kaliks[4]aren Dinitro Tiirevinin Sulu Ortamdaki 61
Fenolik Tiirlere Kars1 Ekstraksiyon Ozelliklerinin Incelenmesi

GIRIS INTRODUCTION)

Teknolojinin gelismesiyle endiistriyel faaliyetlerin artisi ¢evre kirliligini de beraberinde getirmistir.
Bircok endiistriyel faaliyetin sonucunda cevreye saliman kompleks yapili kimyasallar, havaya, suya ve
topraga karisarak canli saglhigimi ciddi anlamda tehdit etmektedir (Nayak, 2007). Sanayi ve endiistri
kuruluslarinin, hayvancilik ve konutlarin kullanimi sonucu olusan sular, icerdikleri sagliga zararli,
biyolojik ve kimyasal maddelerden dolay: “atik su” olarak tanimlanmaktadir. Petrokimya ve rafineri
tesisleri, komiir firinlari, plastik, boya ve tekstil endiistrisi atik sularinin aritilmas icin bir ¢ok calisma
yapilmaktadir. Bu endiistrilerin atik sularinda, organik maddeler, 6zellikle fenol ve tiirevleri bol
miktarda bulunmaktadir (Banat, 2000). Amerika Birlesik Devletleri Cevre Koruma Ajansina (USEPA)
gore, fenolik tiirler en zararlh olarak smiflandirilan 126 kirletici arasinda 11. sirada yer almaktadir
(Caturla, 1988). Bu nedenle, bu kirleticilerin sulu ¢ozeltilerden uzaklastirilmasi ¢evre ve insan saghigi
agisindan Onem arz etmektedir. Bu amagla, fenolik tiirlerin sulu c¢ozeltilerden uzaklastirilmas: igin
ekstraksiyon, adsorpsiyon, kimyasal ¢oktiirme, iyon degisimi ve membran prosesleri gibi bircok yontem
kullanilmaktadir (Al-Asheh, 2003). Bu metotlar arasinda, ekstraksiyon teknigi gerek basitligi ve
ucuzlugu gerekse organik kirleticilerin uzaklastirllmasindaki performansi agisindan son zamanlarda
ozellikle atik sulardan bircok kimyasal kirleticinin uzaklastirilabilmesinde oldukg¢a yaygin bir sekilde
kullanilmaktadir (Cesari, 2017; Azzouz, 2018).

Makromolekiiller, n6tr yada yiiklii molekiiller igin cesitli reseptorlerin hazirlanmasi amaciyla host-
guest kimyasinda genis bir kullanima sahiptirler. Makromolekiiller arasinda kaliksaren tiirevleri kolay
tiirevlendirilebilme kabiliyetleri ve kendisine has ii¢ boyutlu yapilar1 ile bir¢ok uygulamada
kullamilmaktadir (Gutsche, 1998). Kaliksarenler, fenolik oksijenlerden olusan polar alt bolgesinden
(lower rim) iyonik tiirlerin tasinmasi yada baglanmasi i¢in yaygin bir sekilde tiirevlendirilmektedir.
Ayrica, kiiclik organik molekiilleri ya da biiyiik bilesiklerin polar boélgelerini icinde tutabilecek aromatik
halkalari ile birlikte vazo goriiniimiine sahiptir (Memon, 2003).

Kaliksaren bilesiklerinin polimerik ya da regine yiizeyine immobilizasyonlari, iyonlarin sorpsiyonu
ya da baglanmasi hususunda destek yiizey olusturabilmesi icin ¢ok kullarush bir metot olarak
goriilmektedir (Tabakci, 2008). Bu nedenle bu calismada da, merrifield reginesine desteklenmis
kaliks[4]aren dinitro tiirevi (DNK[4]MR) hazirlanarak ($ekil 1) sulu ortamdan fenol (FEN), p-klorofenol
(PKF), m-nitrofenol (MNF) ve p-nitrofenol (PNF) gibi farkli fenolik tiirlerin ekstraksiyon yontemiyle
giderimi hedeflenmistir.

MATERYAL VE YONTEM (MATERIAL AND METHOD)
Kimyasallar ve Cihazlar (Chemicals and Instrumentations)

Sentezlenen molekiillerin erime noktas: tayinleri, Kriiss marka erime noktas: tayin cihazi ile
gerceklestirildi. Perkin Elmer marka 100 FTIR spektrometresi ve Leco marka CHNS-932 Analyzer
elementel analiz cihaz1 kullanilarak elde edilen bilesikler karakterize edildi. Ince tabaka kromatografisi,
silika jel (SiO,, Merck 60 F,,)) ile kaplanmis aliiminyum plakalar kullanarak gerceklestirildi. Calisma

sirasinda kullanilan tiim malzemeler ve reaktifler analitik saflikta olup, Merck ya da Sigma Aldrich
firmasindan alindi. Ttiim sulu ¢ozeltiler, Millipore Milli-Q Plus su aritma cihaziyla saflagtirilan saf su ile
hazirlandi.
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Kaliks[4]aren Tiirevlerinin Sentezi ve Merrifield Recinesine Desteklenmesi (Synthesis of calix[4]arene
derivatives and supporting in merrifield resin)

Kaliks[4]aren (Bilesik 2), p-ter-biitilfenol ile formaldehitin bazik ortamdaki kondenzasyon
reaksiyonu ile (Gutsche, 1990), kaliks[4]aren dinitro tiirevi (Bilesik 3) ise Bilesik 2 ile p-nitrobenzil
bromiiriin asetonitril ortaminda K:COs varliginda etkilestirilmesi ile literatiirde belirtilen metotlar
kullanilarak sentezlendi (Gutsche, 1990; Tabakci, 2004). Sentezlenen kaliks[4]aren dinitro tiirevinin
merrifield recginesine desteklenmesi ise, Bilesik 3 ile merrifield reginesinin, K2COs ve Nal varliginda, kuru
aseton ortaminda 2 giin boyunca kaynatilmasiyla literatiirdeki bilinen yontem uygulanarak
gerceklestirildi (Memon, 2006).

NO, NO,
oH

OH OH OH
B

OH
\

DNK[4]MR

Sekil 1. Merrifield recinesine desteklenmis kaliks[4]aren dinitro tiirevinin (DNK[4]MR) sentez semas (i)
Formaldehit, NaOH, Difenileter; (ii) p-nitrobenzil bromiir, K,CO,, CH,CN; (iii) Merrifield recinesi, Nal,
K,CO,, Kuru aseton

Figure 1. Synthesis scheme of calix[4]arene dinitro derivative supported in merrifield resin (i) Formaldehyde, NaOH, Diphenyl
ether; (ii) p-nitrobenzyl bromide, K2C03' CH3CN; (iii) Merrifield resin, Nal, KZCO3, dry acetone

Kaliks[4]aren dinitro tiirevinin merrifield reginesine desteklenmesi (DNK[4]MR) (Supporting of
calix[4]arene dinitro derivative into merrifield resin)

Merrifield reginesi (0,17g, 0,153 mmol), potasyum karbonat (0,75 g), sodyum iyodiir (1 g, 10 mmol),
ve 0,4 g 3 nolu bilesik (1.372 g, 1,53 mmol) kuru aseton (50 mL) igerisinde 48 saat boyunca geri sogutucu
altinda kaynatilir. Siiresi tamamlandiktan sonra karisim siiziiliir ve {izerinden aseton ile yikanir,
ardindan ¢oziicli vakum altinda kuruluga kadar uzaklastirilir. Diklorometan igerisinde ¢oziilen kati
madde, HCl ile ekstrakte edilip, asitligi giderilir. Organik faz ayrilir, kurutulur ve ¢oziiciisii uzaklastirilir

(Memon, 2006). IR: 3421 cm™ (N-H), 1521 cm™ (N-O), 1012 cm’ (C-O).
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Sivi-sivi ekstraksiyon ¢alismalari (Liquid-liquid extraction studies)

Fenol tiirevlerinin sivi-sivi ekstraksiyon caligmalari Pedersen prosediiriine gore gerceklestirildi
(Pedersen, 1968). Sivi-sivi ekstraksiyon calismalar: icin, fenol tiirevlerinin saf su igerisinde 5x10° M
olacak sekilde ¢ozeltileri hazirlandi. Ayrica, DNKI[4]MR reginesinin ise, kloroform igerisinde 1x10° M
olacak sekilde ¢Gzeltisi hazirlandi. Hazirlanan fenol tiirevlerinin ¢dzeltilerinden 10 mL alinarak farkli
erlenler igerisine eklendi. Ayrica DNKI[4]MR c¢ozeltisinden 10'ar mL alinarak igerisinde fenol ¢ozeltileri

bulunan erlenler igerisine ekleme yapilarak karigimlarin 25°C'da 1 saat boyunca karigmalar1 saglandi.
Karisim oncesi ve sonrasi, sulu ortamda bulunan fenol ¢ozeltilerinin konsantrasyonlar: literatiirde
belirtilen yontemlerle spektrofotometrik olarak belirlendi (Zhu, 2000; Rawajfih, 2006). Yiizde
ekstraksiyon degerleri Esitlik 1'e gore hesaplandi.

EkstmksiyonYiizdesi(E%) = [(CO —C)/CJxlOO 1)
C, ve C, smrasiyla ¢ozelti ortaminda bulunan fenol tiirevlerinin ekstraksiyon oncesi ve sonrasi

konsantrasyonlarin1 (M) ifade etmektedir (Tabakci, 2012).

Ekstraksiyon calismalarinin sonuglarinin daha iyi anlasilmasi ve hazirlanan bilesigin (L=ligand)
ekstraksiyon kabiliyetinin 6l¢iilebilmesi i¢in fenolik tiirlerin (A) iki faz arasinda dagilma sabiti D'nin
hesaplanmasi gerekir. Genel ekstraksiyon denge denklemi Esitlik 2'de verildi.

n(L), +n(4), € ((L),.(4),) @

org

Ekstraksiyon denge sabiti Kex, Esitlik 3'de gosterildi.

[(£),(4),]

®)

KL’X = n n
(AT, (L]

Dagilma sabiti D, ekstraksiyon sonrasi fenolik tiirtin her iki fazdaki konsantrasyon oranin ifade
etmektedir (Esitlik 4).

(A,

D= 4)
[A]Il(]

Esitlik 4'ii, Esitlik 3 igerisine yerlestirilerek her iki tarafin logaritmasi alindiginda Esitlik 5 elde edilir.

logD=1logK +nlog[leq (5)

Burada [L], hazirlanan ligandin organik fazdaki konsantrasyonunu ifade etmektedir. Sonug olarak,
bu yaklasimla lod D'ye kars1 log [L] grafigi farkli konsantrasyonlarda ekstrakte edilen fenol tiirlerinin
stokiyometrisinin hesaplanmasi i¢in lineer olmalidir (Yilmaz, 2009).

Kesikli sistem adsorpsiyon ¢alismalari (Batchwise adsorption studies)

Merrifield reginesinin sivi-sivi ektraksiyon calismasinda kullanilamamasi (¢dziinmemesinden
dolayr) ve kaliks[4]aren dinitro tiirevinin merrifield recinesine desteklenmis halinin fenolik tiirlere kars:
davranislarini merrifield reginesi ile kiyaslayabilmek icin adsorpsiyon calismalar1 gerceklestirildi. Bu

amagla, 25 mg merrifield reginesi 10 ml fenol tiirevi (5x10_5 M) ile erlen igerisinde 25°C'da 1 saat boyunca
karistirildi. Adsorpsiyon deneylerinden sonra, Ornekler santrifiijlenerek sulu ortamda kalan fenol
¢Ozeltilerinin konsantrasyonlar: belirlendi. Yiizde adsorpsiyon degerleri Esitlik 6'ya gore hesaplanda.
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AdsorpsiyonYﬁzdesi(A%) = [(CO —C)/CJxlOO (6)
C, ve C, sirasiyla ¢ozelti ortaminda bulunan fenol tiirevlerinin adsorpsiyon Oncesi ve sonrasi

konsantrasyonlarini (M) ifade etmektedir (Temel, 2020).
BULGULAR (RESULTS)
Sentez ve Karakterizasyon (Synthesis and Characterization)

Kaliksarenler, kendine has ti¢ boyutlu yapilar: sayesinde noétral molekiiller, katyon ve anyonlar,
biyolojik molekiiller, ucucu organik bilesiklerin (UOB) taninmas: yada algilanmasi i¢in yaygin bir
sekilde kullanilmaktadir (Erdemir, 2016; Temel, 2016; Akpinar, 2019; Ozcelik, 2019a; Ozcelik, 2019b;
Temel, 2019a; Temel, 2019b; Temel, 2020a; 2020b). Bu calismada, sulu ortamdan fenolik tirleri
uzaklastirmak i¢in, merrifield reginesine desteklenmig kaliksaren dinitro tiirevi hazirlandi (Sekil 1).
Bilesik 2, 3 ve kaliks[4]aren dinitro tiirevinin merrifield reginesine desteklenmesi literatiirdeki bilinen
yontem uygulanarak gerceklestirildi (Gutsche, 1990; Tabakci, 2004; Memon, 2006). Kaliks[4]aren dinitro
tiirevinin merrifield recinesine desteklenmesi ile elde edilen DNK[4]MR'nin karakterizasyonu FT-IR
spektroskopisi ile gerceklestirildi. Sekil 2'de verilen FT-IR spektrumlarindan DNK[4]MR'nin varligi

merrifield yapisina ait olan 696 cm™“deki C-Cl bagina ait bandin kaybolmasindan anlagildi. Ayrica, C-O
bagina ait gerilmenin 1012 cm-l, tersiyer biitil gruplarinda bulunan C-H bagina ait gerilmenin 1344 Cm'l,
karakteristik benzen halkalarma ait gerilmenin 1477 cm”, N-O bagmna ait gerilmenin 1521 ecm”, C-H

bagma ait gerilmenin 2856-2948 cm™ ve N-H bagma ait gerilmenin 3421 cm'de goriilmesi, kaliks[4]aren
dinitro yapisinin merrifield reginesine desteklenmesi ile kaliks[4]aren dinitro tiirevinin yapisinda bir
bozulma gerceklesmeden DNKI[4]MR'nin elde edildigini ispatladi.

Ekstraksiyon Calismalari (Extraction Studies)

Sentezlenen ligandlarin fenolik tiirlere karsi ekstrakte ozelliklerini incelemek amaciyla sivi-sivi
ekstraksiyon calismalar1 gerceklestirildi. Bu amacla fenol tiirlerinin (FEN, PKF, MNEF, PNF) sulu

¢Ozeltileri (5x10'5 M) ile ligandlarin kloroform igerisinde ¢ozeltileri (1x10'3 M) 10'ar mL alinarak 25°C'da 1
saat etkilestirildi (Pedersen, 1968). Ekstraksiyon sonunda sulu fazda bulunan fenol tiirevinin denge
konsantrasyonu, spektrofotometrik yontemle (Abay, 2005) tayin edildi ve % Ekstrasksiyon sonuglari ise
Cizelge 1'de verildi. Ayrica, en iyi ekstraksiyon sonuglarinin gozlendigi DNK[4]MR'a ait
spektrofotometrik sonuglar ise Sekil 3'de verildi. Cizelge 1'de verilen sonuglara gore, 3 no'lu
kaliks[4]aren dinitro tiirevinin MNF ve PNF hari¢ diger fenolik tiirleri sulu ortamdan organik faza
aktarmasi eser miktarlarda gergeklestigi belirlendi. Ayrica, merrifield reginesinin kullanildig
adsorpsiyon sonuglarina gore ise tiim fenolik tiirlere karsi adsorpsiyonun istenen verimde
gerceklesmedigi ve reginenin kendi basina kullaniminin fenolik tiirlerin adsorpsiyonu konusunda
kullanugsiz oldugu goriildii. Kaliks[4]aren dinitro tiirevinin merrifield reginesine desteklenmesi sonucu
elde edilen DNK[4]MR reginesinin ise monomerik yapidaki kaliks[4]aren tiirevine ve merrifield
recinesine gore ¢ok iyi sonuglar verdigi goriildii. Bunun nedeni, kalik[4]aren dinitro tiirevinin merrifield
recinesine desteklenmesi ile daha saglam bir yap1 olusmus ve bdylece fenolik tiirlerin sulu ortamdan
organik faza transferleri daha iyi ger¢eklesmis oldu (Memon, 2006). DNK[4]MR recinesinin fenolik
tiirlere kars1 ekstraksiyon performanslariin literatiir ile karsilastirilabilmesi icin Cizelge 2'de farkh
literatiirlere ait % Ekstraksiyon verileri verildi. Bu sonuglara gére, DNK[4]MR reginesinin literatiirde
kullarulan bilesikler ile kiyaslanabilir bir performans gosterdigi belirlendi.
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Sekil 2. Merrifield recinesi, sentezlenen kaliks[4]aren dinitro tiirevi ve DNK[4]MR i¢in FTIR

spektrumlari
Figure 2. FTIR spectra for merrifield resin, calix[4]arene dinitro derivative and DNK[4]MR

Cizelge 1. Fenolik tiirlerin sivi-siv1 ekstraksiyon sonuglari
Table 1. Liqud-liquid extraction results of phenolic species

Ligand FEN (270 nm) PKF (280 nm) MNF (274 nm) PNF (317 nm)
KI4]A® <1.0 <1.0 27,5 62,0
DNKI[4]MR’ 24,3 40,5 62,4 65,9
Merrifield Reginesi’ 5,7 5,7 6,7 8,5

aSivi-sivi ekstraksiyon; Sulu faz, [fenolik tirler]= 5x10°M; organik faz, kloroform, [ligand]= 1x10°M,

25°C, 1 saat.
bKesikli sistem adsorpsiyon; Sulu faz, [fenolik tiirler]= 5x10'5M,' kati faz [ligand]= 25 mg, 25°C, 1 saat.

Cizelge 2. Fenolik tiirlerin sulu ortamdan % giderimlerine ait literatiir sonuglari
Table 2. Literature results regarding removal of phenolic species in aqueous media

Yontem Bilesik FEN PKF MNF PNF Ref.
Sivi-sivi ekstraksiyon Emilsiyon S - - - 36,9 (Chaouchi, 2014)
Membran
Bulutnokta Triton X-114 473 - 438 - (Wei, 2008)
ekstraksiyonu

Sivi-sivi ekstraksiyon Ionic Liquids 58,9 68,1 - - (Brinda, 2013)
Srvi-kati ekstraksiyon Porapak RDX 14 25 - 25 (Castillo, 1997)

Kesikli adsorpsiyon C[4]BS 2,1 2,4 2,8 23,5 (Dolaksiz, 2018)

Kesikli adsorpsiyon C[4]APS - - - 76,0 (Aladagli, 2015)

S1vi-sivi ekstraksiyon DNK[4]MR 24,3 40,5 624 65,9 Bu ¢alismada




66 F. TEMEL

Farkli Konsantrasyon Calismalari (Different Concentration Assay)

Yapilan ilk calismalar 1siginda fenolik tiirlere karsi en iyi ekstraksiyon ozelliklerini gosteren
DNKI[4]MR recinesinin farkli konsantrasyonlardaki fenolik tiirlere karsi ekstraksiyon ozelliklerinin

incelenmesi igin farkli konsantrasyonlarda (5x10_5M, 7,5x10'5M, 10x10_5M, 12,5x10_5M,) fenol tiirevleri
hazirlandi. Boylece, ekstraksiyon calismalar1 farkli konsantrasyonlardaki fenol tiirevlerine karsi daha

once de bahsedildigi gibi 1x10°M ligand kullarularak, 25°C'de 1 saat siireyle gerceklestirildi. Deney
sonras1 elde edilen veriler kullanilarak, farkli fenolik tiir konsantrasyonuna karsi % ekstraksiyon
sonuglar1 Sekil 4'de wverildi. Sekil 4'de, % Ekstraksiyon degerlerinin fenol tiirevlerinin
konsantrasyonundaki artisa bagli olarak beklenen sekilde arttigi gozlendi. Bu durumun, DNK[4]MR
recinesinin diisiik analit konsantrasyonlarinda doygunluga ulasmamasindan kaynaklandig soylenebilir.
Burada, fenolik tiirlerin baslangi¢c konsantrasyonlarinin fenolik tiir molekiillerinin her iki sivi faz
arasindaki gecislerine engel olacak kiitle transfer direncinin iistesinde gelmek igin itici gii¢ olarak 6nemli
bir rol oynadig1 anlasildi. Sonug¢ olarak, ¢ozelti iginde bulunan biitiin fenolik tiir molekiillerinin
DNK[4]MR recinesinin baglanma kisimlar1 ile etkilesimlerinin fenolik tiirlerin baslangig
konsantrasyonlarinin artisiyla giderek arttig1 sonucuna varildi.
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Sekil 3. DNKI[4IMR'nin fenolik tiirlere kars: ekstraksiyon 6ncesi ve sonrasi absorbans spektrumlari
Figure 3. Absorbance spectra of DNK[4]MR before and after extraction against phenolic species
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Sekil 4. DNK[4]MR'nin farkli konsantrasyonlardaki fenolik tiirlere kars1 % ekstraksiyon degerleri

Figure 4. % extraction data of DNK[4]MR against phenolic species in different concentrations

Bu fenolik tiirlerin ekstraksiyon olaymi anlamak icin yapilan ¢alismalar sonucunda, hem kaliksaren
dinitro yapisinin hem de MNF ve PNF tiirlerinin hidrojen bagi yapabilme kabiliyetleri bu ¢alismada
analit/ligand arasinda kompleks olusumu agisindan hidrojen baginin én plana gktigini gosterdi (Li,
2009; He, 2018). Bu yaklasim, fenolik tiirlerin hidrojen bag yapma kabiliyetlerinin asitlik dereceleri ile
dogru orantili olmasi ve asitlik derecelerinin (pKa degerleri FEN, PKF, MNF ve PNF ig¢in sirasiyla; 10,0,
9,2, 8,3 ve 7,2) de ekstraksiyon kabiliyetleri ile dogru orantili olarak degismesiyle desteklendi. Soyle ki,
daha giiglii bir hidrojen bag1 etkilesiminin gozlendigi MNF ve PNF'den ligand yiizeyindeki oksijen
atomlarina proton transferi diger fenolik tiirlere gore daha kolay gerceklesmektedir (Dolaksiz, 2018).

Ayrica, DNK[4]IMR recinesinin fenolik tiirlere karst bu kabiliyetlerinin ayrintili bir sekilde
incelenmesi icin kloroform igerisinde farkli konsantrasyonlarda ¢ozeltileri hazirlanarak ekstraksiyon
calismalar icin kullanildi. Bu kisimda daha 6nceki veriler 1s1ginda ekstraksiyon verimi yiiksek olmasi
nedeniyle MNF ve PNF ¢ozeltileri kullanildi. Deney sonrasi elde edilen veriler kullanilarak, log D'ye
kars1 log [L] grafigi ¢izilerek Sekil 5'de verildi. Her iki fenol tiirevi igin yapilan ¢alismalarin sonuglarina
gore, log D'ye kars1 log [L] arasinda lineer bir iliskinin oldugu ve bu denklemlerin egimlerinin ise MNF
ve PNF icin sirasiyla 0,97 ve 0,42 oldugu belirlendi (ymne=0.97x+3.14; yrne=0.42x+1.54). Bu durumda,
DNKI[4IMR reginesi ile MNF ve PNF ¢0Ozeltileri arasinda sirasiyla 1:1 ve 1:2 seklinde komplekslerin
olustugu anlasildi (Sekil 6). Bununla birlikte, log D'ye karsi log [L] grafiginden elde edilen veriler
15181nda, ekstraksiyon denge sabitleri (Kex) MNF ve PNF igin sirasiyla 1377 ve 35 olarak hesaplandi.
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Sekil 5. DNK[4]MR'nin farkli konsantrasyonlarindaki ¢ozeltilerinin MNF ve PNF ekstraksiyon
sonuglarina ait Log D'ye kars1 Log [L] grafigi
Figure 5. Log D vs. Log [L] for the extraction data of MNP and PNP by DNKI[4]MR solutions in different concentrations
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Sekil 6. DNK[4]MR ile MNF arasinda gerceklesen muhtemel hidrojen bag: etkilesimi
Figure 6. Possible hydrogen bonding interaction between DNK[4]MR and MNF

SONUCLAR (RESULTS)

Bu calismada, merrifield recginesine desteklenmis kaliks[4]aren dinitro tiirevinin (DNK[4]MR) atik
ve i¢gme sularinda bulunan fenol, p-klorofenol, m-nitrofenol ve p-nitrofenol gibi farkli fenolik tiirlere
karsi sulu c¢ozeltilerdeki ekstraksiyon Ozellikleri incelendi. Sentezlenen polimerik reginenin
karakterizasyonu FT-IR analizleri ile gerceklestirildi. Ekstraksiyon deneyleri, kaliks[4]aren dinitro
tirevinin merrifield reginesi ile etkilestirilmesi sonucu elde edilen DNK[4]MR'nin hem merrifield
recinesine gore hem de kaliks[4]aren dinitro tiirevine gore fenol tiirevlerine karsi oldukca iyi
ekstraksiyon oOzellikleri gosterdigini ortaya koydu. Farkli analit konsantrasyon c¢alismalar1 da
gergeklestirilerek, konsantrasyon artisinin % Ekstraksiyon verimini artirdigi belirlendi. Sonug olarak
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kaliks[4]aren tlrevlerinin merrifield reginesine desteklenmesinin sulu ortamdan fenolik tiirlerin
ekstraksiyonunda oldukca verimli ve kullanish bir yaklagim olacag: goriildii.
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OZ: Kesikli sistemde calisilan adsorpsiyon teknigi ile aktif karbon iizerine radyoaktif perteknetat okso

anyonu (99mTCO4-)’nur1 adsorpsiyon termodinamiginin incelenmesi amaglanmistir. Elde edilen
verilerden faydalanarak termodinamik parametreler; AH=0,346 k].mol", AS°=0,029 kJ.mol"!, AGe= -7,92
(288 K) ile -8,78 (318 K) kJ.mol', AHx=0,28 k].mol've standart serbest enerji degerinin sifir oldugu
sicaklik 12 K olarak hesaplanmistir. Bu bulgular sonucunda adsorpsiyon prosesinin; fiziksel ve
endotermik olarak gercgeklestigi ve 12 K’in tiizerindeki her sicaklikta adsorpsiyonun uygun ve
kendiliginden gercgeklesecegi bulgular1 elde edilmistir. Sonug¢ olarak, belirli bir limitin iizerine
cikildiginda kansere neden olan radyoaktif teknesyumun aktif karbon {izerine adsorpsiyon
termodinamik analizinin incelenmesi sonucu elde edilen bulgularin endiistriyel capta kurulacak bir tesis
dizaynina katkida bulunacag: soylenebilir.

Anahtar Kelimeler: Radyoaktif madde, Aktif Karbon, Termodinamik, Adsorpsiyon

Thermodynamic Analysis of Radioactive Pertechnetate Oxo Anion Adsorption

ABSTRACT: The aim of this study is to investigate thermodynamics of radioactive pertechnetate okso
anion (*TcOx) over the active carbon using the adsorption technique in batched systems. According to
the obtained results thermodynamic parameters are calculated as AH°=0.346 kJ.mol", AS°=0.029 kJ.mol",
AGe= -7.92 (15°C) ile -8.78 (45°C) kJ.mol!, AHx=0,28 kJ.mol" and also the temperature at which the
standart free energy value equals to zero calculated as 12 K. These results indicated that the adsorption
process is physical and endothermic and at temparatures over 12 K adsorption will take place
spontaneously and favorably. In conclusion, it can be said that the results obtained from the
thermodynamic analysis of radioactive technetium (which may cause cancer if the limit is exceeded)
over the active carbon can contribute to the design of an industrial facility.

Key Words: Radioactive Substance, Activated Carbon, Thermodynamic, Adsorption

GIRISUNTRODUCTION)

Niikleer tip, insan viicudundaki ¢esitli biyokimyasal ve fizyolojik islemlere katilabilecek radyoaktif
bilesikler yardimiyla tanisal goriintiileme ve tedavi uygulamalarini igeren bir bilim dalidir. Bu bilim
dalinda en yaygin kullanilan radyoaktif element teknesyumdur (Hercigonja ve dig. 2012).

Diinyadaki uranyum cevherlerinde nanogram miktarlarinda bulunan teknesyum (Tc), niikleer
reaktdrlerde Mo, Ru ve Nb’un kozmik 1s1n reaksiyonu sonucu yapay olarak elde edilebilir. Pliitonyum-
239 ve uranyum-235'in termal fisyonu ile de % 6lik bir verimle *Teknesyum {iretilebilir (Leon ve
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dig.2005). ik 6nce Perrier ve dig. 1937'de, molibdeni, bir nétronla bombardiman ederek Tc sentezlemeyi
basarmislardir (Sekil 1) (Shia ve dig. 2012).

YMo T,,=66.02h

Vs

87.5%
12.5% PYmTe  7,,=6.01h

7

PTe  Ty,=2.1x105y

s

PRu stable
Sekil 1.” Mo ninbozunma semasi
Figure 1. Decayscheme of 99Mo

Sekil 1'de goriilebilecegi gibi, Tcnin en kararli radyoaktif izotopu, 6 saatlik bir yar1 émre sahip
»mTc'dir. Bu izotop, gama 1sinlar yayarak *Tc'ye bozunur. ®Tc, 0,294 MeV’lik maksimum bozunma

enerjisine sahip saf bir = yayia oldugundan dolayi, radyasyon sayimu ile dlgiilebilir 6zellige sahiptir
(Banavali ve dig. 1995).

»mTc, yeralt1 sularmi kirleten tehlikeli niikleer atiklardan biridir (Hercigonja ve dig. 2012). Ciinkii,
9mTe ve % 0,9NaCl ¢ozeltisi karistirildiginda, izotonik, renksiz, berrak ve steril bir sodyum perteknetat
soliisyonu elde edilir. Bu soliisyon tani i¢in dogrudan hastaya uygulanabilir. Soliisyondaki perteknetat
okso anyonu (*"TcOx) ¢oziinebilir oldugu icin, yeralt: sularinda ¢ok dnemli gevresel tehlikeler olusturur
(Bishop ve dig. 2011). *Tc'nin immobilizasyonu uzun siireli ve kalict imha islemlerinden once
yapilmalidir. Bu nedenle, daha biiyiik miktarda atik iiretmeden *Tc'nin uzaklastirilmasi gereklidir (Del
Cul ve dig. 1993). Birlesik Devletler Cevre Koruma Ajanst (USEPA), igme sularinda yillik maksimum
0,04 milisievert (mSv) degerinde *Tc igerigi olmas1 gerektigini belirlemistir (USEPA, 2002). Bu deger
asilirsa, insanlarin kansere yakalanmasi kaginilmaz olacagi belirtilmistir (Del Cul ve dig. 1993).

Radyoaktif maddelerin sulu ¢ozeltilerden uzaklastirilmasinda; kimyasal ¢oktiirme, buharlastirma,
¢Ozlicii Oziitleme, membran prosesleri ve adsorpsiyon gibi ¢esitli yontemler uygulanmistir (Mahmoud
ve dig. 2014). Coktiirme ve ¢oziicli Oziitlemenin, diisiik secicilie ve biiyiik miktarlarda kat1 camur
olusumuna sebep oldugu, (Sangvanich ve dig. 2010), buharlastirma ydnteminin korozyon, kire¢lenme
veya kopiiklenme gibi sorunlara yol actig1 (Rout ve dig. 2006) ve membran proseslerinin, yiiksek maliyet
ve membran tikanmasi gibi kisitlamalara sahip oldugu (Fu ve Wang, 2011) belirtilmistir. Adsorpsiyon
yonteminin ise, diisitk maliyet, esneklik ve tasarim basitligi, kullanim kolaylig:1 ve diger tekniklere
kiyasla toksik kirleticilere duyarsizlik gibi bir¢cok avantaja sahip oldugundan dolay: daha ¢ok tercih
edilen bir yontem olmustur (Mahmoud ve dig. 2014).

Literatiirde adsorpsiyon yontemiyle, ®Tc'nin yeralt: sularindan uzaklastirilmasi igin kullanilan bazi
adsorbanlar sunlardir: aliimina ve goetit (Kumar ve dig. 2011), stibnit (Kumar ve dig. 2013), elementel
demir (Liang ve dig. 1996), pirit ve manyetit (Lieser ve Bauscher, 1988, Farrell ve dig. 1999), organofilik
bentonitler (Bors ve dig. 1999, Sahkira ve dig. 2011) ve gesitli sentetik regineler (Suzuki ve dig. 2009,
Chen ve Veltkamp, 2002).

Aktif karbon, genis ylizey alani ve gdzenekli yapiya sahip karbonlu iiriinlerin ticari adidir. Kontrollii
bir atmosfer ve sicaklik sartlarinda, yiiksek sicaklikta 1sil ayrisma ile karbon bazli malzemelerden
iiretilir. Aktif karbonlarin genellikle yogunlugu yaklagik 0,2 g.cm*'den biiyiik ve yiizey alani 400 -1600
m2.g1arasinda degismekte olup adsorplama kapasitesi ¢ok biiyiiktiir (Holm ve dig. 2000).
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Bu calismada, radyoaktif *=TcOs'lin sulu ¢ozeltilerden uzaklastirilmasinda adsorpsiyon yontemi
tercih edilmis ve adsorban olarak ise aktif karbon secilmistir. Adsorpsiyon prosesi sonucunda elde
edilen termodinamik parametreler 151$1nda, adsorpsiyonun dogasi hakkinda bilgilerin sunulmasiyla
endiistriyel ¢apta kurulacak bir tesis dizaynina katkida bulunacag1 amaglanmistir.

MATERYAL ve YONTEM(MATERIAL and METHOD)

Bu galismada radyoaktif ®mTcOx, Atatiirk Universitesi Tip Fakiiltesi Niikleer Tip Anabilim Dalindan
temin edilmistir. Her deney igin istenen sagimlarda *mTcOs ¢ozeltileri saglanmistir. Bu anyonun mol
kiitlesi 163 g.mol! olup dort hidrojen bagina sahiptir. Topolojik polar yiizey alani 73x1020 m?dir
(PubChem, web).

Aktif karbon (Sigma-aldrichDarco G60) yerel bir medikal firmasindan temin edilmistir. Aktif
karbonun bazi 6zellikleri Cizelge 1’de verilmistir.

Cizelge 1 Aktif Karbonun Bazi Ozellikleri
Table 1. Some Properties of Activated Carbon

pH Ort. Boyut Yogunluk Yiizey Saflik
(mm) (g.cm?) Alam %
(m2.g")
5-7 0,044-0,15 0,45-0,55 1100 99

Aktif karbon elenerek partikiil boyutu +0,15-0,125 mm olacak sekilde secilmistir.

Deneyler, kesikli sistemde ¢alisilan adsorpsiyon teknigi ile yapilmistir. Baslangi¢ konsantrasyonu,
pH, partikiill boyutu, karistirma hizi, adsorpsiyon denge siiresi ve adsorban konsatrasyonu
parametreleri sirasiyla; 1,0 mCi.L, 8,0, + 0,15-0,125 mm, 700 rpm, 15 dakika ve 2,0 g.L-! olarak sabit
tutulmustur (Bastaban, 2014).

Deneysel Yontem (Experimental Set up)

0,5 mCi.mL1 m TcOs ¢ozeltisinden 1 mL alinarak deiyonize su ile 500 mL'ye tamamlanmuistir.
Boylece, 1,0 mCi.L! aktivitedeki ®mTcOxs ¢ozeltisi elde edilmistir. pH degeri, uygun bir miktarda 0,1 M
NaOH (sigma-aldrich, %98) ve 0,1 M HCI (merck, %37) ¢oOzeltileri kullanilarak dijital bir pH-metre
(Thermo Orion 3-Star) yardimiyla ayarlanmistir.

Kesikli adsorpsiyon deneyleri, 288-318 K sicaklik araliginda 700 mL hacmindeki bir ceketli reaktor
sisteminde sabit tutulan parametre degerleriyle gerceklestirilmistir. Adsorpsiyon denge siiresi sonunda,
nihai karisim nuge erleniyle vakum altinda stiziilmiistiir. Cozeltide, denge anindaki %*mTcOs'lin
radyoaktivitesi (Ce), Biodex, Atomlab 400 model dose calibrator marka dozimetre kullanilarak 6l¢iilmiis
ve Esitlik 1’den elde edilen ge degerleri Cizelge 2’de verilmistir.

_ (Co_ce)V
Qe = ——— (1)

m
Burada Co ve Ce (mCi.L") sirasiyla, #mTcOs'lin baslangi¢ ve denge radyoaktiviteleridir. V (L), ¢ozelti
hacmi, m (g), adsorbanin kiitlesi ve qe (mCi.g"), adsorpsiyon kapasitesidir.
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Cizelge 2Adsropsiyonun Sicaklikla Degisim Verileri (konsantrasyon 1,0 mCi.L! #“mTcOs, pH 8,0,
partikiil boyutu + 0,15-0,125 mm, karistirma hiz1 700 rpm, adsorpsiyon denge siiresi 15 dk ve adsorban

konsatrasyonu 2,0 g.L1)
Table 2. Change of adsorption by temperature (concentration 1.0 mCi.L-19"TcOx, pH 8.0, particle size + 0.15-0.125 mm, mixing speed
700 rpm, adsorption equilibrium time 15 min. and adsorbent concentration 2.0 g.L1)

Sicaklik (K) Ce (mCi.L?) qe (mCi.g)
288 0,320 0,340
298 0,160 0,420
308 0,110 0,445
318 0,060 0,470

BULGULAR VE SONUCLARIN IRDELENMESI(RESULT AND DISCUSSION)
Adsorpsiyon Termodinamiginin Modellenmesi(Modeling of Adsorption Thermodynamics)

Adsorpsiyon prosesinde denge anma ulasildiginda, hem ¢o6zeltide hem de kati ylizeyinde
adsorplanan maddenin konsantrasyonunda bir degisim gozlemlenmez. Ciinkii dengede Gibbs serbest
enerji degisimi (AGe = 0) sifirdir ve adsorpsiyon ve desorpsiyon hizlar: birbirine esittir. Bylece adsorban
ylizeyine adsorplanan maddenin ve sulu ¢ozeltideki adsorplanmadan kalan maddenin aktiviteleri orani
sabit kalir ve bu oran denge sabiti (Kc) olarak adlandirilir. Bu sabit Esitlik 2 ile hesaplanir (Atkins ve
Paula, 2014).

_ Qs _ Vscs
KC B Qe - YeCe @

Burada as ve ae sirasiyla; denge aninda adsorban yiizeyine adsorplanan maddenin ve sulu
¢ozeltideki adsorplanmadan kalan maddenin aktiviteleridir. ys ve ye ise sirasiyla denge aninda adsorban
ylizeyine adsorplanan maddenin ve sulu c¢ozeltideki adsorplanmadan kalan maddenin aktivite
katsayilaridir. Cs ve Ce. ise; denge aninda adsorban yiizeyine adsorplanan maddenin ve sulu ¢ozeltideki
adsorplanmadan kalan maddenin konsantrasyonlaridir. Aktivite katsayilarinin yaklasik aynmi oldugu
kabul edilirse,

C
Ke=¢ 3
e
Esitlik 3 yazilabilir. Ayrica, Van'tHoff esitligi yazilirsa (Atkins ve Paula, 2014),
AG = AG° + RTIn(K,) 4)

Burada; AG, serbest enerji degisimi, R ideal gaz sabiti (8,314 ].mol-1.K"), T, mutlak sicaklik (K) ve K,
denge sabitidir. AG degeri denge aninda sifir olacagindan, Esitlik 5’e indirgenir.
AG® = —RTIn(K,) ®)
Bu esitlik, adsorpsiyon prosesinin kendiliginden gerceklesip gerceklesmeyecegini tahmin etmek igin
kullanulan 6nemli bir esitliktir. AGe, adsorpsiyon prosesinin serbest enerji degisimidir.
Ayrica, AGeigin asagidaki termodinamik esitlik te yazilabilir (Atkins ve Paula, 2014)

AG° = AH® — TAS® (6)
Esitlik 5 ve 6'dan,
AH® = ASO
In(Ke) = ——=+— ?)

Esitlik 7 elde edilir. Bu esitlikten faydalanarak InKe ya kars1 1/T grafigi cizilirse (Sekil 2), egimden
AHve kesme noktasindan AS° degerleri belirlenir.
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Sekil 2. In(Kc)'ye kars1 1/T grafigi
Figure 2. In (Kc) vs. 1/T graph

Sekil 2’'nin egiminden AH°, kesmesinden ASe ve Esitlik 5’den AGedegerleri hesaplanmis ve sonuglar
Cizelge 3’de verilmistir.

Cizelge 3. Termodinamik Parametreler
Table 3. Thermodynamic Parameters

AHeo(k]J.mol?)  ASe(k].mol?) AGe (k].mol?)
288 K 298 K 308 K 318 K
0,346 0,029 -7,92 -8,20 -8,49 -8,78

AHe ve ASe degerlerinin pozitif ¢ikmasi ve AGe degerinin negatif ¢ikmasi nedeniyle adsorpsiyon
prosesinin  sirasiyla, endotermik, adsorban-adsorblanan arayiizeyinde diizensizlik artis1 ve
kendiliginden gerceklesen bir proses oldugunu gosterir. Sicaklik arttikca AGenin negatif degerinin
artmasi, yliksek sicakliklarda perteknetat okso anyonunun aktif karbon {izerine adsorpsiyonuna olumlu
etkide bulundugunu gosterir. Benzer sonuglar Mahmoud ve Seliman, 2014, calismasinda da
bulunmustur.

Adsorpsiyon izosterik Isisi(Isosteric Adsorption Heat)

Sabit adsorblanan miktar i¢in tanimlanan izosterik adsorpsiyon 1sis1 (AHx, kJmol-1), adsorpsiyon
prosesinin karakterizasyonu ve optimizasyonu tahmininde faydali parametrelerden biri olup Clausius—
Clapeyron (Esitlik 8) esitligine gore In Ce’ye karst 1/T grafi§inin egiminden hesaplanir (Sekil 3)
(Chowdhury ve dig. 2011).

d(n (Ce) _ _ AHX ®8)
dt RT?
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Sekil 3. In(Ce)’ye kars1 1/T grafigi
Figure 3. In (C.) vs. 1/T graph

Fiziksel adsorpsiyon i¢in AHXx, 80 kJ.mol"'den kiigiik ve kimyasal adsorpsiyon icin ise 80-400 k].mol-
! arasinda degismelidir (Dogan ve Alkan, 2003). Sekil 3'tin egiminden AHx degeri 0,28 kJ.mol" olarak
bulundugundan adsorpsiyon prosesinin fiziksel adsorpsiyona uydugu sdylenebilir.

Kendiliginden Gerceklesen Olaylarda Termodinamik Kriter(Thermodynamic Criteria for Spontaneity)

Bir adsorpsiyon prosesinin termodinamik olarak uygun ve kendiliginden olup olmadigi AG°in
isaretine bakilarak belirlenebilir. Eger AGe sifirdan kiigiikse adsorpsiyon prosesi uygun ve kendiliginden
gerceklesir. AG”1n alacag1 isaret, AHe ve ASe gibi termodinamik parametrelere baglidir. Bu durum
asagidaki gibi aciklanabilir (Atkins ve Paula, 2014);

a) Eger adsorpsiyon prosesi ekzotermik ise (AH° negatif) ve kat1 siv1 ara yiizeyinde diizensizlik
artmis (ASe pozitif) ise, sicaklik ne olursa olsun adsorpsiyon prosesi her zaman uygun ve kendiliginden
(AGe negatif) dir

b) Eger adsorpsiyon prosesi ekzotermik ise (AH° negatif) ve kat1 siv1 ara ylizeyinde diizensizlik
azalmis (ASe negatif) ise, AH° degerinin TAS*’dan biiyiik olmas: durumunda, adsorpsiyon prosesi uygun
ve kendiliginden (AGe negatif) dir

c) Eger adsorpsiyon prosesi endotermik ise (AHe pozitif) ve kat1 siv1 ara yiizeyinde diizensizlik
artmis (ASepozitif ) ise, AHe degerinin TAS*'den kii¢iik olmas: durumunda, adsorpsiyon prosesi uygun
ve kendiliginden (AG° negatif) dir

d) Eger adsorpsiyon prosesi endotermik (AH° pozitif) ise ve kat1 siv1 ara yiizeyinde diizensizlik
azalmis (ASenegatif ) ise, adsorpsiyon prosesi uygun ve kendiliginden (AGe negatif) gerceklesecegi hig
bir sicaklik yoktur.

Bu agiklamalara gore adsorpsiyon prosesleri sadece belirli sartlarda kendiliginden gerceklesebilir.
Adsorpsiyon proseslerinde uygun sicaklik araligi, AGY in sifir oldugu sicaklik (T.) degerine gore
belirlenir. Bu sicaklik degeri, AG”a karst T'nin grafik edilmesiyle bulunur (Sekil 4). Dogrunun kesme
noktasindan, AGYin sifir oldugu sicaklik degeri bulunarak adsorpsiyon prosesinin uygun ve
kendiliginden gergeklestigi aralik belirlenir.
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Sekil 4. AG2a karg1 T grafigi
Figure 4. AGovs.T graph

Sekil 4'teki dogrunun kesme noktasi olan AG1n sifir oldugu sicaklik, 12 K olarak bulunmustur. Bu
degerin {izerindeki sicakliklarda, adsorblanan-adsorban ara yiizeyinde serbest enerjide daha fazla
azalma olacag1 icin adsorpsiyon prosesi uygun ve kendiliginden gerceklesecegi soylenir. Ozellikle
adsorpsiyonun gercgeklesecegi sicaklik araligimin bulunmasi, endiistriyel Olcekte optimum ¢alisma
sicakliginin belirlenmesinde 6nemli bir bilgi saglamaktadir.

SONUC (CONCLUSION)

Bu calismada, aktif karbon iizerine radyoaktif perteknetat okso anyonunun adsorplanabilirligini ve
kendiliginden gerceklesip gerceklesmeyecegini tahmin edebilmek icin termodinamik analizi
incelenmistir. Cizelge 2'deki verilerden sicakligin artmasiyla adsorpsiyon kapasitesinin arttig:
goriilmektedir. Bununla birlikte, AHYmn pozitif (0,346 kJ.mol! ) cikmasi da adsorpsiyon prosesinin
endotermik tepkimeyle yiiriidiigiinii gostermektedir. ASe degerinin pozitif ¢tkmasi (0,029 kJ.mol?),
adsorban-adsorblanan ara yiizeyinde diizensizlik artis1 oldugunu gostermektedir. AGe degerlerinin
negatif ¢ikmasi (-7,92 (288 K) ile -8,78 (318 K) kJ.mol?) ve AGem sifir oldugu sicakligin 12 K olarak
hesaplanmasi, adsorpsiyon prosesinin bu degerin {izerindeki her sicaklikta uygun ve kendiliginden
gerceklesecegini ifade etmektedir. AHx degeri, 0,28 k].mol? olarak bulunmus ve 80 kJ.mol"’den kiigiik
oldugu icin adsorpsiyon prosesinin fiziksel olarak gerceklestigi belirlenmistir.

Sonug olarak, belirli bir limitin iizerine ¢ikildiginda kansere neden olan radyoaktif teknesyumun
aktif karbon tizerine adsorpsiyon termodinamik analizinin incelenmesi sonucu elde edilen bulgularin
endjiistriyel ¢capta kurulacak bir tesis dizaynina katkida bulunacag: sdylenebilir.

KAYNAKLAR (REFERENCES)

Banavali, A.D., Raimondi, J.M., Moreno, EM., McCurdy, D.E., 1995, “The determination of
technetium-99 in low-level radioactive waste”, Radioact. Radiochem., 6, 26-35.

Bastaban, B., 2014, “Teknesyum (*mTc) Elementinin Aktif Karbon Yardimiyla Adsorbsiyonu”
Atatiirk Universitesi Fen Bilimleri Enstitiisii, Yiiksek Lisans Tezi.

Bishop, M.E., Dong, H., Kukkadapu, R.K,, Liu, C., Edelmann, R.E., 2011, “Bioreduction of Febearing
clay minerals and their reactivity toward pertechnetate (Tc-99)”, Geochim. Cosmochim. Acta, 75, 5229-
5246.


https://inis.iaea.org/search/search.aspx?orig_q=RN:27076029
https://inis.iaea.org/search/search.aspx?orig_q=RN:27076029

78 F. DEMIR, O, LACIN, B. BASTABAN

Bors, ]., Dultz, S., Riebe, B., 1999, “Retention of radionuclides by organophilic bentonite”, Eng. Geol.,
54, 195-206.

Chen, J., Veltkamp, J.C., 2002, “Pertechnetate removal by macroporous polymer impregnated with 2-
nitrophenyl octyl ether (NPOE)”, Solvent Extr. Ion Exch., 20, 515-524.

Chowdhury, S., Mishra, R., Saha, P., & Kushwaha, P., 2011, “Adsorption thermodynamics, kinetics
and isosteric heat of adsorption of malachite green onto chemically modified rice husk”, Desalination,
265(1-3), 159-168.

Del Cul, G.D., Bostick, W.D., Trotter, D.R., Osborne, P.E., 1993, “Technetium-99 removal from
process solutions and contaminated groundwater”, Sep. Sci. Technol., 28, 551-564.

Farrell, J., Bostick, W., Jarabek, R.J., Fiedor, J., 1999, “Electrosorption and reduction of pertechnetate
by anodically polarized magnetite”, Environ. Sci. Technol., 33, 1244-1249.

Fu, F, Wang,Q. 2011, “Removal of heavy metal ions from wastewaters: a review”, J.
Environ.Manage, 92, 407—418.

HercigonjaRadmila V., Maksin Danijela D., Nastasovic’Aleksandra B., Trifunovic’ Snez’ana S.,
Glodic'Pavle B., OnjiaAntonije E., 2012, “Adsorptive Removal of Technetium-99 Using Macroporous
Poly (GMA-co-EGDMA) Modified with Diethylene Triamine”, Journal of Applied Polymer Science, Vol.
123, 1273-1282.

Holm, E., Gafvert, T., Lindahl, P., &Roos, P. 2000, “In situ sorption of technetium using activated
carbon”, Applied Radiation and Isotopes, 53(1-2), 153-157.

Kumar, P.S., Senthamarai, C., Sai Deepthi, A.S.L., Bharani, R., 2013, “Adsorption isotherms, kinetics
and mechanism of Pb(Il) ions removal from aqueous solution using chemically modified agricultural
waste”, Can. |. Chem. Eng. 91, 1950-1956.

Kumar, S., Rawat, N., Kar, A.S., Tomar, B.S., Manchanda, V.K.,, 2011, “Effect of humic acid on
sorption of technetium by alumina”, J. Hazard. Mater., 192, 1040-1045.

Ledn, M.G., 2005, “99Tc in the Environment: Sources, Distribution and Methods”, |. Nucl. Radiochem.
Sci. 6, 253-259.

Liang, L., Gu, B,, Yin, X,, 1996, “Removal of technetium-99 from contaminated ground water with
sorbents and reductive materials”, Sep. Technol. 6, 111-112.

Lieser, K.H., Bauscher, C.H., 1988, “Technetium in the hydrosphere and in the geosphere. II.
Influence of pH, of complexing agents and of some minerals on the sorption of technetium”, Radiochim.
Acta, 44, 125-128.

Dogan, M., Alkan, M., 2003, “Removal of methyl violet from aqueous solution by perlite”, ]. Colloid
Interface Sci., 267, 32-41.

Mahmoud, M. R,, Seliman, A. F. 2014, “Evaluation of silica/ferrocyanide composite as a dual-
function material for simultaneous removal of 137Cs+ and 99TcO4~- from aqueous solutions”, Applied
Radiation and Isotopes, 91, 141-154.

Peter AtkinsandJulio de Paula, 2014, PhysicalChemistry 10th Edition Edition- 10th Edition
oxforduniversitypress-newdelhi.

Pubchem,https://pubchem.ncbi.nlm.nih.gov/compound/SODIUM%20PERTECHNETATE#section=R
elated-Compounds-with-Annotation.

Rout, T.K., Sengupta, D.K., Besra, L., 2006, “Flocculationimprovesuptake of 90Sr and 137Cs
fromradioactiveeffluents”, Int.J.Miner.Process., 79, 225-234.

Sangvanich,T., Sukwarotwat, V., Wiacek, R.J.,, Grudzien, RM., Fryxell, G.E., Addle- man, RS,
Timchalk, C, Yantasee,W., 2010, “Selectivecapture of
cesiumandthalliumfromnaturalwatersandsimulatedwasteswithcopperferrocyanidefunctionalizedmesop
oroussilica”, J.Hazard.Mater.,182, 225-231.

Shakira, K., Ghoneimya, H.F., Hennawyb, I.T., Elkafrawyc, A.F., Beheira, S.G.E., Refaata, M., 2011,
“Simultaneous removal of chromotrope 2B and radionuclides from mixed radioactiveprocess
wastewater using organo-bentonite”, Eur. J. Chem., 2, 83-93.


https://www.sciencedirect.com/science/article/pii/S0021979703005794
https://pubchem.ncbi.nlm.nih.gov/compound/SODIUM%20PERTECHNETATE#section=Related-Compounds-with-Annotation
https://pubchem.ncbi.nlm.nih.gov/compound/SODIUM%20PERTECHNETATE#section=Related-Compounds-with-Annotation

Radyoaktif Perteknetat Okso Anyonu Adsorpsiyonunun Termodinamik Analizi 79

Shia Keliang, HouaXiaolin, Roos Per, Wu Wangsuo, 2012, “Determination of technetium-99 in
environmental samples: A review”, Analytica Chimica Acta, 709, 1- 20.

Suzuki, T., Fujii, Y., Yan,W., Mimura, H., Koyama, S., Ozawa, M., 2009, “Adsorption behavior of VII
group elements on tertiary pyridine resin in hydrochloric acid solution”, J. Radioanal. Nucl. Chem., 282,
641-644.

USEPA, 2002, “EPA facts about technetium-99”, https://www.epa.gov/radiation/radionuclide-basics-
technetium-99


https://www.epa.gov/radiation/radionuclide-basics-technetium-99
https://www.epa.gov/radiation/radionuclide-basics-technetium-99

Konya Miihendislik Bilimleri Dergisi, c.8, s.1, 80-90, 2020
Konya Journal of Engineering Sciences, v.8, n.1, 80-90, 2020
ISSN: 2667-8055 (Elektronik)

DOI: 10.36306/konjes. 698634

EVALUATION OF POZZOLAN-LIME STABILIZATION ON PHYSICAL PROPERTIES OF FINE
SANDY ENGINEERING FILLS

Babak JAMHIRI

Master of Geotechnical Engineering, Department of Civil Engineering, Shahid Chamran University, Ahvaz,
IRAN
bjamhiri@gmail.com

(Gelis/Received: 28.02.2019; Kabul/Accepted in Revised Form: 26.06.2019)

ABSTRACT: Loose sands are susceptible to the earthquake due to lack of strength and even saturated
sands may experience liquefaction. To address problems in loose fine sands, in this article, hydrated lime
and zeolite as one of the pozzolanic methods for soil improvement are instrumented together to improve
fine sandy soils’ compaction properties. To provide aid for practical compaction of fine sandy soils,
physical properties of treated soils with 3, 4 and 5 percent of lime and 8, 10 and 12 percent of zeolite are
investigated. A series of Proctor tests, Specific Gravity of soil’s solids and Minimum Index Density was
performed to obtain maximum dry density and index void ratios. Additionally, the hydration rate of
zeolite is modeled by Arrhenius method to quantify the effective duration of hydration process. Results
showed that application of zeolite led to a better compaction property while treated soils only with lime
did not show any improvement.

Key Words: Soil improvement, Zeolite, Simulation of hydration, Arrhenius equation

ince Kumlu Miihendislik Dolgularinin Fiziksel Ozellikleri Uzerine Pozzolan-Kire¢
Stabilizasyonunun Degerlendirilmesi

OZ: Gevsemis kumlar, mukavemet eksikliginden dolay1 depreme karst hassastir ve doymus kumlar bile
stvilastirilabilir. Gevsek ince kumlardaki sorunlari ele almak igin, bu makalede, zemin iyilestirme icin
pozzolanik yontemlerden biri olan hidratli kireg ve zeolit, ince kumlu zeminlerin sikistirma 6zelliklerini
gelistirmek igin birlikte kullanilmistir. Ince kumlu zeminlerin pratik olarak sikistirilmasina yardimeci
olmak i¢in, islenmis zeminin ytiizde 3,4 ve 5 oraninda kireg ve yiizde 8,10 ve 12 oraninda zeolitle birlikte
fiziksel ozellikleri incelenmistir. Maksimum kuru yogunlugu ve indeks bosluk oranlarini elde etmek icin
bir seri Proctor testi, zeminin Ozgiil agirligi ve asgari endeksi yogunluk yapilmistir. Ek olarak,
zeolitinhidrasyon hizi, hidrasyon isleminin etkin siiresini 6l¢mek igin modellenmistir. Sonugclar, zeolit
uygulamasinin daha iyi bir sikistirma 6zelligine yol agtigini, ancak yalnizca kirecle muamele edilmis
topraklarda herhangi bir gelisme olmadigini gostermistir.

Anahtar Kelimeler: Zemin iyilestirme, Zeolit, Hidrasyon modeli, Arrhenius denklemi

INTRODUCTION

Application of natural pozzolans with lime to improve weak soils, dates back to thousands of years.
Today zeolites as an eco-friendly pozzolan with alumina-silicate structure is being used in many
environmental and industrial processes such as a cement replacement pozzolan in concrete technology.
A zeolite-cement mixture generates less heat of hydration compared to other commonly used
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supplementary cementitious materials (SCM) such as silica fume and metakaolin, which are extremely
expensive or not fully investigated in terms of their suitability; this is likely due to the removal of cement
from the system and shorter initial and final setting times than that of the plain mixture (Ahmadi and
Shekarchi 2010; Najimi et al. 2012). Additionally, durability properties of concrete containing zeolite
proved to have a considerable effect on water penetration, chloride ion penetration, corrosion rate and
drying shrinkage of concrete. Furthermore, cements containing natural zeolite exhibit improved
resistance to sulfate attack and reduced the ettringite formation (Karakurt and Topcu 2009; Valipour et
al. 2013).

Snellings et al. (2009) studied early pozzolanic reactions in pastes of lime and natural zeolites; for
pastes containing chabazite and Na-, K-, and Ca-exchanged clinoptilolite tuffs, they showed that alkali-
exchanged clinoptilolites produced a higher pozzolanic reactivity, a more permeable reaction product
layer and longer silicate chains in the calcium silicate hydrate phase compared to their Ca-exchanged
counterpart. Additionally, they concluded that the exchangeable cation content of clinoptilolite
influences the duration of the initial setting time and the beginning of hardening and hydration rate of
zeolite lime blend. Varela et al. (2006) compared the pozzolanic activity of two zeolitic rocks from two
Cuban deposits and found that Carolinas rocks containing sub automorphic and automorphic
heulandite or clinoptilolite crystals had a lower reaction rate with portlandite (Ca(OH):z). This result was
related not to the particle size distribution of the materials but to their soluble SiO: content and
mineralogy. Numerous studies on zeolite practical applications in concrete technology are indicating
that use of zeolite in soil stabilization which follows a similar pattern could be a beneficial practice for
soil and road practitioners specially due to quick initial hydration and setting time of pozzolanic
reaction which will expedite compaction of fine to clean sandy soils.

Thus, as available data in literature regarding compacting soils with zeolite and lime as engineering
fills for embankments or road paving material are deficient, and as fine saturated sands are prone to
major disasters such as liquefaction (Jamhiri and Parsaeimaram 2019; Jamhiri et al. 2020), in this study to
provide a practical knowledge of compaction properties of zeolite-lime stabilized fine sandy soils as a
method of soil stabilization , a series of Standard Proctor tests, Specific Gravity of soil’s solids and
Maximum and Minimum Index Density was performed on treated soils to demonstrate the effect of
zeolite and lime with or without each other when using them in soil stabilization. To extend the
comprehension of the data reported in this paper, different percentage amount of zeolite and lime were
used and significant physical soil parameters such as maximum dry density, optimum moisture content,
maximum and minimum-index void ratio were identified. In reference to the fact that practical
compaction of soils with lime and pozzolan depends mainly on hydration rate rather than pozzolanic
reaction at early ages of application, in this study an analytical simulation is performed on zeolite and
lime hydration rate and X-ray Diffraction Analysis is utilized to trace the produced hydration products.

MATERIALS

The results of the parent soil characterization tests including Direct Shear (DS) test and soil
gradation using sieve analysis are shown in Table 1. Grain-size distribution curve of soil and laser
particle analysis of zeolite are shown in Figure 1 (a and b), respectively. This soil is classified as poorly
graded sand (SP) according to the Unified Soil Classification System and micronized zeolite is of
clinoptilolite kind. Dry hydrated lime was used as the co-binding agent. The specific gravity of the lime
grains is 2.49. For the characterization tests, distilled water was used, but for molding specimens the
other tests, tap water was used. To establish logical conclusions, soil specimens were prepared in
different percentages as shown in Table 2.
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Table 1. Physical and mechanical characteristics of studied fine sand

Soil Property Am
ount
Cu 2.22
Cc 1.42
Do 0.09
Deo 0.2
Specific Gravity 2.65
Optimum Moisture 15.6
Content (%)
Maximum Dry Density 15.7
(KN/m?) 7
Table 2. Specimen Cohesion Intercept (kPa) 0.2 preparation dosage for
each type of mixture (L Internal Friction Angle 30 stands for lime and Z is
zeolite) (Degree)
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Figure 1. (a) Laser Particle Size Analysis distribution curve obtained by Malvern Mastesizer
Instrument
(b) Grain size distribution and unified classification of plain sand

EXPERIMENTAL PROGRAM

To reach a uniform mixture, all additives including 3,4 and 5 percent of lime and 8, 10 and 12
percent of zeolite were properly mixed with the oven dried sandy soil for half an hour according to the
preparation dosage shown in Table 2. Afterwards, compaction characteristics of the stabilized soil have
been achieved by using standard proctor test according to ASTM D698. Additionally, specific gravity of
soil’s solid is separately identified for each mixture as the ratio of dried mass of stabilized soil to the
mass of water of the equal volume. Specific gravity of soil” solid in this article is defined in accordance
with ASTM D854. To investigate physical changes in the mixtures and to quantify the amount of void
pore space, maximum and minimum index void ratios also were determined by replacing each
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corresponding maximum and minimum dry densities according to D 4254 — 00. Considering that during
field compaction relative density of subjected soil (Dr %) should meet at least 90 percent of its
counterpart in laboratory compaction, all remolded specimens were made to reach required relative
density. With the aim of getting high accuracy of the results, each test was performed twice, and the
average results were reported for further analysis.

RESULTS AND DISCUSSION
Maximum Dry Density and Zeolite Content

The results of standard proctor tests on mixed samples are shown in Figure 2. The aim of the test is
to establish a graph including maximum dry density that may be obtained for a given soil with standard
attempts of compaction effort. When a series of compaction efforts is gradually performing at different
water contents resulted plot of compaction usually shows a distinct peak. Accordingly, the curve is
drawn with axes of dry density and moisture content with the peak representing the maximum dry
density at optimized moisture content. Figure 2, indicates that with the increase of zeolite content,
maximum dry density increases. One of the reasons could be that as parent soil is a poorly granular soil,
in general, addition of micronized zeolite will lead to a change in soil’s gradation and an increase of the
fine fraction and consequently production of a well graded soil. Insertion of lime in conjunction with
zeolite in the soil also showed a similar trend which is due to the fact that as zeolite carries a negative
anion charge it tends to absorb positive cations in a mixture of water solution and this leads to the
creation of diffused double layer water.
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Figure 2. Variations of maximum dry density with variations of zeolite content

Double layer water predominantly is absorbed to the surface of clayey soils because clays are
charged particles. While in the case of fine granular soils such a complex layer does not exist. But with
the presence of solved zeolite in water and co-absorption of lime; hydration and pozzolanic reactions
begin. Mertens et al. (2009) who investigated the pozzolanic reactions among different types of natural
rich pozzolans, indicated that finer grain sizes or higher surface areas of pozzolans generally lead to a
higher short-term pozzolanic activity, whereas hydration rate influences only the short-term reactivity,
while pozzolanic reaction had an effect on both the long- and short-term reactivity. So as field
compaction of soils is significantly dependent on early stages of mixing and a reliable design procedure
is not accountable until it gets confirmation both in practice and also in simulated analysis and as it was
addressed by Mertens et al. (2009) short-term reactivity of mixed soil is mainly controlled by degree of
hydration. Thus, to certify the spread of hydration process with the implementation of the affinity
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hydration model (Jendele et al. 2013; da Silva et al. 2015) the rate and extent of hydration is modeled to
weight the share of influence of binder hydration on compaction parameters.

Simulation of Zeolite and Lime Hydration Process

It is believed that at early stages of zeolite lime reaction, pozzolanic reaction is prevailed
considerably by hydration of calcium hydroxide with alkali exchanged clinoptilolite (Mertens et al.
2009). The first consequence of hydration is the presence of a new phase belonging to the AFm group
(namely calcium carbolaluminate hydrate such as CsS) — which is based on pozzolanic reaction between
calcium hydroxide and aluminates in the zeolite. The consumption of the CsS phase and crystallization
of the CH phase and deceleration of the hydration rate is generally considered to be caused by the
dormant inducing period of zeolite and thickening of following calcium silicate hydrate chains (C-S-H)
barrier layer on the CsS surface. However, compare to cement systems, the mineral phases C3A, CsS will
be lower than the detection limit in tested samples in regular detecting analyses; implying that these
types of phases became fully hydrated during the early stage of curing and do not contribute to future
strength developments. This observation was also simulated by affinity hydration model proposed by
da Silva et al. 2013 and Jendele et al. 2013 with some minor adjustments, owing to the different nature of
the binding agent in those studies. The affinity hydration model adjusts all stages of cement blends
hydration under isothermal temperature. The used methods for simulating hydration progress mainly
are based on amount of consumed Ca(OH):, released heat of hydration, chemically bound water content
and loss of volume due to drying shrinkage. The affinity hydration model incorporates chemical affinity,
at any specific degree of hydration (DoH), but under varying temperature via Arrhenius equation as

follows:
- - E, (1 ) 1
Ar = exp| = — 1
aeh p{RX(298.15j T} @

where R [Jmol’K™] is the universal gas constant and Ea [Jmol™] is the apparent activation energy
dependent of assumed binder fineness (da Silva et al. 2013 and Jendele et al. 2013). DoH is assumed as a
function of Water-binder ratio and T is the average temperature of sealed samples which is scaled down
to the correspond original chemical affinity assumption of isothermal curing temperature of 25°C in the
model and 20°C in this study.

Table 3 represents adjusted parameters in simulation of degree of hydration in which all mineral
phases such as CsA, CsS (3Ca0.S5i02) and C4AF were set both to those reported in the literature
(Vogiatzis et al. 2012) and XRF (X-ray fluorescence) of the binder in accordance with the minimum range
of detection limit of XRD apparatus so that degree of hydration can be computed with higher precision.
Some modification must be taken into account in model properties such as replacing cement to water

ratio to cement to binder (zeolite-lime) ratio and real field condition equalized to isothermal curing in
20°C. Additionally, it is assumed logically that as samples were prepared using optimum moisture
content varying about 12 to 14 percent, in simulated model the minimum value was used to account for
worth case scenario where in reality samples lose water during preparation.
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Table 3. XRF experimental binder properties and estimated parameters by simulated affinity model

setting parameter
0.08 GCsS [-]
0.02 CS [-]
0.03 CsA [-]
0.03 C4AF [-]
7800 BLAINE [m%kg]
0.12 Water to binder ratio [C]
1.165 B1 [1/h]
0.308 B2 [-]
0.086 ETA [-]
0.3 DoH_inf [-]
73967. Activation Energy [J/mol]
7
83.78 Potential Heat [J/g]
0.1 Step size [days]
1 Sealed & Isothermal Curing 20°C
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Figure 2. Simulated degree of hydration (DoH) of plain lime and zeolite binder in the extension of

time

The simulated evolution of DoH is shown in Figure 2 and it can be seen as XRD analysis in Figure 3
also confirms that phases such as C3A, CsS (3Ca0.5i02) and C4AF were not even in the range of detection
and did not influence the pace of hydration of zeolite and lime. Considering the fact that zeolite
hydration occurs at early ages of curing, as shown in Figure 2, it only continues to develop up to roughly
10 days but after that it does not last longer and contributes to the final strength as a constant factor and
the overall performance of stabilized soil will only lean on pozzolanic reactions.

As already mentioned, simulated hydration process in Figure 2 was confirmed by an XRD analysis
of mixture containing zeolite and lime at early ages of setting. The result of X-ray analysis serves
simultaneously as chemical identification (compare to recognized patterns) of the reaction products by
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measuring the mass dimension of different elements participating in the process in the scanned array;
while confirming the presence of dehydrated zeolite (clinoptilolite) content. This is the way that
hydration process and its pozzolanic products (C-5-H) were identified as well as the hydrated lime
particles (portlandite) of the stabilized soil.
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Figure 3. X-ray diffraction analysis of samples containing zeolite and lime

0

It should be emphasized that, appropriate mixing in the laboratory causes less infiltration of air
voids into mixture while later on during filed compaction or backfilling, insufficient compaction of
mixed soil will lead to appearance of large pores especially after consumption of free water in the soil
during hydration and also due to surface evaporation. Consequently, any simulated modeling
confirmed by experimental results before employment in practice still should be accompanied by in field
test subjects.

Specific Gravity Variations

The values of specific gravity of dry mixed samples by instrumentation of pycnometer procedure are
summarized in table 4. It can be seen in Table 4 that in samples without zeolite as lime content increased
specific gravity was also increased, but there is no such a trend in samples containing zeolite.
Meanwhile, in sample with a constant lime content as zeolite content increased specific gravity is also
increased which is expected to be due to more absorbed volume of water to the charged surface of
zeolite.

Table 4. Variations of specific gravity of solid particle (Gs) With variation of lime and zeolite content

Zeolite 3% Lime 4% Lime 5% Lime
content
0% zeoite 2.84 2.85 2.86
8% zeoite 2.832 2.793 2.72
10% zeoite 2.844 2.813 2.733

12% zeoite 2.861 2.822 2.752
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Index Density Dependent Void Ratios

The minimum index density represents the loosest condition of a granular soil which prevents
dispersion and minimizes particle segregation. Any particular procedure opted to determine the relative
density for a given compaction procedure should comprise determining the minimum and maximum
void ratios correspond to the states when soil is absolutely cohesionless with no considerable strength.
Also, when soil is properly compacted with acceptable bearing capacity in such a condition that
prevents particle segregation and minimizes compaction efforts of the soil, its state is definable as
maximum index density. According to ASTM D 4254 maximum and minimum-index void ratios can be
calculated by substituting maximum and minimum (loose state) index dry densities in the following
equation:

e=7/w><Gs -1 (2)
e

where e is driven void ratio by substituting equivalent index dry densities, y, is maximum or

minimum dry density of the specimen and },, is density of water at 20°C and Gs is specific gravity of

soil. Incorporating the data provided in Figure 2 and Table 4 enables equation 2 to compute maximum
and minimum void ratios in accordance with minimum and maximum dry densities as shown in Figure
4.
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Figure 4. Variations of maximum index void ratios for each mixture of tested specimens

Figure 4, depicts the variation of minimum index void ratio of each mixture after specified
terminology in Table 2. Accordingly, as can be seen in figure 4, In samples without zeolite (red columns)
with the increase of lime content, minimum index void ratio is increasing and this trend only is
prevailing in samples without zeolite. The reason for such a behavior is that adding lime separately
without an adequate pozzolan in the mixture in the presence of water leads to flocculation of lime
particles adjacent to water without proper adhering bonds and this consequently will influence the
gradation and particle size distribution of parent soil. Whereas, lime in conjunction with zeolite shows
promising performance as long as zeolite content is increasing minimum index void ratio decreases
(blue columns) which it then leads to a higher maximum dry density while required moisture content
for a better compaction is reduced because of concurrent less heat of hydration of zeolite and its
subsequent constant rate of influence in extension of curing periods.



88 B. JAMHIRI

The results of maximum index void ratios of each mixture after specified terminology in Table 2 are
shown in Figure 5, as it is demonstrated in Figure 5 in samples containing only lime with the increase of
lime content, maximum index void ratio increases and minimum dry density decreases. But as the
amount of zeolite content increases while lime content was kept constant, maximum index void ratio
decreases and minimum dry density increases. The reason for this behavior is that without mature
pozzolanic reactions and during early ages of mixing when the hydration process is predominantly
undergone (Figure 2) zeolite particles do not participate in reactions as pozzolanic reactions are mainly
time dependent reactions and they require a certain period of curing or setting time. Instead, zeolite acts
as a fine filler and fills the void spaces among larger size aggregates during the early stages of backfilling
and contributes to the artificial cementation due to pozzolanic reactions which occur in the following
days of setting.
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Figure 5. Variations of maximum index void ratios for each type of mixture of tested specimens

CONCLUSIONS

Addition of zeolite combined with lime to the engineering fills comprising of fine sands provides a
unique means of modifying poorly graded soils’ grain size distribution by providing fine filler content,
while zeolite as a natural pozzolan in conjunction with calcium hydroxide has the ability to induce
artificial cementation too. In reference to the results obtained in this study, the following conclusions can
be made on zeolite-lime stabilized fine sands:

1. Increase of zeolite content while lime content was kept constant led to increase by specific
gravity of soil’s solid and consequently during proctor compaction, maximum dry density of each
mixture increased. But with the increase of lime percentage, while zeolite content was kept constant,
specific gravity of soil’s solid related to each mixture decreased. Which this is due to absorption of free
water and subsequent flocculation of lime particles and creation of larger pores in the extent of mixing
procedure and also setting period.

2. Simulation of hydration process indicated that at early stages of interaction between zeolite and
lime particles, pozzolanic reaction was prevailed considerably by hydration of calcium hydroxide with
alkali exchanged clinoptilolite and preliminary product of hydration is presence of new phases such as
carbolaluminate hydrate groups.

3. When lime content was kept content while zeolite content increased, compacted soil showed
higher maximum dry density while required compaction water decreased. In other words, zeolite has
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the most influence deciding the compaction performance where addition of more zeolite is equal to a
better compaction effort.

4. Result obtained in this study have shown that appropriate percentage of zeolite content is
fixated at 12 percent and optimum lime content is 5 percent. Furthermore, with the increase of zeolite
and lime content, maximum index void ratio decreased while minimum dry density decreased.
Additionally, maximum dry density increases in result of reduction of minimum index void ratio.

5. In addition, Increase of lime content in mixtures containing lime only led to decrease of
maximum dry density following by an increase in maximum and minimum index void ratios. The
reason lies in flocculation of lime particles in contact with water which this then will create large pore
voids. Results demonstrated that samples containing lime without zeolite showed higher maximum dry
density while being mixed with 3 percent of lime.
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ABSTRACT: When buildings that were damaged and destroyed in major earthquakes in previous years
are examined, it is seen that these buildings have several structural defects. One of these defects is that
soft storey irregularity is not predicted in reinforced concrete buildings. For this reason, many buildings
collapsed because of the major earthquakes, resulting in loss of life and property. Buildings stocks in
earthquake zones must be inspected and buildings with the soft storey irregularity must be strengthened
immediately. Also, strengthening methods are required to be quick and effective, and aesthetics of
structures should not be disturbed. In this study, a 10-storey building with the soft storey irregularity is
discussed. The building is strengthened with five different types of Steel Braces in various earthquake
regulations in the world. The strengthening was conducted with a nonlinear analysis program and
results were evaluated. According to the results, it was found that the Concentrically Steel Braces
significantly increased the stiffness of the reinforced concrete building and eliminated the soft storey
irregularity.

Key Words: Soft Storey, Concentrically Steel Braces, strengthening, reinforced concrete building, earthquake.

Yumusak Kat Diizensizligi Bulunan Bir Binanin Merkezi Celik Caprazlar ile Gii¢lendirilmesinin
Analitik Olarak incelenmesi

OZ: Son yillarda meydana gelen biiyiik depremlerde hasar goren ve yikilan binalar incelendiginde bu
binalarin gesitli yapr kusurlari oldugu goriilmiistiir. Bu kusurlardan bir tanesi de yumusak kat
diizensizliginin betonarme binalarda 6ngoriilmemis olmasidir. Bu sebeple bircok bina, biiyiik depremler
sonucu yikilmis ve can ve mal kayb1 meydana gelmistir. Deprem bolgelerindeki yap: stogunun bir an
Once incelenmesi ve yumusak kat diizensizligi bulunan binalarin bir an o6nce gliclendirilmesi
gerekmektedir. Yapilacak olan giiclendirme yontemlerinin hizhi ve etkili olmasmin yaninda yapinin
estetiginin bozulmamasi gerekmektedir. Yapilan bu ¢alismada yumusak kat diizensizligi bulunan 10
katli bir bina ele alinmigtir. Bu bina Diinyadaki ¢esitli deprem yoOnetmeliklerinde bulunan 5 farkl
Merkezi Celik Capraz cesidi ile giiclendirilmistir. Giiglendirme islemi bir non-lineer analiz programu ile
yapilmis olup, sonuglar degerlendirilmistir. Elde edilen sonuglara gore Merkezi Celik Caprazlarin
betonarme binanin rijitligini énemli dlgtide arttirdig1 ve yumusak kat diizensizligini ortadan kaldirdig:
gorilmiistiir.

Anahtar Kelimeler: Yumusak kat, Merkezi Celik Caprazlar, giiclendirme, betonarme bina, deprem.
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INTRODUCTION

Because of major earthquakes that have occurred in recent years, many lives and property losses
have taken place. It has been ascertained that most of damaged and destroyed buildings do not comply
with norms stated in regulations. When building stocks in Turkey and in the world are examined, it is
seen that the ground floors of many buildings are designed as workplaces. For this reason, no or very
few walls were used on the ground floors of the buildings compared to the upper floors. It is, by
implication, observed that the upper floors of the buildings designed in this way are very rigid
compared to the ground floor, leading to the formation of the Soft Storey Irregularity (Figure 1).

. Figure 1. Examples of short storey irregularity (Korkmaz and Ucar, 2006)

The formation of the “Soft Storey”, which is stated in the world’s prominent earthquake regulations,
is usually caused by the decrease in the stiffness of the ground floors. Plastic transfigurations at the
lower and upper ends of the columns lead to a dangerous lateral displacement mechanism along with a
large amount of elastic transfrontier transfiguration at the column ends, and collapse is frequently
inevitable (TEC2007, 2007; TEC2018, 2018).

Buildings with soft storey irregularity should be detected and strengthened against the earthquake
immediately. There are many strengthening methods in the literature to prevent soft storey irregularity
(Oinam and Sahoo, 2019; Thinley and Hao, 2017; Benavent-Climent and Mota-Paez, 2017; Shin et al.,
2016; Sahoo and Rai, 2013). In these strengthening methods, however, the buildings must be completely
evacuated. In addition, the aesthetics of the building deteriorate in the suggested strengthening
methods. Therefore, it is necessary to propose strengthening methods without in need of evacuation of
building and disturbing aesthetics.

Concentrically Steel Braces (CSB) are utilized in order to meet the lateral load in steel buildings in
the earthquake regulations. Although CSBs are not usually used in reinforced concrete buildings, it is
still utilized in some cases as strengthening elements (Ju et al., 2014; Lee, 2015; Mowrtage, 2013; Unal
and Kaltakci, 2016; Varum et al., 2013; Ebadi et al., 2018; Javadi and Yamakawa, 2019; Liu et al., 2019;
Mashhadiali and Kheyroddin, 2018; Mazza et al., 2018; Oinam and Sahoo, 2018).

In this study, a building of 10 floors, with Soft Storey irregularity is based as a reference. Five
different CSB applications were applied to the ground floor of the building. Strengthening was carried
out by a non-linear analysis program and the results were evaluated. In lights of the results, it was found
out that the Concentrically Steel Braces substantially increased the stiffness of the reinforced concrete
building and eliminated the soft storey irregularity.

In this study, CSBs were used to eliminate the soft storey irregularity of the reinforced concrete
building. The use of CBSs as strengthening elements in reinforced concrete is not well investigated.
However, the use of CSBs as a strengthening element is thought to have many advantages. In this study,
CBSs are preferred due to their practical application together with lightweight, aesthetical properties.
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Moreover, evacuation of building may not be obligatory compared to other conventional strengthening
methods (Figure 2).

N\

Figure 2. Steel brace applications (Yon and Sayn, 2011)

MATERIAL AND METHOD

The aim in study is to strengthen a building with soft storey irregularity using CSB. For this
purpose, a 10-storey reinforced concrete building was approached. The building was dealt with the help
of a non-linear analysis program (ETABS17, 2018). The ground floor has no walls as it was designed as a
workplace. In addition, in order to represent other available buildings, the ground floor height was
considered as 5 m and the height of other floors was taken as 3 m. The building is symmetrical in X and
Y directions and eight axes are designed to have seven openings. The distance between the axes of the
building is designed 6 m intervals and the base-column joint area is defined as a fixed-support (Figure
3).

Figure 3. 3D view of the referenced building

The building is considered to be located in Central Diizce (Figure 4). For this reason, acceleration
records were determined by selecting Central Diizce from the Disaster and Emergency Management
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Centre (DEMC) Earthquake Zones Map (DEMC, 2019). Assuming that the building is on a bad ground,
it was chosen ZE ground class according to TEC2018. It is assumed that the building is used as a
residence and the ground floor is a workplace. Based on the location of the building and the ground
class, output from the DEMC (DEMC, 2019) official website is as follows (Table 1):

Table 1. Outputs for earthquake ground motion levels

Definition DD2  DD3
Ss: Short term map spectral acceleration coefficient 1.318  0.449
St: Map spectral acceleration coefficient for 1.0-second period 0.358  0.121
Sps:  Short term design spectral acceleration coefficient 1.150  0.827
Spu: Design spectral acceleration coefficient for 1.0-second period 0919 0485
PGA: Maximum ground acceleration [g] 0542  0.193
PGV: Maximum ground speed [cm/sec] 34410 12.041
Ta: Lateral elastic design acceleration spectrum corner period (s) 0.160  0.117
Ts: Lateral elastic design acceleration spectrum corner period (s) 0.799  0.587
Tr: Period of transition to constant displacement zone in lateral elastic design ~ 6.000  6.000

spectrum (s)
Tap:  Vertical elastic design acceleration spectrum corner period (s) 0.053  0.039
Tep:  Vertical elastic design acceleration spectrum corner period (s) 0.266  0.196
Tip:  Period of transition to constant displacement zone in the vertical elastic ~ 3.000  3.000

design spectrum (s)

* DD-3 (earthquake ground-motion level, probability of exceedance of which is 50% in 50 years), DD-2 (earthquake ground-motion
level, probability of exceedance of which is 10% in 50 years)

Figure 4. Location of the buildi.r‘lg” in question

The columns are 30x30 cm and the beams are designed as 25x50 cm. 8¢14 longitudinal
reinforcement, $8/30 transverse reinforcement were used in the columns. In the beams, 3¢12 tension
reinforcement, 2¢12 montage reinforcement and ¢8/30 transverse reinforcement were used. All slabs in
the reinforced concrete building were formed with a thickness of 120 mm. In the CSBs used for
strengthening, the outer diameter of the pipe section is 300 mm and the pipe thickness was chosen as 50
mm. The cross-sections of the reinforced concrete elements and the sections of the CSBs are shown in
Figure 5. CSBs used as strengthening elements in reinforced concrete buildings are shown in Table 2
(TEC2007, 2007; TEC2018, 2018).
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Figure 5. Sections (a) columns (b) beams (c) braces

Table 2. CSBs used as strengthening elements
R \% A / \ X

CSBs o \ e i — E i B
configurations | | ' )

for |
strengthening

purpose =

* R: Reference Building, V: Strengthened With V Braces, A: Strengthened With Inverse V Braces(A), /: Strengthened With / Braces,
\: Strengthened With Inverse / Braces (\), X: Strengthened With X Braces

Concrete class is C20 (f& = 20 MPa) in the reinforced concrete building and S420 (fy = 420 MPa, fu =
500 MPa) in reinforcement class. In the bracings used for strengthening, pipe profiles used in industry
were taken as examples. Steel class of S355 (E = 210.000 MPa, fy = 355 MPa, fu = 510 MPa) were used in
CSBs. CSBs are designed as “Moment Transferring Braces” as stated in the regulations. Hence, since the
connection points of the braces are intended to be fully interactive to the frame, no hinge definition is
considered. Similarly, no hinge is defined in other reinforced concrete structural system elements.

The dead load on the floors in the reinforced concrete building was G = 1.5 kN / m? and the live load
was taken as Q = 5 kN / m2. The weight of the walls on the beams was calculated as 15 kN/m, the
modulus of elasticity was E = 3600 MPa, the pressure strength was 8 MPa while the wall thickness was
200 mm.

The reinforced concrete building, having soft storey irregularity, was investigated by a non-linear
analysis program (ETABS17, 2018). After defining material and section characteristics to the analysis
program, building model was formed. Later, loads to affect the building were identified and these loads
were put in the program. The referenced building and all the strengthened buildings were analyzed by
three different methods and the differences between these methods were examined.

Equivalent Seismic Load Method (EL), Mode Superposition Method (MS) and Time History
Analysis Method (TH) indicated in TEC2018 (TEC2018, 2018) were taken benefit for the buildings and
the analysis was made accordingly. In general, the EL method is more common for designing low-rise
structures while MS method is more widely used in all type of structures. In TH method, the
acceleration records of the earthquake occurring in the area where the building is located are used. For
EL and MS, Z4 local site class, building importance factor 1 and earthquake zone 1 were chosen. For TH
analysis, as seen in Figure 6, Diizce earthquake acceleration records are used.
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Figure 6. Diizce earthquake acceleration record

RESULTS AND DISCUSSION

In this study, a strengthening method is exhibited in the buildings with Soft Storey irregularity. For
this, a non-linear analysis program has been used to evaluate the results by strengthening the referenced
building.

During examination of the result analyses, the stress conditions occurring in the building were
examined. For this purpose, the stress levels obtained from the non-linear analysis program are given in
Figure 7. As seen in Figure 7, because R building does not have strengthening elements, only the ground
floor is damaged, indicating that the ground floor column ends will be hinged under a quake load and
the collapse will be because of that. Such a collapse will be sudden and brittle. In buildings strengthened
with CSB, the stress distribution did not occur only on the ground floor column ends, and the stress
transmission was transferred to the entire building, which signalizes that Soft Storey irregularity was
substantially prevented. It can be said that in buildings strengthened with CSB; V, A and X buildings
made a better stress transmission compared to the buildings / and \ buildings.

As buildings are strengthened, major increases occur in building weight, which also causes an
increase in the earthquake load to be met by the building. Since CSBs are lighter than the materials used
in other strengthening methods, the increase in earthquake load is not very high. For this purpose, base
shear forces of the buildings were examined in Table 3. As can be seen from the table, base shear forces
affecting the building increase with the same proportion as the weight of the building.

Table 3. Base shear forces

Building EL MS TH
Type (KN) (KN) (KN)
R 62.119 37.628 6.169

\% 117.787 110.875 70.234

A 121.616 111.607 73.040

/ 118.222 110.283 70.694

\ 110.285 105.137 63.661

X 127.201 113.090 77.924

In order to observe the increase of building stiffness after strengthening, natural vibration periods of
the buildings should be determined. The natural vibration period of the building must be low in order to
prevent soft storey irregularity. Table 4 shows the natural vibration periods of all buildings. As seen
from the table, natural vibration periods have decreased by six times after the R building has been
strengthened. The X building exhibits a more rigid behaviour than other strengthening methods do.
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Table 4. Natural vibration periods

R A A / \ X

Natural Vibration Periods

10,552 1,682 1,616 1,674 1,826 1,528
(sec)

In this study, since there is no strengthening in R building, and the first floor has over-displacement,
the stresses in the building are concentrated on this floor, which will lead the collapse of the building. It
is aimed to prevent this extreme displacement on the first floor with the proposed strengthening
method. For that, the analysis results were examined and displacements on the 1st and 10t storeys were
determined for all buildings. Table 5 shows the displacements that occur for all loads on each storey of
the buildings. As can be seen from the table, although the first storey in the building R has extreme
displacement, the displacement on the first storey in other buildings is largely limited.

Table 5. Displacement Results

1st Storey 10t Storey
Building EL MS TH EL MS TH
Type (mm) (mm) (mm) (mm) (mm) (mm)
R 1.124,80 676,3 81,40 1.091,40 661,00 79,50
\Y 25,27 23,71 14,81 80,23 68,62 37,00
A 20,14 18,48 12,00 79,36 66,54 37,92
/ 23,48 21,90 13,91 81,20 68,95 37,36
\ 31,07 29,44 17,51 86,59 74,96 42,37
X 15,26 13,51 8,69 76,15 62,38 40,00

The major problem in buildings with soft storey irregularity is the “Relative Storey Drifts” between
two storeys. “Relative Storey Drift Limitations” indicated in TEC2007 and TEC2018 must be applied to
the whole building. For this reason, relative storey drifts are checked in the analysis. Relative storey
drifts are examined in table 6 via EY method and MS method in table 7. Because TH displacements were
very small, it was considered that a healthy evaluation could not be carried out and the relative storey
drift control was not performed for the TH method. As it can be seen from Table 6 and Table 7, although
there is a large relative drift on the first storey in the R building, the relative drift in the strengthened
buildings has small values, which shows us that the suggested strengthening method is appropriate and
usable.

In TEC2007, equation 1 was used to limit the relative drifts, but in TEC2018, equation 2 was
introduced. In this study, two earthquake regulations were compared in terms of the relative storey
drifts. A coefficient in the equation 2 is the ratio of the elastic design spectral acceleration of the DD-3
earthquake ground motion to the elastic design spectral acceleration of DD-2 motion for the dominant
vibration period in line with predicted earthquake. x coefficient is considered as x=1 in reinforced
concrete buildings. In equation 2, A coefficient was calculated as 2=1.8948. Depending on A and « values
available in TEC2018, 8imax/hi value must be lower than 0.00422. As for TEC2007, this value should be
smaller than 0,02. When Table 6 and Table 7 are examined, it appears that it cannot be possible to
provide Relative Storey Drift limitation conditions in both two-earthquake regulations in R building. In
all the buildings strengthened, although Relative Storey Drift limitations are provided in accordance
with TEC2007, in TEC2018 only buildings strengthened with A and X braces, limitations are realized,
which reveals that TEC2018 is rather safer than TEC2007.

6.
% < 0.02 (Equation 1)
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29%mas < 0,008k (Equation 2)
L
Table 6. Relative storey drifts for EL method
Storey R v A / \ X
No
10 0,00071 0,001121 0,001255 0,001223 0,001186 0,001269
9 0,000882 0,001448 0,001591 0,001551 0,001492 0,001621
8 0,001036 0,00174 0,001892 0,001843 0,001767 0,001937
7 0,001168 0,001989 0,002149 0,002093 0,002004 0,002206
6 0,001277 0,002194 0,002358 0,002297 0,002199 0,002427
5 0,001359 0,00235 0,002518 0,002453 0,002352 0,002596
4 0,001432 0,002457 0,002626 0,002559 0,002458 0,002711
3 0,001372 0,002509 0,002678 0,00261 0,002516 0,002769
2 0,001898 0,00251 0,002672 0,002609 0,002532 0,002764
1 0,218287 0,005055 0,004029 0,004697 0,006214 0,003051
Table 7. Relative storey drifts for MS method
Storey R v A / \ X
No
10 0,000261 0,000788 0,0009 0,000877 0,000848 0,000903
9 0,000334 0,001089 0,001215 0,001181 0,001127 0,001233
8 0,000408 0,001365 0,0015 0,001459 0,001387 0,001529
7 0,000481 0,001607 0,001745 0,001699 0,001617 0,001779
6 0,000551 0,001813 0,001949 0,001902 0,001816 0,001987
5 0,000617 0,001983 0,002113 0,002067 0,001984 0,002152
4 0,000690 0,002118 0,002238 0,002195 0,002122 0,002277
3 0,00694 0,002216 0,002324 0,002286 0,002228 0,002361
2 0,001064 0,002278 0,002368 0,002339 0,002308 0,002398
1 0,132203 0,004742 0,003697 0,004381 0,005889 0,002702

nu coefficient obtained through Equation 3 must be less than 2 in order not to have a soft storey
irregularity according to TEC2007 and TEC2018. For this reason, n«i coefficients of EL and MS methods
are calculated and given in Table 8 and Table 9. As can be seen from the tables, A, / and X braces avert
soft storey formations. V brace is, on the other hand, is approximately the limit value.

A Ai—
Mei = (h_i)ort/ (F_i)ort > 2

(Equation 3)
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Table 8. Soft storey irregularity control for EL method

Storey

No R \% A / \ X

10 0,00071 0,001121 0,001255 0,001223 0,001186 0,001269
9 1,24225352 1,291704 1,267729 1,268193 1,25801 1,277384
8 1,17460317 1,201657 1,189189 1,188266 1,184316 1,194941
7 1,12741313 1,143103 1,135835 1,135648 1,134126 1,138875
6 1,09332192 1,103067 1,097255 1,097468 1,097305 1,100181
5 1,064213 1,071103 1,067854 1,067915 1,069577 1,069633
4 1,05371597 1,045532 1,042891 1,043212 1,045068 1,044299
3 0,95810056 1,021164 1,019802 1,01993 1,023596 1,021394
2 1,38338192 1,000399 0,99776 0,999617 1,006359 0,998194
1 115,008957 2,013944 1,507859 1,800307 2,454186 1,103835

Table 9. Soft storey irregularity control for MS method
Storey R v A / \ X

No

10 0,000261 0,000788 0,0009 0,000877 0,000848 0,000903
9 1,27969349 1,38198 1,35 1,346636 1,329009 1,365449
8 1,22155689 1,253444 1,234568 1,235394 1,230701 1,240065
7 1,17892157 1,177289 1,163333 1,164496 1,165826 1,163506
6 1,14553015 1,128189 1,116905 1,119482 1,123067 1,11692
5 1,11978221 1,093767 1,084146 1,086751 1,092511 1,08304
4 1,11831442 1,068079 1,059158 1,061925 1,069556 1,058086
3 1,0057971 1,04627 1,038427 1,041458 1,049953 1,036891
2 0,15331412 1,027978 1,018933 1,023185 1,035907 1,015671
1 124,25094 2,081651 1,561233 1,873023 2,55156 1,126772

In the light of all these evaluations, it is seen that X braces are more effective than V braces although
the same amount of material is used. Likewise, / braces are more effective than \ braces although the
same amount of material is used.

When all these results are viewed, the idea that the buildings with soft storey irregularity can be
strengthened with CSBs is formed. In CSBs, the most effective braces, offsetting the soft storey
irregularity, are A and X. Although other brace types are also effective, efficiency of A and X braces is
quite a lot compared to the others.

In this study, it was found that CSBs can be used for strengthening the buildings with soft storey
irregularity. It is also possible to use CSBs as a strengthening element in cases where the lateral stiffness
of buildings should be increased.

CONCLUSIONS

In this study, it is aimed to eliminate soft storey irregularity of a building by strengthening with
CSBs. In this context, a 10-storey building with no walls on the ground floor but has walls on the upper
floors has been discussed. In order to strengthen the building, it has been strengthened by using a
computer program, which makes non-linear solution by using CSBs in different configurations on the
ground floor. Analysis results were examined and conclusions were interpreted.

The natural vibration periods of the strengthened buildings are considerably lower than the non-
strengthened building, which accordingly means that the strengthened buildings are more rigid and has
fewer displacements. Similarly, when the displacements and relative storey drifts on the storeys were
examined, it was seen that there was an excessive displacement on the ground storey in the non-
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strengthened building. This was prevented in the building strengthened with CSB. Examining relative
storey drifts, it was concluded that TEC2018 is quite safe compared to TEC2007. After viewing analysis
results of the strengthened buildings, it was seen that X and A braces were more effective than V, / and
\. This strengthening method does not require complete evacuation of the building. Additionally, the
method will not cause economic losses, as it is a fast strengthening method. In the light of all these
evaluations, it was revealed that a building could be strengthened by using CSBs in buildings with Soft
Storey irregularity.
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OZ: Bu calisma kapsaminda, batik tip bir membran biyoreaktdr (MBR) sistemi, gercek ortamdan elde
edilen gri suyun aritilabilirligini ve giderim performansini belirlemek icin kullanilmistir. Kimyasal
oksijen ihtiyac1 (KOI), toplam azot (TN) ve toplam fosfor (TP) gibi kirlilik parametreleri ¢alismada
kullanmilmistir. Bu ¢alismada havalandirma tankina daldirilmis olan membran iinitesi, 0,03 um ortalama
gozenek boyutuna sahip olan bir ultrafiltrasyon modiiliidiir. Bu membran sistemi 140-280 mbar
diizeyindeki bir transmembran basing araliginda siirekli konfigiirasyonda 25 giin boyunca isletilmistir.
Biyoreaktordeki askida katt madde konsantrasyonu, stirekli konfigiirasyondaki MBR aritim siireci
boyunca 2000-3000 mg/L araliginda degismistir. Bu periyottaki membran akisi, 29 ile 62 L/m2giin
araligindadir. KOI, TN ve TP parametrelerindeki giderim verimlilikleri i¢in ortalama degerler sirasiyla
%96, %73 ve %64 seklinde tespit edilmistir. Bu ¢alismalar boyunca elde edilen sonuglar, yonetmeliklerde
yer alan ilgili standartlar ile kargilastirilmistir. Cikis suyundaki KOI konsantrasyonunun degarj
limitlerinin altinda oldugu, TN ve TP konsantrasyonlarinin ise desarj limitlerinin tizerinde ancak bu
degerlere yakin olduklar1 bulunmustur. Ayrica sulama amagh yeniden kullanim amaclandig takdirde,
bu calismada incelenen parametreler dogrultusunda suyun tekrar kullamiminin uygun olacag:
degerlendirilmektedir.

Anahtar Kelimeler: KOI Giderimi, Membran Biyoreaktor, Besi Maddesi Giderimi, Ultrafiltrasyon Membran

Real Greywater Treatment by Using Submerged Membrane Bioreactor

ABSTRACT: In this study, a submerged type membrane bioreactor was used to determine the removal
performance and treatability of greywaters originated from real life. The pollutant parameters such as
chemical oxygen demand (COD), total nitrogen (TN) and total phosphorus (TP) concentrations were
studied. The membrane unit immersed in the aeration tank was an ultrafiltration module with a mean
pore size of 0.03 um. This membrane system was operated for 25 days in continuous mode at a
transmembrane pressure interval of 140-280 mbar. The MLSS concentration of the bioreactor was in the
range of 2000-3000 mg/L during the continuous MBR treatment period. The flux of the membrane in this
period was in the range of 29-62 L/m2d. Average values of COD, TN and TP removal efficiencies were
found to be 96, 73 and 64%, respectively. The results obtained in these studies were compared with
discharge standards in legislations. Effluent COD concentration was below the discharge limits, while
TN and TP concentrations were high but close to the limit values. In addition, if reuse of treated
wastewater for irrigation is aimed, it is considered that the reuse of wastewater will be appropriate in the
direction of parameters examined in this study.

Key Words: COD Removal, Membrane Bioreactor, Nutrient Removal, Ultrafiltration Membrane
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GIRIS INTRODUCTION)

Glintimiizde su kithg onemli bir konu olarak tartisilmakta olup, musluklardan akan sular oldukga
degerli goriilmektedir. Fakat musluk sularini giinliik hijyen amach olarak kullanmak bir zorunluluktur.
Atiksularin yeniden kullanimi icin geri ¢evrimi, su ihtiyacinin yonetimi agisindan iyi bir strateji olarak
goriinmektedir. Bu yolla, cevredeki kirleticiler en aza indirilebilir ve yiiksek kaliteli sular korunmus olur
(Al-Jayyousi, 2003). Bu yiizden, kullamim sonrast1 bu sulari geri kazanmak igin ileri aritma
teknolojilerinin kullanilmasi énemli bir hal almistir.

Gri suyu ifade etmek icin bir¢ok tanim bulunmaktadir. Genellikle, bu tip atiksular tuvaletlerden
olusan atiklarla temasta olmayan evsel atiksular olarak tamimlanabilir. Buna ek olarak, bulagik
makinelerinden ve mutfak lavabolarindan kaynaklanan atiksular gri sulara dahil edilmemektedir. Gri
sularda, deri, sag, viicut yaglari, dis macunu, sampuanlar, sabunlar, viicut bakim {iriinleri, tiras sonrasi
atik materyaller, kopiik, beyazlaticilar, azot, fosfor, ylizey aktif maddeler, yag ve gres, bularuklik, askida
katilar, bakteriler vb. ¢esitli bir¢ok madde bulunabilmektedir (Ghaitidak ve Yadav, 2013).

Merkezi olmayan yaklasima gore, aritma tesisleriyle merkezi atiksu yonetimi olduk¢a pahali bir
prosestir. Ciinkii bazi sehirlerde evlerden merkezi aritma sistemlerine olan boru hatti mesafeleri oldukga
uzun olabilmektedir. Bazen, boru hatlarinin insas1 ve bakim maliyetleri aritma tesislerinden daha
yliksek diizeylere ¢ikabilmektedir. Bu yaklasimla, yerlesim bolgelerinden ortaya ¢ikan gri sular diger
atiksulardan kaynakta ayrilmakta, toplanmakta, aritilmakta ve bahge sulamasi, tuvalet gider suyu ve
diger temizlik islemleri gibi amaclarla tekrar kullanilmaktadir (Abdel-Kader, 2013; Eriksson ve dig.,
2009; Liu ve dig., 2010).

Sulama ve diger agik alanda kullanma amaglar1 dikkate alinmadig: takdirde, sadece gelismis
iilkelerdeki konutlarda kullanilan su miktarlar: kisi basina 100 ile 180 L/giin araliginda bulunmaktadir.
Bu miktarlar toplam kentsel su tiiketiminin %30-70"ine esit olmaktadir. Atiksularin %60-70i tuvaletler
hari¢ gri su kategorisine girmektedir (Friedler ve Hadari, 2006). Evlerdeki tiim su kullaniminin biiyiik
bir boliimiinii, %33 ve %18 oranlariyla, sirasiyla duslar ve ¢camasir makineleri olusturmaktadir (Kujawa-
Roeleveld ve Zeeman, 2006). Bu yiizdeler toplam gelen suyla karsilastirldiginda oldukca yiiksek
goziitkmektedir. Bu durum gri sularin degerlendirilmesinin 6nemini ortaya koymaktadir.

Gri sulardan kirleticilerin giderimi i¢in kullanilabilecek gesitli aritma prosesleri bulunmaktadir. Gri
su arttiminda, gesitli fiziksel, kimyasal ve biyolojik prosesler kullanilmaktadir (Li ve dig., 2009). Fiziksel
aritim kategorisinde, dezenfeksiyon prosesi ile birlikte kaba toprak, kum ve diger filtrasyon prosesleri
(Katukiza ve dig., 2014; Zuma ve dig., 2009) ve hatta membran filtrasyonu (Boddu ve dig., 2016)
kullanilmaktadir. fyon degistirme(Nawaz ve Sengupta, 2017), foto-katalitik oksidasyon (Sanchez ve dig.,
2010) ve koagiilasyon (Friedler ve dig., 2008) gibi kimyasal aritim metotlar1 ayn1 zamanda gri sulara da
uygulanmaktadir (Li ve dig., 2009). Gri suyun geri gevrimi igin bu fiziksel ve kimyasal aritma
teknolojilerinin yan1 sira biyolojik prosesler bazi uygulama alanlarina sahip olabilmektedir. Bu biyolojik
yontemlerden bazilar1 dénen biyolojik kontaktor sistemleri (Abdel-Kader, 2013), anaerobik ¢amur Ortii
sistemleri (Elmitwalli ve Otterpohl, 2007), yapay sulak alanlar(Arunbabu ve dig., 2015; Wurochekke ve
dig., 2014), ve membran biyoreaktorlerdir (Bani-Melhem ve dig., 2015; Merz ve dig., 2007).

Membran biyoreaktorler (MBR) biyolojik prosesler ile membran teknolojisini birlestiren biyolojik
aritim  sistemleridir (Judd, 2008). Bu sistemlerde, membran filtrasyonunun bir sonucu olarak son
¢Oktiirme havuzlarina, kum filtrasyonuna (Melin ve dig., 2006) ve aymi zamanda dezenfeksiyon
uygulamalarina (Lv ve dig., 2006) ihtiya¢ bulunmamaktadir. MBR sistemleri sizint1 sularinin, evsel ve
endiistriyel atiksularin aritimi ig¢in kullanilabilmektedir. Ayni zamanda su 1slahi ve tekrar kullanim
membran teknolojisi sayesinde basarili bir sekilde gergeklestirilebilmektedir (Innocenti ve dig., 2002).
MBR proseslerinin katt madde alikonma siiresi reaktérde atiksuyun hidrolik alikonma siiresinden
bagimsiz olmaktadir. Boylelikle, F/M (besin/mikroorganizma) orani en aza indirilerek biyoreaktor icinde
yliksek camur konsantrasyonlar: saglanabilmektedir. Diisiik F/M oranlar1 ve yiiksek ¢camur yaslarinda,
camur lretimi diismektedir (Rosenberger ve dig., 2002). Batik tip membran sistemleri enerji tiiketimi
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esas alindiginda daha etkili goziitkmektedir. MBR sistemleri kirleticileri etkili bir sekilde giderebilmekte
ve ayni zamanda da sok ve yiiksek atiksu yiiklerini karsilamaktadir (Guo ve dig., 2008).

Bu calismada, batik tip membran biyoreaktor sistemi, gercek ev ortamindan temin edilen gercek
Olgekli gri sudan organik kirleticileri, toplam azot ve toplam fosforu gidermek amaciyla kullanilmistir.
Bu calismanin amaci, aerobik MBR sisteminin performansinmi ortaya koymak ve gri sularin kullanim
alanlarindaki standartlarin tespit edilmesine yardimci olacak yararl: verileri elde etmektir.

MATERYAL VE YONTEM(MATERIAL AND METHOD)

Bu boliimde, gercek gri suyun ozellikleri, deneylerden kullanilan ekipmanlar ve deneysel isleyis
verilmistir.

Gri Suyun Ozellikleri ve Analizler(Greywater Characteristics and Analyses)

Bu ¢alismada kullanilan gri sular bir evde bulunan el yikama lavabosu ve ¢amasir makinesinden
ortaya ¢ikan atiksulardan olusmaktadir. Bu gri sular 2 ve 3 giin araliklarla bu kaynaklardan
toplanmustir. Reaktore yapilacak olan besleme isleminde kullanilacak olan tank bu su ile
doldurulmustur. Bu besleme tankinda, ayrica siirekli bir sekilde havalandirma gerceklestirilmis olup,
boylelikle yiizebilen maddelerin gri sudan ayrilmas: hedeflenmistir. Havalandirma isleminin
uygulandig1 biyoreaktor ise bu tank vasitasiyla beslenmistir. Bu gri suyun Ozellikleri Cizelge 1’de
verilmektedir. Aritim galismalarinda, KOI, toplam azot ve toplam fosfor parametreleri analizleri, Merck
Spectroquant Nova 60 fotometresi kullanularak Merck marka test kitleri ile gerceklestirilmistir. Toplam
koliform, BOI analizleri ve askida kati madde olciimleri Standart Metotlar'a (APHA, 1985) gore
uygulanmistir.

Bu gri suya uygulanan KOI ve BOI analizleri neticesinde elde edilen sonuglar incelendiginde, bu
degerlerin Tiirkiye’deki desarj limitlerine gore oldukca yiiksek oldugu Cizelge 1’den net bir sekilde
goriilebilmektedir. Ayn1 zamanda, bu atiksuyun mikrobiyolojik acidan da yiiksek konsantrasyonlarda
mikroorganizma igerdigi ve tekrar kullanim igin mutlak aritilmas: gerekliligi s6z konusudur.

Cizelge 1. Gri suyun 6zellikleri
Table 1. Characteristics of greywater

. Desarj limitleri
Parametre Min Maks SKKY, 2008
KOI (mg/L) 451 812 90
BOI (mg/L) 165 213 35
Toplam azot (mg/L) 60 68 -
Toplam fosfor (mg/L) 5,0 7,5 -
Toplam koliform (cfu/100 mL) 1.100 5.10° -

Deneysel i§leyi§(Experimenta1 Process)

Calismalarda 34 L hacminde bir biyoreaktdr kullamilmistir. Gri su, 25 L kapasiteli bir besleme
tankindan reaktore verilmistir. Deney biyoreaktoriiniin i¢inde kullanilan aktif camur yerel bir atiksu
aritma tesisinden saglanmis olup, reaktor igerisine eklendikten sonra iki hafta boyunca membran
filtrasyonu uygulanmaksizin havalandirilmistir. Bu esnada, aktif ¢amurdaki mikroorganizmalarin
atiksuya alismas1 maksadiyla atiksu sirasiyla %10, 25, 50, 75 oranlarinda seyreltilmek suretiyle aktif
camura eklenmis olup seyreltme oranlari {i¢ giinde bir artirilmistir. Bu iki haftalik dénem boyunca
biyoreaktor kesikli tip isletim modunda ve membran dahil edilmeden calistirilmistir. Bu periyodun
ardindan, membran modiilii biyoreaktor igerisine yerlestirilmis ve siirekli isletim modu uygulanmaya
baglanmustir. Siirekli ariim calismalarinda kullanilan membran modiilii polisiilfon materyalinden
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iretilmis olup, 0.03 um goézenek boyutuna sahip bir ultrafiltrasyon membranidir. Kullanilan membran
modiiliine ait gesitli 6zellikler Cizelge 2’de sunulmaktadir.

Cizelge 2. Membran modiiliiniin 6zellikleri
Table 2. Characteristics of membrane module

Modiil ¢ap1 (m) 0,1
Gozenek boyutu (um) 0,03
Etkin uzunluk (m) 0,24
Fiber i¢ ¢ap1 (m) 0,008
Fiber dis ¢ap1 (m) 0,01
Bir modiildeki fiber sayis1 32
Fiber yiizey alani (m2) 0,00603
Bir modiiliin toplam ytiizey alan1 (m2/module) 0,193

Siirekli isletim tarzi boyunca membran akisi 28,5-62,0 L/m2.giin araliginda tutulmustur. Aritim
calismalar1 boyunca diisiik ve yiiksek pH degerlerinin olumsuz etkilerinden korunabilmek i¢in pH
degeri 7 ile 8 civarlarinda korunmustur. Havalandirma islemi ic¢in bir havalandirma pompasi
kullanulmis olup, aktif ¢gamur prosesindeki canli ortam igin yeterli miktarda oksijen saglamak amaciyla
hava akis hiz1 5-6 L/dk araliginda uygulanmistir. Aym zamanda havalandirma islemi ile birlikte
biyoreaktor igerisindeki biyokiitle karistirilmis ve membran yiizeyi {izerinde de birikmenin en aza
indirilmeli saglanmistir. Membran sistemindeki transmembran basinci (TMB), tiim aritim islemi
boyunca 0,28 bara kadar artis gostermistir. Membran biyoreaktor sistemi (Giirel ve Biiyiikgiing6r, 2011)
tarafindan yapilan ¢alismada kullanilan sistem ile benzerlik tasimakta olup, bu ¢alismada kullamilan
membran modiilii ve deney sisteminin detayli bir semas: Sekil 1’de goOsterilmektedir. Calismada
gerceklestirilen Olclimlerde 6n havalandirma islemine giris boliimiinden ve membran c¢ikisindan
ornekler alinarak tiim sistemin giris ve ¢ikis KOI, toplam fosfor ve azot konsantrasyonlar1 hesaplanarak
verimler elde edilmistir.
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Sekil 1. UF membran sistemi
Figure 1. UF membrane system
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SONUC ve TARTISMALAR(RESULTS and DISCUSSIONS)

Bu calismada gergek gri su drneginin KOI, toplam fosfor ve toplam azot konsantrasyonlarmin bir
ultrafiltrasyon membrani bulunan bir biyoreaktor kullanilarak biyolojik olarak aritilmasi amaglanmaistir.
Tim aritim prosesi boyunca reaktdrdeki AKM konsantrasyonu 2000 ile 3000 mg/L arasinda degisiklik
gostermistir.

KOi Ar1tim1(COD Treatment)

Biyoreaktdriin KOI konsantrasyonu, battk membran biyoreaktdr sisteminin aritim verimini ve
performansini belirlemek icin giinliik olarak izlenmistir. Bu biyoreaktoriin hidrolik alikonma stiresi
ortalama 45 L/m?giin’liik ortalama bir membran akisi i¢in ortalama olarak 93,6 saattir. Bu degerler, gri
suyun basarili bir sekilde aritimi i¢in oldukga yeterli goriinmektedir. Calisilan dénem boyunca elde
edilmis olan sonuglar Sekil 2’de gosterilmektedir.

900 - —o— Giris —— Cikis

800 ~
700 ~
600 -
500 ~
400 -
300 ~
200 ~
100 ~

0+ LtAAAAAAAAAADAAAAAAAAAAAA

0 5 10 15 20 25 30
Zaman (giin)

KOI (mg/L)

Sekil 2. Batik membran biyoreaktorle organik madde giderimi
Figure 2. Removal of organic substance by submerged membrane bioreactor

Arttim prosesi boyunca ham gri suya ait KOI konsantrasyonu degisiklik gostermistir. Buna karsin,
membran biyoreaktoriin aritim verimi bu gri suyun degisken organik yiikiinden etkilenmemistir. Bu
membran sisteminin maksimum giderim verimi %97 olarak bulunmustur. Giderim c¢alismalarinin
ardindan, ¢ikis suyuna ait minimum ve maksimum KOI degerleri sirasiyla 19 ile 30 mg/L olarak
bulunmustur. Gri suyun basarili bir sekilde aritilmasi i¢in en Onemli unsurlardan biri atiksuyun
reaktdrde uzun hidrolik alikonma siiresidir. Biyoreaktor icindeki mikroorganizmalar, uzun alinkonma
stirelerinde giderim verimini maksimize ederek organik maddelerin pargalanmasini saglamislardir.
Santasmasas ve dig., 2013 tarafindan yiiriitiilen bir ¢alismada gri sularn aritmak igin polietersiilfon
membranlar1  kullanilmistir. KOI giderim veriminin %90 degerlerine ulastig1 bulunmustur. Aym
zamanda yapmis olduklari ¢alismada elde ettikleri sonuglar1 Avrupa Direktifi 91/271 EEC (CEC, 1991)
ile kargilastirmislar ve KOI degerlerinin bu direktif tarafindan belirlenmis olan sinir degerlerin altinda
kaldigini saptamislardir (Santasmasas ve dig., 2013).

Bir bagka ¢alisma spor ve sosyal tesislerden gri suyun aritimi igin yiiriitiilmiistiir. S6z konusu
calismada kullanilan membran bosluklu fiber tipi bir ultrafiltrasyon membran olup, gdzenek boyutu 0,1
pm’dir. Sisteme uygulanmis olan maksimum transmembran basinci 0,4 bar'dir. Artim islemi
neticesinde ¢ikis suyunda elde ettikleri minimum KOI konsantrasyonu 15 mg/L olup, %85 verime
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ulagmislardir (Merz ve dig., 2007). Bani-Melhem ve dig., 2015 tarafindan yiiriitiilen bir calismada ise
gozenek boyutu 0,04 um olan bir ultrafiltrasyon membran: kullanilarak gri su giderimi arastirilmistir.
Caligmalarinda, membran artim siireci boyunca ortalama olarak %88 KOI giderim verimi elde
etmislerdir. Ortama olarak cikis suyunda ulagtiklar1 KOI konsantrasyonu 45 mg/L olarak verilmistir
(Bani-Melhem ve dig., 2015).

Yukarida anilan calismalarin 1s18inda, bu calismada ortalama olarak %96’lik bir KOI giderim
veriminin, bu membranin gercek gri sulardan organik maddelerin gideriminde ¢ok basarili oldugu
sonucunu ortaya koydugu soylenebilir. Aym1 zamanda membran biyoreaktor ¢ikisindan elde edilen
arttilmis gri suyun tekrar kullamilabilirligine karar vermek i¢in bir kalite karsilastirmasi yapmak
gerekmektedir. Tiim g¢alisma periyodunda ¢ikis suyundaki ortalama KOI konsantrasyonu 24 mg/L
olarak analiz edilmistir. Su Kirliligi Kontrolii Yonetmeliginde, alic1 ortama atiksularin desarj edilebilmesi
i¢in KOI parametresinin maksimum izin verilebilen degeri 180 mg O/L (niifus aralig1 84-2000) olarak
verilmektedir (SKKY, 2008). Aym zamanda Avrupa Direktifi 91/271 EEC i¢in, bu limit deger 125 mg
Oo/L’dir (CEC, 1991). Bu diizenlemelerin desarj limitleri, bu calismada elde edilen sonuglarla
karsilagtirildig: takdirde, aritilmis suda analiz edilen 24 mg/L’lik KOI konsantrasyonunun bu degerlerin
oldukga altinda kaldigi acgik bir sekilde goriilebilmektedir. Ayrica {ilkemizde atiksularin yeniden
kullanimi ile ilgili yasal diizenleme (AATTUT, 2010) incelendiginde KOI degerine baglh bir
degerlendirme yapilmadigi, sadece BOI degerinin ele alindig goriilmektedir. Buna bagh olarak deney
sonuglari neticesinde KOI degerine esdeger olacak BOI degerinin yonetmelik geregi 20 mg/L’den
asagida olacagi net bir sekilde anlasilabilmektedir.

Toplam Azot Giderimi(Removal of Total Nitrogen)

Besi maddeleri biyolojik aritma proseslerinde mikroorganizmalar igin ¢ok Onemli besin
kaynaklaridir. Ozellikle, besi maddeleri olan azot ve fosfor elementlerinin optimum bir miktari, biyolojik
aritimin basarili bir sekilde gerceklesmesini temin etmek icin sucul ortamda bulundurulmalidir. Fakat
bu besi maddeleri aritilmis ¢ikis sularinda desarj limitlerinin altinda bir seviyeye indirilmedikge alici
sucul ortam igin ¢ok tehlikeli bir hal almaktadir. Aerobik MBR sisteminin toplam azot giderim verimini
gozlemlemek icin toplam azot konsantrasyonlar1 her giin analiz edilmistir.

Zamana karsi giris ve ¢ikis atiksuyundaki toplam azot konsantrasyonlar: Sekil 3'te gosterilmektedir.

Gri suyun toplam azot konsantrasyonu 58-68 mg/L arasinda degisim gostermistir. Cikis suyunda
rastlanilan en diisiik toplam azot konsantrasyonu tiim isletim periyodu boyunca 15 mg/L olarak tespit
edilmistir. MBR prosesinin ortalama verimi %74 olarak bulunmus olup, konvensiyonel aktif ¢amur
biyoreaktorleri ile karsilastirildiginda oldukga iyi bir degerdir. Scheumann ve Kraume 2009, batik bir
membran ardisik kesikli reaktorii ile ¢alismalar gerceklestirmistir. Yaptiklart ¢alismada kullanilan
membran {initesinin gozenek boyutu 0,4 um’dir. Calismalarinda, ortalama ¢ikis toplam azot
konsantrasyonunu 4,1 mg/L olarak elde etmislerdir. Toplam azot i¢in elde edilmis olan giderim verimi
%76 olarak tespit edilmistir. Calismalarinda kullandiklar1 anoksik kosullar toplam azot giderim
verimliligine pozitif olarak yansimistir (Scheumann ve Kraume, 2009).
Ma ve dig., 2015 tarafindan yiiriitiilen bir baska calismada ise membran biyoreaktor ile donatilmis olan
bir gri su aritim sistemi 250 m¥liik etkili hacme sahiptir. Bu prosesle, atiksudaki toplam azot
konsantrasyonu 12,3-38,7 mg/L degerlerinden 9-27 mg/L degerlerine diisiiriilmiis olup, sadece ortalama
%29’luk bir aritim verimi elde edilmistir (Ma ve dig., 2015).
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Sekil 3. Batik MBR sisteminde toplam azot konsantrasyonundaki degisimler
Figure 3. Variation of total nitrogen concentrations in submerged MBR system

Su Kirliligi Kontrolii Yonetmeligi'nde, toplam azot konsantrasyonlartyla ilgili smir degerler
bulunmamaktadir (SKKY, 2008). Bununla birlikte, Kentsel Atiksu Aritim1 Yonetmeligi'nde ileri aritma
prosesleri ¢ikis sularinda toplam azot konsantrasyonu igin simir deger 15 mg/L olarak belirtilmistir
(KAAY, 2006). Bu ¢alismada elde edilen sonuglar dogrultusunda aritilmis gergek gri suyun toplam azot
konsantrasyonu en diisiik 15 mg/L degerine kadar indirilebilmistir. Bu deger yukarida amlan smir
degere esittir. Ayn1 zamanda bu ¢alismada kullanilan batik MBR sisteminin ortalama ¢ikis toplam azot
konsantrasyonu 17 mg/L olarak elde edilmistir. Bu aritilmis atiksu igin s6z konusu toplam azot
konsantrasyonu gerekli desarj sinir degerlerini karsilamamaktadir. Bu noktada, maksimum verim ve
daha diisiik toplam azot konsantrasyonlarinin elde edilebilmesi igin mevcut biyolojik aritma sistemine
anoksik aritim prosesinin dahil edilmesi zorunlu goziikmektedir. Ayrica atiksularin geri kazanimi ve
yeniden kullanimu ile ilgili bilgilerin yer aldig: tebligde (AATTUT, 2010), geri kazanilmis sularin sulama
icin faydali olan besi maddelerini igerdigi ve bunun bitki biiyiimesini etkiledigi belirtilmektedir. Bu
acgidan, soz konusu tebligde MBR ile saglanabilecek geri kazanim neticesinde elde edilen atiksuda
toplam azotun 7 ila 18 mg/L arasinda oldugu belirtilmektedir. Bu ¢alismada da ortalama toplam azot
konsantrasyonu aritilmis atiksuda 17 mg/L olarak belirlenmistir.

Toplam Fosfor Giderimi(Total Phosphorus Removal)

Toplam azotla birlikte toplam fosfor parametresi alici ortamlarda ve biyolojik aritma tesislerinde
canlt halde olan tiim mikroorganizmalar icin ana besin maddeleridir. Toplam fosfor, alict ortamlardaki
otrofikasyonu Onlemek igin etkili bir sekilde atiksulardan uzaklastirilmalidir. Gri sularin aerobik
aritiminda, toplam fosfor dogal olarak belli bir seviyeye kadar aritilmaktadir. Fakat ayn1 zamanda, ¢ikis
suyunda toplam fosforun azimsanmayacak bir miktar1 kalabilmekte ve bu durum, alici su ortamlarina
atiksu verilmeden once daha ileri bir aritimi1 gerekli kilabilmektedir.

Bu calismada, batitk membran biyoreaktor ile gri suyun aritimindan Once ve sonra toplam fosfor
konsantrasyonlar1 izlenmistir. Elde edilen sonuglar Sekil 4'te gosterilmektedir.

Ham gercek gri su ¢rneklerindeki toplam fosfor konsantrasyonu 5,0-7,5 mg/L araliginda degisim
gosterirken, aritilmis cikis suyunda ise bu deger araliginin 1,21-3,50 mg/L oldugu bulunmustur.
Ortalama olarak bu aerobik batik membran biyoreaktoriin toplam fosfor giderim verimliligi ortalama
%64 olarak elde edilmistir. Anaerobik ve anoksik safhalar1 bulunmayan bu aerobik aritim prosesinin
giderim verimliligi ¢ok ta diigsiik goziikmemektedir. Fountoulakis ve dig. 2016 tarafindan
gerceklestirilmis olan bir ¢alismada, gri suyun aritimi igin diiz levha seklindeki bir membran modiilii
(0,04 pm gozenek boyutlu) kullanilmis olup, batik membran biyoreaktor sisteminden %69’luk bir
toplam fosfor giderim verimi elde edilmistir (Fountoulakis ve dig., 2016).
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Sekil 4. Toplam fosfor konsantrasyonundaki degisim
Figure 4. Variation of total phosphorus concentration

Aerobik kosullar altindaki konvansiyonel bir reaktorde, acinetobacter isimli mikroorganizma aktif
camur karigsik sivisinin olduk¢a Onemli bir bolimiinii olusturmaktadir. Oran olarak ifade etmek
gerekirse bu deger yaklasik olarak %401 bulmaktadir. Bu mikroorganizma anaerobik kosullar altinda
polihidroksibiitirat (PHB) olarak adlandirilan depo polimerlerini olusturmakta ve PHB'leri olusturmak
igin gerekli olan enerjiyi sahip oldugu polifosfat graniillerini depolimerize ederek saglamaktadir.
Aerobik kosullar s6z konusu oldugunda ise, bu mikroorganizma PHB ve diger besi elementlerini karbon
kaynag1 olarak kullanir ve biinyesine fosforu depolamaya baslar. Acinefobacter tarafindan aerobik
kosullarda depolanan fosfor miktar;, anaerobik kosullarda salinan fosforun iki kati olarak
belirtilmektedir (Biiyiikgiingor, 2003). Dolayisiyla, bu durum membran destekli aktif camur prosesinde
toplam fosfor giderimine agiklik kazandirmaktadir.

Toplam fosfor konsantrasyonlar1 icin toplam azot desarj standartlarinin da belirlendigi Kentsel
Atiksu Aritimi Yonetmeligi hiikiimleri gecerlidir. Bu yonetmelik kapsaminda, toplam fosfor igin simir
konsantrasyon degeri 2 mg/L olarak belirlenmistir (KAAY, 2006). Bu calismada kullanilan membran
sistemi i¢in elde edilen minimum toplam fosfor konsantrasyonu 1,21 mg/L iken, maksimum deger 3,50
mg/L olarak bulunmustur. Bu noktada, sistemden elde edilmis olan ortalama fosfor konsantrasyonunun
desarj smir degerlerinin {izerinde oldugu net bir sekilde goriilebilmektedir. Fakat, bu membran
biyoreaktor sisteminin ¢ikis suyu toplam fosfor degerleri desarj standartlarina oldukga yakin olarak
bulunmustur. Ayrica geri kazanim ile ilgili teblif (AATTUT, 2010) toplam fosfor agisindan
incelendiginde, MBR sistemi ile elde edilebilecek aritilmis sudaki toplam fosfor konsantrasyonlarinin 0,3
ile 5 mg/L arasinda olmasi gerektigi belirtilmektedir. Bu agidan aritilmis suda elde edilen ortalama fosfor
konsantrasyonlarinin bu aralikta kaldig1 net bir sekilde goriilebilmektedir.

SONUCLAR(CONCLUSIONS)

Bu calismada gergek gri sularin aritimi i¢in kullanilan bir batik membran biyoreaktoriiniin
performanst incelenmistir. KOI, toplam azot ve toplam fosfor konsantrasyonlari membran
biyoreaktdriin minimum, maksimum ve ortalama giderim verimliliklerini belirlemek i¢in giinliik olarak
izlenmistir. Bir evden temin edilen gergek gri su, membran sistemi ile basaril1 bir sekilde aritilmis olup,
ortalama olarak %96 mertebesinde KOI giderimi elde edilmistir. Cikis suyunda arta kalan KOI
konsantrasyonu, Tiirk Yasalar1 kapsaminda belirlenmis olan desarj ve tekrar kullanim standartlarina
gore kabul edilebilir bir degere sahiptir. Ayni zamanda, aritilmis gri sudaki toplam azot ve toplam fosfor
konsantrasyonlar1 bu yasalar kapsaminda s6z konusu olan smir degerlere oldukg¢a yakin olarak
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bulunmustur. Ayrica ilgili tebliglerde MBR sistemi kullanilarak geri kazanim neticesinde elde edilmesi
beklenen aritilmis atik sudaki toplam azot ve toplam fosfor konsantrasyon degerlerinin, bu ¢alismada
elde edilen sonuglarla tutarhi oldugu goriilmiistiir. Battk membran biyoreaktoriin arittim verimlerinin
aerobik bir biyolojik aritma sistemine gore yiiksek olmasina karsin, toplam azot ve toplam fosfor
konsantrasyonlariin ortalama degerleri, grisu i¢in desarj yonetmelik degerlerinin yine de tizerinde yer
almaktadir. Eger atiksu desarj edilecekse, yonetmelik degerlerinin tam olarak saglanmasi,
biyoreaktordeki aerobik kosullara ek olarak anoksik ve anaerobik sartlar1 saglayacak bir aritim
sistemiyle miimkiin olabilecektir. Bunun haricinde atiksuyun geri kazanim neticesinde sulamada
kullanilmasi amaglaniyorsa, bu MBR sisteminin yeniden kullanim i¢in organik madde, toplam azot ve
toplam fosfor agisindan gerekli aritimi saglamis oldugu sonucuna varilabilir.
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ABSTRACT: In this study, highly stable biodegradable microcapsules, which are composed of chitosan-
guar gum composite (CS-GG), were prepared as catalyst support. Then, palladium nanoparticles were
successfully decorated on the designed support without using any toxic reducing agent (Pd NPs@CS-
GG). Structural characterizations of CS-GG and Pd NPs@CS-GG were carried out by different analytical
techniques and it was detected that the size of palladium nanoparticles changed in the range of 23-48
nm. Then, the catalytic activity of Pd NPs@CS-GG was evaluated in the fabrication of various biaryl
compounds under solventless media using microwave heating. Pd NPs@CS-GG showed high catalytic
performance in the conversion of various aryl halides to desired biaryl compounds with good reaction
yields. Moreover, it was found that Pd NPs@CS-GG was a catalyst having long life time because of its
reuse at least seven times.

Key Words: Chitosan, Microcapsule, Catalyst, Palladium Nanoparticle

Biaril Bilesiklerinin Sentezi i¢in Kitosan-Guar Sakizi Kompoziti iceren Biyobozunur
Mikrokapsiiller Uzerine immobilize Edilmis Oldukca Aktif ve Saglam Paladyum Nanopartikiiller

OZ: Bu calismada, kitosan-guar sakizi kompozitinden (CS-GG) olusan son derece kararli biyobozunur
mikro kapsiiller, katalizor destegi olarak hazirlandi. Daha sonra, paladyum partikiilleri, herhangi bir
toksik indirgeyici madde kullanmadan tasarlanan destek iizerine basariyla dekore edildi (Pd NP@CS-
GG). C5-GG ve Pd NP@CS-GG'lerin yapisal karakterizasyonu farkli analitik tekniklerle yapildi ve
paladyum nanopartikiillerinin boyutunun 23-48 nm araliginda degistigi tespit edildi. Daha sonra, Pd NP
@ CS-GGnin katalitik aktivitesi, mikrodalga 1sitma kullanilarak ¢dziiciisiiz ortam altinda gesitli biaril
bilesiklerin iiretiminde degerlendirildi. Pd NPs@CS-GG, ¢esitli aril halojeniirlerin iyi reaksiyon
verimleriyle istenilen biaril bilesiklerine doniistiiriilmesinde yiiksek katalitik performans gosterdi.
Ayrica, Pd NPs@CS-GGnin, en az yedi kez tekrar kullanimi nedeniyle uzun yasam siiresine sahip bir
katalizor oldugu bulundu.

Anahtar Kelimeler: Kitosan, Mikro Kapsiil, Katalizor, Paladyum Nanopartikiil

INTRODUCTION

Noble metal nanoparticles have recently attracted much attention due to their interesting chemical
structure and electronic, mechanical, optical, and magnetic properties. Therefore, they have been widely
used in different application areas such as photonics, electronics, biology and medicine (Daniel and
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Astruc, 2004; Nasrollahzadeh et al., 2015; Rai et al., 2009). On the other hand, one of the most significant
promising application area of metal nanoparticles is the use as catalyst in catalytic reactions (Gholinejad
et al., 2017; Sudhakar and Soni, 2018). For these reasons, researchers have prepared different types of
noble nanoparticles such as Cu, Ag, Au and Pt to use in catalytic applications (Naghdi et al., 2018;
Nasrollahzadeh et al., 2015; Nasrollahzadeh et al., 2018; Rathi et al., 2016). Among noble metal
nanoparticles, palladium nanoparticles are the most widely used as catalyst in the catalytic reactions
due to their unique properties such as good thermal stability, high chemical stability and photo catalytic
activity (Chen and Ostrom, 2015; Phan et al., 2019). On the other hand, one of the most important
problem in the synthesis of nanoparticles is aggregation and it can be negatively affect catalytic activity
of catalyst (Cui et al., 2017). The best way to overcome this problem is immobilization of nanoparticles
on suitable solid supports (Nasrollahzadeh et al., 2019). Additionally, shape, size and stability of
nanoparticles depend on support. Therefore, there is need ideal support for immobilization of
nanoparticles. In recent years, researchers have used different inorganic materials such as zeolite (Xue et
al., 2016), TiO: (Atarod et al., 2016), graphene oxide (Zahed and Hosseini-Monfared, 2015), perlit
(Nasrollahzadeh et al., 2015), FesOs (Veisi et al. 2015), and carbon nanotube (Xiang et al., 2003) as support
for fabrication of metallic nanoparticles.

Natural biopolymers are important materials due to their low cost, large surface area, renewability,
biocompatibility, high thermal stability, and environmentally friendly properties (Baran, 2017; Rajender
Reddy et al., 2006). These outstanding properties make biopolymers or their composites an important
candidate as stabilizer for immobilization of metallic nanoparticles. Chitosan and guar gum are the
most important members of the polysaccharide family. Chitosan is a cationic carbohydrate polymer
which is derived by deacetylation of chitin obtained from waste products of sea such as shrimp, crab,
krill, and crayfish (Baskar and Kumar, 2009; Tajik et al., 2008). Guar gum is a biopolymer with high
molecular weight that is commonly extracted from the seed of the leguminous shrub Cyamopsis
tetragonoloba (Mudgil et al., 2014; Pal et al., 2011). Additionally, chitosan and guar gum versatile
materials are very economical, easily available and abundant in nature (Thombare et al., 2016; Wan
Ngah et al., 2011). Both chitosan and guar gum have also free active functional groups such as -NHzand
OH, which can be strongly interacted with metal ions, on the polymer backbone (Sharma et al., 2018;
Zhang et al., 2016). These significant characteristics make chitosan and guar gum a desirable support
material for catalytic reactions.

In this study, a novel highly thermally durable support material (CS-GG), which was composed
from chitosan-guar gum microspheres, was designed and then palladium nanoparticles were
successfully decorated on the prepared CS-GG. Chemical structures of the fabricated CS-GG and Pd
NPs@CS-GG were illuminated by different analytical techniques. Then, catalytic behavior of Pd
NPs@CS-GG was evaluated in the synthesis of a series of biaryl compounds. These tests revealed that Pd
NPs@CS-GG catalyzed fabrication of biaryl compounds with good reaction yields in the solvent-free
media. Furthermore, it was found that Pd NPs@CS-GG was easily recovered from the reaction media
and it could be reused at least for seven successive runs.

EXPERIMENTAL
Synthesis of support material (CS-GG)

1 g of chitosan was dissolved in 2% acetic acid solution (v:v) and then 1 g of guar gum was added in
the reaction mixture and it was stirred at room temperature for overnight. Resulting chitosan-guar gum
mixture was dropped into solution of water:methanol:NaOH (40mL:60mL:12g) to obtain gelatinous
microspheres. Subsequently, gelatinous chitosan-guar gum microspheres were extensively washed with
water to neutrality. Finally, microspheres were transferred into the solution of glutaraldehyde (5 mL) in
methanol (50 mL) and the mixture was stirred under reflux for 24 h for cross-linking. After the cross-
linking procedure, chitosan-guar gum microspheres were filtered, washed with methanol and dried.
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Preparation of palladium nanoparticles on CS-GG

0.5 g of CS-GG was added to the solution of PdCl2 (0.2 g, 20 mL) in ethanol and the reaction mixture
was stirred at 70°C for 4 h to provide completely reduction of Pd(+2) to Pd(0). It was observed that the
color of the reaction solution also changed to dark gray after this period. Finally, palladium
nanoparticles were collected by filtration, rinsed with water and dried.

Typical procedure for synthesis of biaryl compounds in the presence of Pd NPs@CS-GG

The mixture of aryl halides (1.0 mmol), phenylboronic acid (1.8 mmol), K2COs (3.5 mmol) and Pd
NPs@CS-GG (3x102 mmol) were placed in a Schlenk tube and then it was irradiated by microwave for 6
min. After the completion of the coupling reaction, 10 mL of water was added reaction mixture and then
the resulting mixture was extracted with toluene. Subsequently, organic phase was dried over
anhydrous MgSOs, and the solvent was evaporated to obtain biaryl compounds. Finally,
characterizations of biaryls were performed by GC/MS.

RESULTS AND DISCUSSION
Characterization of Pd NPs@CS-GG

Chemical structures of CS-GG microcapsules and Pd NPs@CS-GG were investigated by FT-IR
analysis and their spectra are illustrated in Fig. 1. FTIR spectrum of CS-GG microcapsules displayed
characteristic bands at 3365cm™ (stretching of N-H and OH), 2931 and 2870cm (stretching of C-H),
1559cm™ (amide II band of chitosan), 1372cm™ (stretching of NHCOCHs group), 1444 and 1022cm!
(stretching of C—O-C and C-C) (Baran et al., 2015; Seeli and Prabaharan, 2017). Additionally, a strongly
band was observed at 1658cm? which was attributed to imine vibrations. These results showed the
formation of chitosan-guar microcapsules. On the other hand, it was observed that these characteristic
bands shifted to lower or higher wavenumbers in the spectrum of Pd NPs@CS-GG. These important
changes can be attributed to strongly interaction of C5-GG microcapsules with palladium nanoparticles.
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Figure 1. FT-IR spectra of a) CS-GG microcapsules and b) Pd NPs@CS-GG
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Surface characteristics of CS-GG microcapsules and Pd NPs@CS-GG were studied by FE-SEM. As
clearly shown in Fig. 2, CS-GG microcapsules and Pd NPs@CS-GG had spherical formation. While CS-
GG microcapsules had nearly smooth surface (Fig. 2a), the surface of Pd NPs@CS-GG was covered with
particles after the fabrication of palladium nanoparticles (Fig. 2b). Additionally, the surface morphology
of Pd NPs@CS-GG was investigated at higher magnification to confirm the formation of nanoparticles
(Fig. 2¢). As seen in FE-SEM microgram of Pd NPs@CS-GG, palladium nanoparticles were successfully
fabricated on the support and their average diameters were found to be between 23 and 48 nm.

Figure 2. FE-SEM images of a) CS-GG microcapsules and b) Pd NPs@CS-GG

Thermal durability of catalysts is one of the most important properties in catalytic systems to retain
their catalytic performance. TG/DTG analysis was employed to determine thermal stability of Pd
NPs@CS-GG and its curve is given in Fig. 3. When TG/DTG spectrum of Pd NPs@CS-GG was examined,
it was found that Pd NPs@CS-GG had high thermal stability by protecting its chemical structure up to
250.4°C (Tmax). This results show that Pd NPs@CS-GG is a suitable catalyst for catalytic systems which
require high reaction temperature.
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Figure 3. TG/DTG spectrum of Pd NPs@CS-GG

XRD analysis was performed to illuminate the crystalline nature of Pd NPs@CS-GG and its pattern is
given in Fig 4. When XRD diagram of Pd NPs@CS-GG was examined, a weak and broad peak at 21.64°
was observed which corresponded to characteristic peaks of chitosan and guar gum (Baran et al., 2015;
Seeli and Prabaharan, 2016). Pd NPs@CS-GG also exhibited strong two peaks at 40.18° and 46.68° which
corresponded to (111) and (200) crystalline planes of Pd, respectively (Nasrollahzadeh and Sajadi, 2016).
These results showed the presence of palladium nanoparticles on the CS-GG.
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Figure 4. XRD pattern of Pd NPs@CS-GG
Microwave-assisted synthesis of biaryl compounds in the presence of Pd NPs@CS-GG

Synthesis of biaryl compounds were carried out using microwave heating because it offers (i) higher
reaction yields with short reaction time and, (ii) easy and safe operation when compared to traditional
heating methods. Additionally, in terms of green chemistry, no solvent was used in the catalytic
reactions. Before catalytic tests of Pd NPs@CS-GG, determination of reaction conditions such as base
type, reaction time and amount of catalyst require because they affect reaction yield. To optimize the
reaction conditions, 4-iodide anisole and phenylboronic acid were chosen as model substrates and then
preliminary studies were carried out. The best reaction yield was reached with K2COs as base system, for
6 min reaction time and using 3x102 mmol amount of catalyst. Then, catalytic performance of Pd
NPs@CS-GG was investigated against various Suzuki cross coupling reactions under the determined
optimum conditions (Table 1). As seen in Table 1, catalytic activity of Pd NPs@CS-GG was studied in
Suzuki cross coupling reactions of a range of aryl halides with phenylboronic acid. Firstly, coupling
reactions of different substituted aryl iodides were performed in the presence of Pd NPs@CS-GG and the
desired biaryl compounds were obtained with good reactions yields (Table 1, entries 1-4). For example,
meta-NO: substituted aryl iodide afforded 94% yield (entry 2). At the next step, Pd NPs@CS-GG was
also tested in the coupling reactions of a variety of aryl bromides and it was found that the yields of
synthesized biaryl compounds were in the range from 70% to 98% (Table 1, entries 5-9). For example, the
reaction of 4-bromobenzonitrile with phenylboronic acid produced the desired biaryl product with 98%
yield. Finally, the substrates versatility of Pd NPs@CS-GG was also tested against aryl chlorides which
are less reactive compared to aryl iodides and bromides in the coupling reactions (Table 1, entries 10-13).
Pd NPs@CS-GG successfully catalyzed the conversion of aryl chloride to desired biaryl products. 76%
and 82% reaction yields were reached for meta substituted-NO: and para substituted—CN aryl chlorides,
respectively (Table 1, entries 11 and 12). The performed catalytic tests indicate that Pd NPs@CS-GG is a
suitable catalyst for synthesis of biaryl compounds.
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Table 1. Catalytic behavior of Pd NPs@CS-GG against synthesis of biaryls

B(OH) < o \ x _PdNPs@CS-GG o
> + \/\ // \/\ /

R R
Entry X R Yield
1 I 4-OCHs 98
2 I 3-NO2 94
3 I 4-NH: 80
4 I 4-CHs 78
5 Br 4-OCHs 92
6 Br 4-NH: 77
7 Br 3-NO: 92
8 Br 4-CN 98
9 Br 4-CHs 70
10 Cl 4-OCHs 69
11 Cl 3-NO2 76
12 Cl 4-CN 82
13 Cl 4-CHs 48

Reaction conditions: 1.8 mmol aryl halides, 1.2 mmol phenyl boronic acid, 3.5 mmol K2COs, 3x102
mmol Pd NPs@CS-GG, 6 min, 400 W.

Reusability of Pd NPs@CS-GG

Highly reusable catalysts are desired for academic researches and industrial applications due to
their economical and practical advantages (Baran et al., 2018). Therefore, in this study, reusability of Pd
NPs@CS-GG was checked on the model reaction. After first cycle, Pd NPs@CS-GG was easily recovered
with filtration from reaction media and it was rinsed with hot water, dried and then directly used for
next runs. This process was repeated for each cycle. Reusability tests revealed that Pd NPs@CS-GG could
be successfully reused seven times by giving 72% yield. This result shows that Pd NPs@CS-GG is a
highly retrievable and reusable catalyst. FE-SEM analysis of the catalyst was performed after seven
consecutive runs and it showed that the chemical structure of the catalyst was retained (Fig.5).
Additionally, possible reaction mechanism of Suzuki coupling reaction using Pd NPs@CS-GG is given in
Figure 6.



Highly Active and Robust Palladium Nanoparticles Immobilized on Biodegradable Microcapsules Containing Chitosan-Guar 119
Gum Composite for Synthesis of Biaryl Compounds

EHT= 1000V WD- 4§mm  Signal A= InLens Mag=- 15000 KX Opsrator: MEUP?  Date i Feb 201

Figure 5. Surface morphologies of Pd NPs@CS-GG after a) 1th and b) 7th cycle
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Figure 6. Possible mechanism of Suzuki coupling reaction using Pd NPs@CS-GG.

CONCLUSIONS

In conclusion, Pd NPs@CS-GG was successfully designed, characterized and then it was used as
heterogeneous catalyst for construction of several biaryl compounds. Catalytic studies showed that Pd
NPs@CS-GG was a highly active catalyst which converted aryl iodides and bromides having variety of
functionalized substrates to desired biaryl compounds with excellent yields. Pd NPs@CS-GG also served
as a good catalyst for aryl chlorides. Furthermore, the prepared Pd NPs@CS-GG presented good
recoverability and recyclability for at least seven runs. These findings indicate that Pd NPs@CS-GG is a
useful catalyst for Suzuki cross coupling reactions.
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ABSTRACT: In this study, a new combined power system was proposed for the Marmara Ereglisi
receiver terminal and the power generation during the evaporation of liquefied natural gas (LNG) was
investigated. The combined power system consists of an open Brayton cycle (BC), a closed Rankine cycle
(HRC) operating at high temperatures, and a closed Rankine cycle (LRC) operating at low temperatures.
In the combined power system, an optimum value for the LRC condenser inlet pressure was found to be
150.7 kPa. The total power consumed, including LNG pumps in the system was found to be 193.413 MW
and 291.321MW net power produced from the system.

Key Words: LNG, Cold Energy, Brayton Cycle, ORC, Combined Power Cycles

LNG'nin Soguk Enerjisini Kullanan Yeni Bir Birlesik Gii¢ Sistemin Termodinamik Analizi

OZ: Bu calismada Marmara Ereglisi alim terminali i¢in yeni bir birlesik gii¢ sistemi Onerilmistir ve
stvilagtirilmis dogalgazin (LNG) buharlasmas: esnasindaki gii¢ olusumu arastirilmistir. Birlesik giic
sistemi bir acik Brayton ¢evrimi (BC), yiiksek sicakliklarda ¢alisan bir kapali Rankine ¢evrimi (HRC) ve
diisiik sicakliklarda galisan bir kapali Rankine ¢evriminden (LRC) olusmaktadir. Bilesik gii¢ sisteminde
LRC kondenser giris basina i¢in optimum deger 150.7 kPa olarak bulunmustur. Sistemdeki LNG
pompalar1 da dahil harcanan toplam gii¢ 193.413 MW ve sistemden {iretilen net gii¢c 291.321 MW olarak
bulunmustur.

Anahtar Kelimeler: LNG, Cold Energy, Brayton Cycle, ORC, Combined Power Cycles

INTRODUCTION

As energy consumption increases rapidly, energy resources are gradually decreasing. This situation
makes saving measures and productivity applications compulsory in systems that produce or use
energy. In recent years, work on power generation in LNG receiving terminals has been intensified.
There are several studies in the literature which used the cold energy of LNG as heat sinks in combined
power systems.

Yuanwei et al. (2011) have made the energy cycle based on the cold energy of liquefied natural gas
analysis and optimization. They conducted a new analysis methodology that combines the energy level,
and they determine the pinch analysis. Simulation results show that this new method of energy
production was shown to be effective to improve the thermodynamic cycle. Shi and Chi (2009) have
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worked in a combined power cycle that uses low-temperature waste heat and LNG cold energy. They
proposed a combined power system in which low-temperature waste heat could be recovered efficiently
and cold energy of liquefied natural gas (LNG) could also be fully utilized. The power output is equal to
1.25 MWh per kg ammonia-water mixture. For the operation of seawater pumps, approximately 0.2 MW
of electrical power can be saved. Through simulation calculations, parametric analyzes are performed
for the proposed combined cycle to evaluate the effects of key factors on the performance of the
proposed combined cycle. The results show that as the inlet pressure of the ammonia turbine increases
and the ammonia mass ratio increases, the maximum net electrical efficiency can be achieved when the
peak value increases. Ghaebi et al. (2017) carried out energy, exergy and economic analysis of a new
ammonia-water combined cooling and power cycle using waste heat as a low temperature heat source
and LNG cold energy as thermal sink. They observed that higher ammonia concentrations could achieve
a higher first law efficiency at heat source temperatures and at LNG turbine inlet pressures or at lower
condenser temperatures and steam generator pressures, and could achieve a higher efficiency in lower
ammonia concentrations, heat source temperatures and condenser temperatures at higher steam
generator pressures, evaporator temperatures and LNG turbine inlet pressures. Behar et al. (2013) stated
that LNG uses solar energy to increase the performance of the hybrid gas turbine. Compared to the non-
cooled hybrid plant, the LNG cooling system increases the output of the solar gas turbine by 5% while
increasing efficiency by 1%. Ersoy and Demirpolat (2016) investigated open and combined Rankine cycle
power generation during evaporation of liquefied natural gas at Marmara Ereglisi receiver terminal. For
the combined Rankine cycle, they determined that the power required for LNG pumps used in the
terminal could be met and beyond that, an additional 6.57 MW could be generated. Tan et al. (2016)
conducted an experimental study on self-cooling automatic air conditioning system based on LNG fuel
trucks. They indicate that the self-cooling air conditioning system for LNG fueled trucks is feasible and
that the cooling capacity storage methods should be used to adjust the cold supply due to the fluctuation
of LNG consumption rate and the mismatch of the demand. Bao et al. (2017) presented the effects of
progressive condensation on power generation systems for LNG cold energy recovery. When the net
power output was objective, the net power output of the three-stage combined cycle was the largest.
Kanbur et al. (2017) has made thermo-economic and environmental assessments of a combined cycle for
the use of small-scale LNG cold. They found that the single system has a 25% lower level of product cost
than the combined system at the actual pressure ratio. A simple graphical based thermoeconomic
optimization study shows that the minimum relative cost differences are in different locations for the
combined cycle. Franco and Casarosa (2015) carried out the thermodynamic analysis of direct expansion
configurations for electricity generation with LNG cold energy recovery. Using a direct expansion
configuration with a multi-stage turbine, in which they apply a simplified thermodynamic model, it
shows that the energy production values typical for optimized ORC plant configurations (120 k] per kg
of natural gas flowing through the plant) can be obtained. The development of a direct expansion plant
with a multi-stage turbine and an internal heat recovery system can allow for closer to 160 k] of
production for each kg of flowing liquefied natural gas. Considering the mass flow rate values typical of
LNG gas stations (eg 70 kg / h); this corresponds to an output power of 8.3 MW to 11.4 MW.

Turkey are among the countries that imported LNG. Turkey, which supplies natural gas needs from
foreign markets, LNG is observed that its importance increases with each passing day. Its two
gasification LNG receiving terminal that has been raised in Turkey's recent investment in a new
terminal. The increasing use of LNG makes it important for our country to work on saving and
recovering the cold energy of LNG. In this study, a combined power system for a LNG receiving
terminal in Turkey are proposed. The purpose of a combined power system is to utilize the cold energy
of liquefied natural gas. The proposed power system contributes both to energy saving and to the
environment. The combined power system consists of open Brayton cycle, two closed Rankine cycles.
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Description of The Proposed Combined Power System That Use LNG Cold Energy

The combined power cycle consists of the open Brayton cycle and two closed Rankine cycles (RC)
operating at low (LRC) and high (HRC) temperatures.Rankine cycle operating at low temperature uses
Rankine cycle which operates at high temperature as heat source. The schematic diagram of the system
is shown in Fig. 1.
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Figure 1. Schematic diagram of the combined power system.

Liquefied natural gas is gasified through the condenser of the LRC using R718 (water) as working
fluid. The natural gas then enters the combustion chamber in the Brayton cycle. The exhaust gases from
the combustion chamber are used as a heat source for the HRC. The heat taken from the condenser in the
HRC is taken by the evaporator element of the LRC and the cold energy of the liquefied natural gas is
used for the removal of this heat from the system. This combined power cycle aims to:

¢ Utilizing the cold energy of liquefied natural gas

* Waste heat utilization by exhaust gas in the Brayton cycle

® Heat utilization from the condenser in the closed Rankine cycle

Mathematical Model of the Combined Power System

A combined power system was designed using the parameters of the Marmara receiving terminal.
The main parameters for this power system are given in Table 1. Pinch point temperature for the
condenser component are assumed to be 10 in the system. Compressor pressure ratio is assumed to be
15. The low pinch point temperature increases the efficiency of the heat exchanger. High compressor
pressure ratio in Brayton cycle increases power generation. These values, which affect the performance
of the system positively, are kept constant and the condenser inlet pressure of HRC is accepted the
decision variable. The effect of condenser inlet pressure on the performance of the system was
investigated. In particular, the examination of this parameter affects the heat transfer from the condenser
in the HRC to the evaporator in the LRC. Because the condenser pressure affects the temperature in the
condenser. The condenser inlet pressure at HRC affects power generation at both HRC and LRC. A
mathematical model has been developed for thermodynamic analysis. Mathematical model was
established with EES program. Each component is modeled considering mass and energy balances.
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Table 1. Main parameters for the calculations

Parameters

Value

Working fluid and mass flow rate (kg/s)(Ersoy
and Demirpolat, 2016)

LNG reservoir pressure and LNG Pumpl inlet
pressure P1 (kPa)(Ersoy and Demirpolat, 2016)
LNG reservoir temperature T: (K)(Ersoy and

Demirpolat, 2016)

LNG Pump? inlet pressure P2 (kPa) (Ersoy and

Demirpolat, 2016)

Natural gas delivery pressure Pus¢(Ersoy and

Demirpolat, 2016)

Natural gas delivery temperature T4s,6 (Ersoy and

Demirpolat, 2016)

Isentropic efficiency of the gas-turbine, 77, g,

(Akbari, 2018)

Isentropic efficiency of the compressor, 77, g,

(Hou et al.,2018)

Isentropic efficiency of the steam-turbine, 77, \zc

Ty gr (Akbari, 2018)

Isentropic efficiency of the R718-turbine, 77, | rc

Ty gr (Akbari, 2018)

Mass flow rate of air, r?]air (kg/s)
Pressure rate of compressor, 1p
Compressor inlet pressure Pu1 (kPa)
Compressor inlet temperature T (K)
Steam-turbine inlet pressure Pis (kPa)
Boiler output temperature Tis (K)

Steam-Condenser pressure P19 (kPa)

Combustion, 77,

CH4,

160.28

105

112

1000

8200

273

0.85

0.8

0.85

0.75

430

15
100
298
22052
763

150.7
0.85

The following assumptions are made for the combined power system
analysis:
The flow is considered to be a steady-state. At no point in the system it is assumed that

properties of the flow have not changed over time

LNG Reservoir and LRC

The pressure and heat losses in the system components are ignored.
LNG is considered to be pure methane (Ersoy and Demirpolat, 2016)

All components are insulated.
It has been accepted that the Brayton cycle is performed with 50% excess air.

125

In the LNG receiving terminals, heat transfer is required with a high temperature heat source to
convert liquefied natural gas into natural gas. Similarly, in a combined power cycle, heat transfer is
required with a low temperature heat source to condense the circulating steam and to cool the cycle
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members. The condensation of the vapor in the proposed combined power system and the conversion of
the liquefied natural gas to natural gas will be carried out by the LRC.

The pressure of the LNG at a low temperature of -161°C taken from the storage tank is increased by
the two LNG pumps. The pressure of the LNG leaving the second pump (P2) corresponds to the pressure
of the natural gas in the consumer line. The required pump works are given in the following equations.

W LNG,P1 = r.nLNG .(h2 - h1) €))

W LNG,P2 = r;]LNG .(h3 - hz) (2)

where

h,=h + Wing,pr (3)
where

Wing,p1 = vi-(P,—P) @)
where

hy =1, + Wy 52 (5)

where

Wing 2 = Vo-(P—P,) (6)

The pressurized LNG is converted to the gas phase by taking heat from the condenser in the LRC.

The condenser heat ( Q3, 4 ) is given by

Q,, =Muwe.(h, —hy) (7)

The pump and turbine powers in the LRC are calculated by the following equations respectively.
W p.tre = Mirc .(hy —hg) (8)
W trLrc = Mire .(h)g — ;) 9)

where

h, =hy _ntr,LRC'(hlo_ h,;) (10)

° . é3,4
T T )
(1) hy = hy, —@ (12)

MLrc

The heat (Q,g,9) from the condenser of the closed Rankine cycle passes to the evaporator of the

LRC. This heat is found by the following equation.
Q19,2o =W Lre+ Q3,4 —W p Lre (13)

Open Brayton Cycle

In this cycle, the ambient air compressor enters and pressurizes. The pressurized air enters the
combustion chamber; the air is heated by the combustion of the fuel. The pressurized and heated air is
energized and extended across the turbine and work is obtained. The turbine and compressor power in
the Brayton cycle is given by the following equations respectively.
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Wcomp == rhair (hlZ - hll)

(14)

Wtr,gas = M7 (hl3 - hl4)
(15)

where

h, =hy + ) )

c,Br

hy, =hy, _77tr,Br-(h13_ h.) (17)

My is the total mass of combustion products and is given by the following equation.

Mt = Mair + M fuel
(18)

The fuel in the combustion chamber is assumed to burn with 50% excess air. According to this, the

amount of fuel (M1l ) is found by combustion reaction of methane gas.
CH, +3(0,+3.76N,) — 0.8CO, +0.2CO + 2H,0 +1.10, +11.28N, (19)
The heat value of the fuel is found by the following equation.

Q.= nMCH4 (h fcH, T hCH4_ hOCH4)+3nM02 (hoz_ hooz)+:|-1-28n|vI N, (h N, hONz)_
O-8nMco2 (h ico, hco2 - hocoz) +2nM H,0 (h 0T tho_ hOHZO) +11.28nM N, (h N, hONZ) +1(20)
0.2nM 6 (Mo +hco—Noco) +1.1InM, (ho2 - hooz)

The heat received (Q,, ) by the combustion products is found by the following equation. The
combustion efficiency was considered as 90%.

QCC = QC '77C
1)

High Temperature Closed Rankine Cycle

In the Brayton cycle, the heat of the exhaust gases from the turbine was used as heat source for the

Rankine cycle. The pump and turbine powers in the Rankine cycle are given by the following equations
respectively.

W p,HRC — r;]HRC (hl7 - hzo) (22)

Wtr,HRC = r;]HRC .(h18 — hl9) (23)

where

hn = h?_o + Wy hre (24)
where

W HRe = Voo (Pro=Pr) (25)
h =hyg _Utr,HRc-(hls_ he,) (26)

r.nHRC _ ng,zo
(th - hzo)
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The efficiency of the combined power system

The net power and efficiency obtained from the combined power system are given by the following
equations respectively.

W et =W tr ire +W ir,trc +W tr Br — 28)

(VV tne,Pi+W ing,p2 +W p,LRC +W p.HRC +W comp)

ncycle = %100

Qe
(29)

RESULTS AND DISCUSSION

The performance of the above-mentioned combined power system under the optimum operating
condition is summarized in Table 2.

Table 2. Calculation results for the combined power cycle.

W tr,gas W tr,HRC W tr,LRC W comp W pump, total W net TZCYC|E
(kW) (kW) (kW) (kW) (kW) (kW) Yo
415687 45863 23184 189948 3465 291321 46.1
05

In the LRC, R718 was selected as the working fluid in particular. Because R718 absorbs a
considerably larger amount of energy in the form of heat during a phase change of the liquid without
changing the temperature. The high latent heat of evaporation of the R718 refrigerant ensures high heat
at low temperatures and mass flow.

Due to this feature of the R718 refrigerant, it is aimed to increase the heat source of the LRC by
increasing the condenser pressure in the closed Rankine cycle.

As expected in the HRC cycle, increasing the condenser pressure reduced the turbine power
obtained from this cycle as the turbine pressure difference decreased, as shown in Fig.2. Turbine power
was increased in this cycle because increasing the condenser pressure provided a higher heat source for
the LRC (Fig. 3).
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Figure 2. Effects of Rankine cycle-condenser pressure in combined power system on HRC turbine
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Figure 3. Effects of Rankine cycle-condenser pressure in combined power system on steam-turbine
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As shown in Fig.4, the efficiency of the cycle increased initially and then began to decrease. This is
due to the fact that the efficiency of the system has increased since the power increase of the turbine in
the LRC cycle was more than the power decrease of the turbine in the HRC cycle. After a certain point,

the power reduction of the turbine in the HRC cycle begins to overcome the power increase of the

turbine in the LRC cycle. This has led to a reduction in net power in the system and thus a decrease in
the efficiency of the system (Fig.5).The increase in condenser pressure has also increased the steam
quality in the last stages of the turbine. This will cause the liquid particles in the vapor to decrease and
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thus increase the turbine efficiency and lifetime. As the condenser pressure increases, the efficiency of
the combined power system increases at the beginning and then decreases. The cycling efficiency starts
to decrease after the 150.7 kPa condenser pressure value. Therefore, this value is the optimum condenser
pressure value in closed Rankine cycle.
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Figure 4. Effects of Rankine cycle-condenser pressure in combined power system on R718-turbine
power and thermal efficiency
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Figure 5. Effects of Rankine cycle-condenser pressure in combined power system on net power and
thermal efficiency
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In Fig. 6 only the efficiency of the system with BC (ns:), BC and HRC with the efficiency of the
system (nsrtrc) and BC, HRC and LRC with the efficiency of the combined system (1cycte) is shown. The
addition of HRC and LRC cycles to the Brayton cycle increased the efficiency of the system by 34%.The
efficiency evaluation is made specifically for the Brayton cycle because the heat source of the combined
power system is obtained from the combustion chamber of this cycle.
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Figure 8. The heat source and waste heat of the cycles in the combined power system

Fig.7 shows the turbine powers of BC, HRC and LRC cycles (Wtr,gas, Wiy irc/Wir Lrc), the compressor
and pump power (W_omp, Wpump) used in the system and the net power (W) obtained from the system.
As shown in Fig.7, the maximum power from the composite system was obtained from the BC cycle and
then from the HRC and LRC cycles, respectively. The power required for LNG pumps can be provided
by using 13% of the power obtained by using only the LRC.

The heat drawn from the Brayton cycle is 406.130 MW. By adding the HRC, the heat from the cycle
was 140.621 MW. With the addition of the LRC this value has decreased to 117.438 MW. As shown in
Fig. 8, waste heat is utilized by the cycle integration and the amount of heat exhausted from the system
is reduced. As a result, some of the waste heat of the Brayton cycle is recycled to the system. This value
is 198.061 MW. Because, in the LRC, the heat taken from the condenser turns the LNG into the gas phase
and this energy is also utilized.

CONCLUSION

This paper is investigated the applicability of the combined power system for a LNG receiving
terminal in Turkey. With the proposed combined power system, it is aimed to utilize the cold energy of
LNG and waste heat from low temperature. A mathematical model was developed for the combined
power system and calculations were made in the EES computer program. The following results were
obtained in the study.

e The net power obtained from the combined power system is 291.321IMW and the efficiency of
cycle is 46.105%

e There is an optimum point in the condenser pressure in the closed Rankine cycle for the
combined power system. This value is 150.7 kPa, and after this value increase of the pressure decreases
the efficiency of the cycle.

e The power required for LNG pumps is 13% of the power obtained from only the LRC.

NOMENCLATURE
h specific enthalpy (kJ/kg)
h formation specific enthalpy (kJ/kmol)
HRC  high temperature Rankine cycle
m mass flow rate (kg/s)
n mole (kmol)

LRC  low temperature Rankine cycle



Thermodynamic Analysis Of A New The Combined Power System Using LNG's Cold Energy 133

Ip pressure ratio

Q heat transfer rate (kW)

T temperature (K)

w produced or consumed power by components (kW)
Greek letters

n efficiency

Ne combustion efficiency
Subscripts

Br Brayton cycle

¢,Br compressor of Brayton cycle
comp  compressor

F fuel

p pump

P product

tur turbine

tr,Br  turbine of Brayton cycle
tr,LRC turbine of LRC
tr, HRC turbine of HRC
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OZ: Bu calisma, TKi-GLi-Omerler yeralti maden ocaginda hazirlik galismalarimin yiiriitiildiigii A6
uzunayak panosunda gergeklestirilmistir. Kalin komiir damar: tabaninda konumlanan zayif ve tabakali
kiltas1 dayaniminin belirlenmesi hedeflenmistir. A6 panosuna ait nakliye galeri arini ve uzunayak kazi
armni olacak kilavuz galeri arininda kiltas: kaya birimi ile karsilasilmistir. Yerinde biiyiik 6lgekli kazi
arinlarinda Schmidt sertlik (SH) ve nokta yilikleme dayanimi (NYD) indeks deneylerinin yapilmasi
planlanmistir. Bu amag¢ dogrultusunda, 9 adet kazi arininda SH deneyleri, 3 adetinde ise NYD indeks
deneyleri gerceklestirilmistir. Toplam 66,75 m? olan deney bolgeleri, kendi iclerinde herbiri 0,25 m?2
olacak sekilde 267 birim 6l¢iim hiicresine boliinmiistiir. Birim hiicrelerin orta noktasinda en az ii¢ kez
tekrarlanmak kaydi ile SH deneyleri yapilmistir. Ayrica, aymn birim hiicrelerden alinan {i¢ adet diizensiz
ornek tizerinde NYD indeks deneyleri gerceklestirilmistir. Laboratuar dlgekte deneylere yonelik oneriler
veren ISRM (2007) ve ASTM (1993), saha uygulamalarinin nasil yapilacagi konusunda agik bir oneri
vermemektedir. Karsilasilan bu sorunun asilmasina yonelik calismalar bu makalede sunulmustur. Bu
calismada, toplam 801 adet SH deney sonucu ve ayni zamanda gerceklestirilen 336 adet NYD indeks
deney sonucu birlikte degerlendirilmistir. Sonug olarak yapilan analizler 1s181inda; (i) optimum deney
sonucunu verecek deney alani biiyiikliikleri ve birim Ol¢iim hiicre adetleri belirlenmistir, (ii) deney
sonuglar1 arasindaki mekanik iliskiler incelenmistir, ve (iii) indeks deney sonuglarina dayali dnerilen
amprik yaklasimlar kullanilarak, tek eksenli basma dayanimi (TEBD) degerleri belirlenmis ve
kargilagtirilmugtir. Indeks deneyleri icin (SH ve N'YD) optimum birim hiicre sayisinin (S), secilen yiizey
alaninin 4 kat1 oldugu tespit edilmistir. Tiim ¢alisma sahasi igin genel olarak SH, NYD ve TEBD deney
sonuglari sirasi ile N = 21,35 + 1,86, Is(50) = 0,704 + 0,133 MPa, oc = 7,84 + 3,69 MPa olarak belirlenmistir.
Dolayli indeks deneyleri (SH ve NYD) ile belirlenen amprik TEBD sonuglarinin, gercek TEBD deney
sonugclar1 ile Ortiismedigi tespit edilerek kiltast icin diizeltme katsayilari (ksu = 0,22 ve knyo = 0,51)
Onerilmistir.

Anahtar kelimeler: Kaya mekanigi, Yerinde indeks deneyler, Kiltasi, Schmidt sertlik, Nokta yiikleme dayanim
An approach to the use of index tests in determining of in-situ strength of weak rock materials

ABSTRACT: This study was carried out in the A6 longwall panel, where preparations are in progress in
TKI-GLI-Omerler underground mine. In this study, it is aimed to determine the strength of the weak and
stratified claystone located in floor of thick coal seam. It was encountered with claystone in excavations
carried out in the transportation roadway face and in the guide roadway face, which will be used for A6
panel. It was planned to carry out in situ Schmidt hardness (SH) and point load (NYD) index tests in
large scale excavation faces. For this purpose, SH tests were performed in 9 excavation faces and also
NYD index tests were carried out in 3 of them. The test areas, which has totaling 66,75 m?2, were divided
into 267 units of measuring cells, of which has 0.25 m? each area. SH tests were performed at the
midpoint of the unit cells with at least three repeats. In addition, NYD index tests were carried out on


https://orcid.org/0000-0002-8268-3188
https://orcid.org/0000-0002-1546-8592

136 i. DZKAN, M. KAYA

three irregular samples taken from the same unit cells. ISRM (2007) and ASTM (1993), which provide
recommendations for laboratory-scale experiments, do not provide a clear recommendation on how to
perform field applications. Studies carried out to overcome this problem are presented in this article. In
this study, a total of 801 SH test results and 336 NYD index test results were evaluated together. As a
result of the analysis made; (i) the size of the test area and the number of units of measurement cells were
determined to give the optimum test result, (ii) the mechanical relationships between the test results
were examined, and (iii) uniaxial compressive strength (TEBD) values were determined and compared
using suggested empirical approaches for index test results. It was determined for index tests that the
optimum unit cell number (S) was determined to be 4 times the selected surface area. In general, SH,
NYD and TEBD test results for all experimental areas were determined as N = 21.35 + 1.86, Is (50) = 0.704
+ 0.133 MPa, oc = 7.84 + 3.69 MPa, respectively. It was determined that the empirical TEBD results
determined by indirect index tests (SH and NYD) did not match the actual TEBD test results. Therefore,
in this study, correction coefficients (kSH = 0.22 and kNYD = 0.51) were proposed for the claystone rock
unit.

Key Words: Rock mechanics, In-situ index tests, Claystone, Schmidt hardness, Point load strength
GIRiS INTRODUCTION)

Kaya malzeme ve kiitle 6zellikleri, yeralt: ve yeriistii kaya miihendislik yapilarinin tasarimlarinda
kullanilan ¢ok onemli girdi parametreleridir. Malzeme o6zelliklerinin belirlenmesine yonelik deney
yontemleri ISRM (2007) ve ASTM (1993) tarafindan ortaya konmustur. ISRM (2007) ve ASTM (1993)
tarafindan onerilen deneysel yontemler ile belirlenen tek eksenli basma dayanimi, ¢ekme dayanimi,
elastik modiil, Poisson orani, kohezyon, igsel siirtiinme agisi, asal gerilme degerleri belirlenebilmektedir.
Ancak bu parametrik mekanik degerlerin belirlenmesinde onerilen yontemler icin diizgiin 6rneklerin
hazirlanmas1 gerektirmektedir (ISRM, 2007; ASTM, 1993). Kaya miihendislik yapilarinin tasarim
calismalarinda ¢ok sik kullanilan tek eksenli basma dayanimi (TEBD) deneyi, 6zellikle zayif-tabakali-kil
icerikli-yogun stireksizlik iceren kaya malzemelerinde 6rnek hazirlamada karsilasilan zorluklar nedeni
ile cogu zaman olanaksiz olmaktadir (Broch ve Franklin, 1972; Ozkan, 1989; Unal, 1992; Ulusay ve dig.,
1995; Ozkan ve Bilim, 2008). ISRM (2007) ve ASTM (1993) tarafindan bu sorunun asilmasr icin dolayh
deney yontemleri onerilmektedir. SH ve NYD indeks deneyleri, bu deney yontemleri arasinda yer
almaktadir. Her iki indeks deneyi icin verilen Onerilerin daha ¢ok laboratuvar kosullarinda
gerceklestirilen deneyler icin oldugu dikkat cekmektedir. Hafif ve tasmabilir 6zellige sahip laboratuar
Olcekli bu iki deney cihaz1 ile deneylerin yapilmasi pratik oldugu icin saha calismalarinda da
kullanilmaktadir.

MALZEME VE YONTEM (MATERIAL AND METHOD)

Biiyiik Olgekli nakliye ve kilavuz galeri armminda karsilasilan zayif ve tabakali kiltasi kaya
malzemesinin yerinde malzeme 6zelliklerinin belirlenmesine yonelik olarak planlanan bu aragtirmada,
SH ve NYD deneylerinin yapilmasina karar verilmistir. Ancak genel olarak laboratuar olgekte
deneylerin yapilmasina ve degerlendirmesine yonelik Oneriler veren ISRM (2007) ve ASTM (1993),
biiyiik olgekli yiizeylerde uygulamanin nasil yapilacagi konusunda agik bir dneri vermemektedir.
Karsilagilan bu sorunun agilmas: ve en dogruya yakin TEBD degerinin belirlenmesine yonelik ¢alismalar
bu makalede sunulmustur.

Schmidt Sertlik (SH) Indeks Deneyi (Schmidt Hardness Index Test)

Tim kaya malzemelerinde kullanilmak ile birlikte 6zellikle zayif-tabakali-yogun siireksizlik igeren
kaya malzemelerinin ve siireksizlik yiizeylerinin dolayli yoldan dayanim degerlerinin belirlenmesinde
kullarulan SH, bugiin kaya mekanigi calismalarinda oldukga yaygin kullanilan bir deney cihazidir. Hafif
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ve tasmabilir olan deney cihazi sikistirilmis bir yay icermektedir. Deney esnasinda bu yay, serbest
kalarak ucundaki pim ile hizla kaya yiizeyine vurmakta ve pim geriye sicramaktadir (Sekil 1a). Kaya
ylizeyinin dayanimina bagli olarak olusan sigrama mesafesi, kaya yiizeyinin sertli§i olarak
tanumlanmaktadir (ISRM, 2007). Sertlik degeri belirlenecek malzemede en az 20 dl¢timiin alinmas1 ve bu
Olctimlerin kiiclik olan en az %50 sinin atilmasi daha sonra geriye kalan verilerin aritmetik
ortalamasinin alinmasi ISRM (2007) ve ASTM (1993) tarafindan Onerilmektedir. Gelistirilen bir abak
(Deere ve Miller, 1966) yardimiyla malzemenin yogunluk ve Olgiilen SH degeri kullanilarak dolayh
yoldan TEBD degeri belirlenebilmektedir. Ayrica SH deney sonuglari, kaya kiitlesinin makaslama
dayanim davranisini aciklayan yaklasimda girdi parametresi olarak kullamilmaktadir (Barton, 1973).

Nokta Yiikleme Dayanimi (NYD) indeks Deneyi (Point Load Strength Index Test)

Iki konik ug¢ tarafindan noktasal olarak baskiya maruz birakilan &rnekler noktasal olarak
kirilmaktadir (Sekil 1b). TEBD deneylerine yonelik 6rnek hazirlanamadig: kosullarda karot 6zelligi
tasiyan kiictik karot Ornekleri tizerinde ¢apsal ve eksenel NYD deneyleri gerceklestirilmektedir. Her iki
deney sonucunun aritmetik ortalamas: alinarak NYD deney sonucu, eksenel deney sonucunun g¢apsal
deney sonucuna orani ile de anisotropi (la) indeks degeri hesaplanabilmektedir. Bu prosiidiir karot
Ozelligi tasimayan diizensiz Ornekler icin de gegerlidir. NYD indeks deneyi ile tek eksenli basma ve
¢ekme dayamimi degerleri arasinda dogrusal bir yaklasim oldugu birgok arastirmaci tarafindan ortaya
konmustur (Bieniawski, 1975; Ozkan, 1989; Chau ve Wong 1996; Hawkins, 1998; Kahraman, 2001;
Oztiirk ve dig., 2004, Akbay, 2018).
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Sekil 1. Basit bir SH ve NYD deney cihazlarinin yapis1 ve mekanizmasi
Figure 1. Structure and mechanism of a simple SH and NYD test equipment

Yeralt1 Deney Alan1 Hakkinda Genel Bilgi (The General Information about Underground Test Area)

Tiirkiye Komiir Isletmeleri (TKI)'ne bagh Kiitahya—TungbiIek—Omerler yeralt1 ocaginda (GLI) (Sekil
2a), mekanize kazi sistemi ile geri doniimlii gogertmeli uzun ayak iiretim yontemi kullanilmaktadir.
Yaygin olarak kullanilan {iretim yonteminde 6nce arindaki kdmiir tamburlu kesici-yiikleyici ile bir have
kesilmekte daha sonra ayak igindeki zincirli konveyor-tamburlu kesici yiikleyici-yiiriiyen tahkimat
iiniteleri yeni arina yaklastirmak icin One gcekilemektedir. Uzunayak arkasinda bosta kalan bolge
tizerinde bulunan kémdiir ve onun {izerinde bulunan tavan tasi kirilarak diismektedir. Ayak arkasinda
ilk once kirillarak diisen komiir, ayak arkasindan alindiktan sonra iist kistmda kirillmis vaziyette
bekleyen kaya bloklar1 asagiya inmis olmaktadir. Boylelikle tiretimde bir iiretim peryodu tamamlanmais
olmakta yeni kazi agsamasma gecilmektedir. Uzunayak arkasinda olusan gogiik bolgesi, gerileme
dagilimlariin belirli bir dengeye ulasmasina yardimci olmaktadir (Peng ve Chiang, 1984).

Bolgede komiir kalinligr 8-10 m araliginda olup komiir damarinin alt kismindaki yaklasik 3,5
metrelik dilimi kazilarak alinirken bu dilimin iistiinde kalan 5-6 metrelik kisim yiiriiyen tahkimat
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birimlerinin arkasindan gogertilerek alinmaktadir. Kémiir ondiilasyonu veya fay sistemleri nedeni ile
kazi1 arin1 bazen taban tagi olabilmektedir.

Bu makalede verilen deneysel ¢alismalarin yerini gosteren bir plan goriiniis Sekil 2b” de verilmistir.
Bu ¢alisma kapsaminda yiiriitiilen saha ¢alismalari, hazirlik asamasinda olan A6 panosunun nakliye ve
kilavuz galerisinde gergeklestirilmistir. A6 nakliye galerisi at nal1 kesitine, kilavuz galerisi ise trapez
kesitine sahiptir. Deney alanlari iki farkli konumdan olusmustur. Tlki galeri arinlarinda digeri ise galeri
yan yiizeylerinde konumlanmistir. Deneylerin gergeklestirildigi galerilerin genislikleri 5.5 m
yiikseklikleri 4.5 m olup galeri kesitleri yaklasik 24 m? dir. Galeri arininda taban tas: kiltasinda segilen
ylizeyler 7-11 m?lik biiytikliiklere sahip iken galeri yan yiizeylerinde segilen deney alanlar1 2-5 m? ylizey
alanlarina sahip olmustur. Tipik bir deney bolgesi Sekil 2c ve 2d’de sunulmustur.

YERINDE DENEYSEL CALISMALAR (IN-SITU TEST STUDIES)

Galeri ylizeyinde karsilasilan kiltasi kaya malzemesine ait tek eksenli basma dayanimi (TEBD)
degerini belirlemek bu ¢alismanin ilk adimini olusturmustur. Kiltas: malzemesinin zayif ve tabakal1 bir
yap1 icermesi nedeni ile galeri arinindan kaya bloklarinin alinmasinda zorluklar ile karsilasilmis ve
sahadan temin edilen kaya bloklarindan sinirli sayida TEBD Ornegi hazirlanabilmistir. Hazirlanan veri
tabanini giiclendirmek amaciyla, kiiciik ve diizensiz drnekler {izerinde deney yapilabilen NYD indeks
deneylerinin ve kazi ylizeyinde SH deneylerinin yapilmasi planlanmistir.

Sekil 2’ de belirtilen A6 panosu nakliye galerisine ait hazirlik ¢alismasi ile olusturulan iki farkl
galeri arininda (NGA-1, 2), iki farkhi kilavuz galeri arininda (KGA-1, 2) ve bir kilavuz galerisi yan
ylizeyinde (KGYY-1, A6 panosunun uzunayak iiretim armni olacak olan) ve nakliye galerisi yan
ylizeylerinde 4 farkli bolgede (NGYY-1, 2, 3, 4) olmak {izere toplam 9 biiyiik yiizeyde deneylerin
yapilmas1 planlanmistir. Dokuz yiizeyde sadece SH belirleme, bunlarin ii¢linde (NGA-1, KGA-1 ve
KGYY-1) ise hem SH hem de NYD deneyleri gerceklestirilmistir. Bu ama¢ dogrultusunda
gerceklestirilen deneysel ¢alismalar yardimiyla bir veri tabani hazirlanmistir. Bu 6l¢iim alanlar1 asagida
sunulan Cizelge 1° de tanimlanmustir. Her iki deneyin sahada biiyiik 6lgekli yiizeylerde uygulanmasi
icin ISRM (2007) tarafindan bir 6neri bulunmaz iken ASTM (1993) tarafindan sacece SH deneyleri icin bir
oneri verilmektedir. Saha uygulamalari i¢in uygulama yapilan noktadan en az 15 cm uzaklikta baska bir
noktaya tekrar SH deneyinin uygulanmasi gerektigi vurgulanirken biiyiik Olgekli yiizeyin genel
sonucunu belirleyebilmek icin deneyin kag¢ kez tekrarlamasi gerektigi konusunda herhangi bir bilgi
verilmemistir (Ozkan, 2008; Mesutoglu ve Ozkan, 2019). Her iki deney icin bu calismada Sekil 2d ve
Cizelge 1'de belirtildigi iizere biiyiik Olgekli ytlizeyler (Ai), kenar uzunluklar: 0,5 m x 0,5 m olan 0,25
m?lik birim 6l¢lim hiicrelere (ai) boliinmiistiir. Biiyiik 6lgekli dl¢iim yiizeylerinde (Ai) hazirlanan birim
Ol¢lim hiicresinin (ai) her birinde NYD ve SH indeks deneyleri gerceklestirilmistir.

Cizelge 1. A6 panosunda gerceklestirilen saha deneyleri i¢in hazirlanan 6l¢iim alanlar:
Table 1. Test areas prepared for in situ tests carried out in A6 panel.

Olgiim alarm Olgiim alarm Olgiim alan biiyiikliigi Ol¢iim alaninda olusturulan
tanimi (Ai) birim 6l¢iim hiicre (ai) adedi (S)
m? SH Deneyleri NYD Deneyleri

Nakliye Galeri Arim1 (NGA) NGA- 10,75 43 43
NGA-2 7,25 29 -

Kilavuz Galeri Arimi (KGA) KGA-1 10 40 40
KGA-2 8,25 33 -
NGYY-1 3,50 14 -
. . - NGYY-2 2,75 11 -
Nakliye Galeri Yan Yiizii (NGYY) NGYY-3 475 19 )
NGYY-4 3 12 -

. - 16,5 (7,25+9,25) 66 (29+37)
Kilavuz Galeri Yan Yiizii (KGYY) KGYY-1 (iki bitisik alan) (iki bitisik alan) 29

Toplam 65 260 112




Zayif kaya malzemelerinin yerinde dayaniminin belirlenmesinde indeks deneylerin kullamimu ile ilgili bir yaklagim 139

Pazarl
Saphane

p / v ¢ 9 ;
-] / \
g 0 , \ VS}
- B o G5

P

NGA
A-6
KOMUR (c) Deney galeri arini-NGA (Test area in roadway-
PANOSU NGA)
ai
0,25 m?

(b) Plan goriiniis (Plan view)
NGA: Nakliye Galeri Arini (Roadway Face)

KGA: Kilavuz Galeri Arini (Guideline Roadway Face) (d)Birim hiicrelere boliinmiis bir tipik ytzey
alani-Ai (A typical test area divided by the unit cells-Ai)

Sekil 2. Deneysel ¢alismalarin yiiriitiildiigii bolge ve A6 panosuna ait plan goriiniis
Figure 2. Location map of the study area and mMine plan showed the experimental locations in A6 panel

Schmidth Sertlik (SH) indeks Deneyleri (Schmidt Hardness Index Tests)

TKI-Tungbilek Omerler yeralti kémiir ocaginda A6 uzunayak panosunda gergeklestirilen hazirlik
calismalar1 kapsaminda delme-patlatma ile agilan nakliye galerisi arininda iki farkli yiizeyde (NGA-1, 2),
uzunayak panosunun arinini olusturmak amaciyla agilan klavuz galerisinin iki farkl yiizeyinde (KGA-
1, 2), kilavuz galerisinin yan yiizeyinde (KGYY-1) ve nakliye galerisinin dort farkli yan yiizeyinde
(NGYY-1, 2, 3, 4) olmak {izere segilen toplam 66,75 m? yiizeyde 267 adet birim Ol¢iim hiicresi (ai)
hazirlanmistir. Her bir birim hiicrede en az {i¢ kez SH indeks deneyleri gerceklestirilmistir. Herbir birim
hiicrede gerceklestirilen 3 adet SH deney sonucunun ncelikle ortalamasi alinarak ilgili birim hiicrenin
(ai) SH degeri belirlenmistir.

Deney alanlarimin biiyiitk bir boliimiinti komiir damari altinda kalan taban tasini kiltas:
olusturmustur. Deneylerden elde edilen sonuglar yardimiyla biiyiik 6lgekli ylizeylerin ortalama SH
deney sonucunu bulmak amaciyla Ozkan ve Bilim (2008) tarafindan &nerilen yaklasim kullamilmistir.
Buna gore, her bir hiicreden (ai) alinan deney sonuglariin genel ortalamas: yerine ilaveli ortalama
yontemi kullanmilmistir. Bu yontemde 6nce birinci birim 6l¢iim hiicresi (a1) deney sonucu ile ikinci birim
hiicre (az) 6l¢lim deney sonucunun ortalamasi alinmaktadir. Daha sonra bu ortalama deney sonucu, ilk
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ti¢ birim hiicre 6l¢lim bolgesinin [(aitaztas)/3] ortalamasi ile karsilastirilmaktadir. Eger her iki sonug
arasindaki fark biiyiik ise bu takdirde ilk dort birim hiicre dl¢iim bolgesinin [(aitaztastas)/4] ortalamasi
almmakta ve ilk ti¢ bolge ortalamasi ile karsilastirilmaktadir. Yine ortalamalar arasinda fark biiyiik ise
bu safer ilk bes birim hiicreye [(ai+aztas+as+as)/5] ait ortalama ile ilk dort birim hiicre ortalamasi
karsilastirilmaktadir. Bu karsilastirmalar sistematik olarak yapilirken dyle bir birim 6l¢iim bolge sayisi
vardir ki bundan sonra ortalama sonuglari ¢ok degismemektedir. Bu kritik noktanin bulunmas: ile
optimum deney sayis1 ve deneysel birim hiicre 6l¢iim bolge sayist (S) belirlenebilmektedir.

Yukarida tanimlanan bu islemler tipik olarak NGYY-3 6l¢iim yiizeyi icin Sekil 3’de sunulmustur. Bu
grafik tizerinde belirtildigi gibi SPSS V17.0 istatistik programi yardimiyla matematiksel esitlikler
tiiretilmistir. Tiim Sl¢iim bolgelerine ait gelistirilen matematiksel esitlik katsayilar1 (C1, Cz ve Cs) Cizelge
2’de sunulmustur. Istatiksel R?degerleri NGA-1 ve KGYY-1 igin nispeten diisiik, digerleri igin ise yiiksek
bulunmustur. Sekil 3’de gortldiigii gibi deney sonucunu verecek optimum yiizey alani (Ai) grafikten
kolaylikla belirlenebilmektedir. Toplam 4,75 m? yiizey alanina sahip NGYY-3 yiizey alaninin aslinda 4,25
m?1lik kisminda deneyler gerceklestirilseydi yiizeyin optimum SH degerine ulasilabilecekti.

Bu calismada dikkate alman 9 farkli yiizey alaninda gerceklestirilen deney sonuclarina dayal
yapilan istatistiksel analizler neticesinde belirlenen optimum yiizey alami (Ai) ve bu yiizey alaninda
hazirlanmasi gereken birim hiicre (ai = 0,25 m?) sayilar1 (S) Cizelge 3’de sunulmustur. Bu degerler
yardimiyla Sekil 4’de sunulan grafik hazirlanmistir. Tungbilek komiir ocaginda karsilasilasilan taban tast
kiltasinda rastgele secilen biiyiik 6l¢ekli bir ylizeyde planlanacak SH deneyleri i¢in hazirlanmasi gereken
birim hiicre sayisi (S) belirlenebilmektedir. Ornegin 5 m?lik bir alanda (Ai) deneylerin yapilmast
planlanirsa, bu yiizey iizerinde her biri 0.25 m? olan birim 6l¢iim hiicrelerinden (S) 20 adet (S = 4*Aj)
hazirlanmasi gerektigi grafikten (Sekil 4) belirlenebilecektir. Grafik {izerinde bu konuda yapilmis iki ayr1
aragtirma (Ozkan, 2008; Mesutoglu ve Ozkan, 2019) tarafindan &nerilen esitliklerde belirtilmistir. Bu
makale calismasina ait sonuglar tavan tasi, taban tasi ve komiir ara kesmelerinde konumlanan cevre
kayaci kiltas1 iken, referans yayinlara ait sonuglar sadece komiir malzemesine aittir.
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Sekil 3. NGYY-3 6l¢iim bolgesine bagli hesaplanan ilaveli ortalama SH deney sonuglar:

Figure 3. The calculated average Schmidt hammer (SH) test results based on NGYY-3 measurement area
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Cizelge 2. SH deneyleri icin SPSS V17.0 yardimiyla belirlenen istatistiksel model ve sabitleri
Table 2. The statistical model and statistical constants determined by SPSS V17.0 for SH tests

Olgiim Bolgesi Model Ci C Cs R?
NGA-1 13,892 8,467 0,1 0,563
NGA-2 15,000 8,086 0,375 0,840
KGA-1 15,000 8,261 0,424 0,832
KGA-2 17,000 5,596 0,504 0,865
NGYY-1 N=Ci+ Caexp (-Cof A 10,000 9,710 0,117 0,930

Ai: Deney alani (m?)
NGYY-2 30,000 -13,996 0,578 0,945
NGYY-3 15,567 8,526 0,517 0,964
NGYY-4 20,056 -2,508 1,924 0,822
KGYY-1 29,608 -7,000 0,077 0,630
Cizelge 3. SH deney sonuglar: (Birim 6l¢iim hiicresi, ai = 0,25 m?)
Table 3. The results of Schmidt hammer (SH) test (The unit measurement area, ai= 0,25 m?)
Olgiim alam Olgiim alamt Deney Birim 6lgtim Toplam Optimum
tanimi alani, Ai  hiicre adedi, S A S N A S N
(m?) *) (m?) *) ©) m)  # ©)

Nakliye Galeri NGA-1 10,75 43 10,75 43 22,28+0,5 3,75 15 22,14+0,7

Arini (NGA) NGA-2 7,25 29 7,25 29 22,68+¢1,3 525 21 22,53+1,4

Kilavuz Galeri KGA-1 10 40 10 40 22,85+1,4 6 24 22,70+1,5

Arini (KGA) KGA-2 8,25 33 8,25 33 2226+1,0 575 23 22,13+1,1

NGYY-1 3,50 14 35 14 19,39+0,9 2,5 10 19,27+1,0

Nakliye Galeri NGYY-2 2,75 11 2,75 11 18,66+3,1 2,75 11 18,66+3,1

Yan Yiizii (NGYY) NGYY-3 4,75 19 4,75 19 23,21+1,8 4,25 17 23,12+1,8
NGYY-4 3,00 12 3,0 12 18,74+0,5 2,75 11 18,81+0,4
Kilavuz Galeri
Yan Yiizii (KGYY) KGYY-1 16,5 66 16,5 66 22,64+0,3 3,0 12 22,79+0,5
21,41+1 21,35+1
Toplam 66,75 267 6675 267 ALELE gy 35£1,86
(ort) (ort)
A : Deney alan, S : Birim hiicre adedi, N : SH deney sonucu.
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Sekil 4. SH deneyleri igin rastgele secilen bir ylizey alanina (Ai) ait birim hiicre 6l¢iim alan sayisi (S)
Figure 4. The unit measurement number (S) determined for the randomly selected a measurement area (Ai) for SH tests
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Nokta Yiikleme Dayanimi (NYD) indeks Deneyleri (Point Load Strength Index Tests)

TKI-Tuncbilek Omerler yeralt1 komdiir ocagi A6 uzunayak panosunda agilan nakliye galerisi arininda
bir kez (NGA-1), uzunayak panosunun arinini olusturmak amaciyla agilan klavuz galerisi arininda bir
kez (KGA-1), kilavuz galerisinin yan yilizeyinde bir kez (KGYY-1) olmak {izere NYD deneyleri
planlanmustir. Bu ytiizeyler toplamda 112 adet birim 6l¢iim hiicresine boliinmiis ve her birinden alinan
ti¢ adet diizensiz 6rnek iizerinde tabakalara dik ve tabakalara paralel olmak iizere NYD indeks deneyleri
gergeklestirilmistir. Oncelikle herbir hiicreden alinan diizensiz Ornege ait ortalama NYD degerleri
hesaplanmistir. Daha sonra SH deneylerinde oldugu gibi birim hiicre 6l¢iim bolge sayisi (S) elde
edilmistir. Sahada gerceklestirilen NYD deneylerinine ait tipik bir 6rnek KGYY-1 6l¢iim sahasi i¢in Sekil
5’de sunulmustur. Birim hiicre alanlarina bagli hesaplanarak bulunan NYD degerleri ile értiisen egrinin
belirlenmesi i¢in SPSS V17.0 paket programui ile bir seri istatiksel analiz gergeklestirilmistir. Analiz
sonuglar1 Cizelge 4'de sunulmustur. SH ve NYD deney sonugclarini en iyi agiklayan matematiksel
modelin ayni odugu tespit edilmistir (Cizelge 2 ve 4). Sekil 5'de sunulan grafikten goriildigii tizere,
toplam 7,25 m?lik yiizey alaninda olusturulan 29 adet birim hiicrede yapilan NYD deneyleri yerine ayni
ylizeyin 5,5 m?lik kisminda olusturulan 22 adet birim hiicreden alinan sonuglarin aslinda bu yiizeyi
tanimlama da yeterli olabilecegi anlasilmaktadir. NGA-1, KGA-1 ve KGYY-1 yiizey alanlar1 icin yapilan
analizlerden elde edilen optimum deney sayilar1 Cizelge 5'de verilmistir. Cizelge 5 verisi ile hazirlanan
Sekil 6’dan, NYD deneyi i¢in rastgele secilecek bir yiizey alaninda (Ai) hazirlanacak birim hiicre adedi
belirlenebilecektir. NYD deneyleri icin belirlenen esitlik (Sekil 6) ile SH deneyleri icin belirlenen esitligin
(Sekil 4) ayni karakterde oldugu dikkat cekmektedir. Ornegin rastgele segilecek 5 m?lik bir yiizeyde (As),
NYD deneylerinin yapilmas: planlanursa, bu yiizey tiizerinde her biri 0.25 m? olan birim &l¢iim
hiicrelerinden (S) 20 adet (S = 4*Ai) hazirlanmas1 gerektigi Sekil 6’da sunulan grafikten
belirlenebilecektir.
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Sekil 5. KGYY-1 6lgiim bolgesine baglh hesaplanan ortalama NYD indeks deney sonuglari
Figure 5. The calculated average point load strength (NYD) index test results based on KGY'Y-1 measurement area
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Cizelge 4. NYD indeks deneyleri igin SPSS V17.0 yardimiyla belirlenen istatistiksel model ve sabitleri
Table 4. The statistical model and statistical constants determined by SPSS V17.0 for NYD index tests

Olgiim Bolgesi Model Ci C Cs R?
NGA-1 N-CitC Col A 1,5 -0,961 0,122 0,758
KGA-1 =Ci+ Caexp (-G A) 0,134 0,650 0,343 0,862

Ai: Deney alani (m?)
KGYY-1 2,3 -1,513 0,055 0,805

Cizelge 5. NYD deney sonuglar1 (Birim 6l¢iim hiicresi, ai = 0,25 m?)
Table 5. The results of point load strength (NYD) test (The unit measurement area, ai= 0,25 m?)

Olciim alam Olciim alam Deney Birim Ol¢gim Toplam Optimum
tanimi1 alan;, Ai  hiicre adedi, S Al S Tsco) Al S Tsco)
(m?) #) (m?) (#) (MPa) (m?) (#) (MPa)
Nakliye Galeri NGA-1 10,75 43 10,75 43 0,550+0,07 8,25 33 0,553+0,07
Armi (NGA)
Kilavuz Galeri KGA-1 10 40 10 40 0,762+0,09 8,5 34 0,758+0,10
Arin1 (KGA)
Kilavuz Galeri 0,798+0,06 0,802+0,07
Yan Yiizii (KGYY) oYYl 725 29 725 29 55 22
0,703 0,704
Toplam 28 112 27,75 112 +0,134 22,25 89 +0,133

(ort) (ort)

Ai: Deney alami, S : Birim hiicre adedji, Isso) : NYD deney sonucu.
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Sekil 6. NYD deneyi icin rastgele secilen bir yiizey alaninda (Ai) birim hiicre 6l¢iim alan sayist (S)

Figure 6. The unit measurement number (S) determined for the randomly selected a measurement area (Ai) for NYD test.

Tek Eksenli Basma Dayanimi (TEBD) Deneyleri (Uniaxial Compressive Strength Test)

Bu calismada, sahadan smirli sayida alinabilen kaya bloklarindan alinan kiip Ornekler iizerinde
direkt tek eksenli basma dayanumi (TEBD) deneyleri yapilabilmistir. Zayif ve tabakali taban tas: kiltast
tizerinde gergeklestirilen deney sonugclar1 Cizelge 6’da sunulmustur. Cizelge 6’da verilen deney
sonuglarindan ortalama tek eksenli basma dayanumi (TEBD) degerinin 7,84 + 3,69 MPa oldugu
anlagilmaktadir.
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Cizelge 6. Tek eksenli basma dayanimi sonuglari
Table 6. The uniaxial compressive strength test results

Ornek No Boy En Derinlik Yenilme Yiikii F Tek Eksenli Basma Dayanimi
H Wi W2 (TEBD) oc
mm mm mm kN MPa
TBN-1 51,99 51,80 49,65 24,90 9,68
TBN-2 51,22 53,00 51,70 12,80 4,67
TBN-3 50,08 52,35 51,81 22,00 8,11
TBN-4 51,58 49,35 51,47 16,10 6,34
TBN-5 51,63 51,62 51,99 15,60 5,81
TBN-6 52,39 51,77 51,15 25,10 9,48
TBN-7 51,35 50,37 51,62 13,40 5,15
TBN-8 53,43 52,35 50,06 9,30 3,55
TBN-9 52,47 51,98 50,50 14,70 5,60
TBN-10 52,64 50,58 52,78 13,60 5,09
TBN-11 50,02 53,22 52,44 23,30 8,35
TBN-12 51,42 52,19 41,04 24,20 11,30
TBN-13 50,50 51,65 51,90 23,90 8,92
TBN-14 50,64 52,20 52,34 40,00 14,64
TBN-15 50,16 52,46 51,95 28,80 10,57
TBN-16 50,11 51,98 51,46 33,70 12,60
TBN-17 52,72 52,03 52,10 9,30 3,43
TBN-18 52,67 52,29 50,14 20,80 7,93
TBN-19 51,87 51,92 49,92 37,60 14,51
TBN-20 52,17 52,54 48,14 2,90 1,15
Ortalama 7,84 + 3,69

BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)

TKi-Tungbilek Omerler yeralti kdmiir ocaginda A6 uzunayak hazirlik panosu nakliye galerisi arini
(NGA), kilavuz galerisi arin1 (KGA) ve bu galerilerin yan ytlizelerinde (NGYY ve KGYY) olmak kayd ile
SH belirleme deneyleri gerceklestirilmistir. Bu tiir deneyler, toplam 66,75 m? ylizey alanina sahip biiyiik
Olcekli armnlarda hazirlanan 267 adet birim Ol¢iim hiicresinde (ai = 0,25 m?) 801 adet deney ile
gercgeklestirilmistir. NYD deneyleri ise 3 ayri bolgenin (NGA-1, KGA-1 ve KGYY-1) tiim arminda
sistematik olarak olusturulan toplam 112 adet birim hiicreden (ai = 0,25 m?) alinan toplam 336 adet
diizensiz Ornek iizerinde gerceklestirilmistir.

Her iki deneyin gerceklestirildigi ti¢ bolgede (NGA-1, KGA-1 ve KGYY-1)'den belirlenen ortalama
SH belirleme ve NYD deney sonuglar: arasinda herhangi bir matematiksel iliski belirlenememistir (Sekil
7). Bunun nedeni deneylerin ayni kaya biriminde gergeklestiriimemesi olabilir. Bu durum ayrica ig
olctim bolgesinde gerceklestirilen 112 birim 6l¢lim hiicresinden (ai) alinan tiim sonuglar tizerinde de
incelenmistir (Sekil 8). Benzer durum bu kosul altinda da ortaya gikmistir. Tiim degerlerin iki sinir hat
arasinda genis bir koridor i¢inde yogunlastig1 goriilmektedir.

Yerinde gergeklestirilen SH ve NYD deneyleri dolayli deneyler olup asil hedef 6rnek hazirlanamasin
da zorluk cekilen tek eksenli basma dayanimi (TEBD) degerlerine ulasmaktir. Literatiirde gesitli
aragtirmacilar tarafindan SH deney sonuglar1 ile TEBD deney sonuglari arasinda ve NYD deney
sonuglari ile TEBD deney sonuglar1 arasinda matematiksel iligkilerin belirlediginden bahsedilmektedir.
SH deneylerinden TEBD degerlerine ulasmada Deere ve Miller (1966) tarafindan onerilen abak (Sekil 9),
en yaygin kullanilan yaklagimdir. Bu calismada, kiltasi kaya birimi igin belirlenen yogunluk
degerlerinin 24-27 kN/m? arasinda degistigi belirlenmistir. Ortalama yogunluk degeri 25 kN/m? oldugu
dikkate alinarak Sekil 9’dan kiltas: kaya birimi icin TEBD degerleri belirlenmistir (Cizelge 7).

NYD deney sonuglar1 yardimiyla benzer sekilde dolayl olarak TEBD degerlerine ulasmaya olanak
taniyan bir¢ok yaklasim gelistirilmistir. Bu yaklasimlarin genel olarak dogrusal davranisa sahip oldugu
goriilmektedir (Es. 1). Bu yaklasimlar1 topluca veren Akbay (2018), NYD degerlerinden TEBD
degerlerine geciste kullanilan doniisiim katsayilarmin (K) tiim kaya birimleri i¢in 3-71 araliginda
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degistigini vurgulamaktadir. Zayif kayadan saglam kayaya dogru gidildik¢e bu doniisiim katsayisinin
bliytidiigti goriilmektedir. Zayif kaya malzemesi i¢cin NYD ve TEBD arasindaki iliskinin dogrusal
yaklasimlar yaninda iissel davranis (Es. 2) ile de aciklandig1 dikkat cekmektedir (Akbay, 2018).
Ulkemizde onemli kdmiir rezervi olan Soma, Seyitomer ve Tungcbilek kdmiir bélgelerinde
karsilasilan marn kaya birimi igin Yenice (2002) tarafindan yapilan ¢alismada, NYD ile TEBD arasinda
istatiksel korelasyon katsayisi (R) 0,95 olan {issel bir davranis oldugu vurgulanmaktadir. Benzer sekilde
marn kaya birimi i¢in iissel bir davranisin bulundugu Tsiambaos ve Sabatakakis (2004) tarafindan da
vurgulanmistir. Esitlik 2 ile ifade edilen yaklasimda K ve § doniisiim katsayilarinin sirasi ile 24,39 ve
1,3189 oldugu Yenice (2002) tarafindan belirtilmistir (Es. 3). Bu makalede sunulan ¢alismada, tizerinde
calisilan kaya malzemesinin Tungbilek komiir ¢evre kayact olmasindan dolayi, Esitlik 3'iin
kullanilmasina karar verilmistir. Bu esitlik yardimiyla belirlenen sonuglar Cizelge 7’de sunulmustur.

TEBD = K Iso) "
TEBD = K (Isso)P o
TEBD = 24,39 (Iss0)13189 5

Burada TEBD tek eksenli basma dayanimi (MPa), Iss0 nokta yiikleme dayanimi (MPa) degeridir.

Cizelge 7’de sunulan sonuglar incelendiginde ayni 6l¢iim bolgelerinde SH deneyinden belirlenen
TEBD degerleri ile NYD deney sonuglarindan belirlenen TEBD sonuglar1 arasinda dikkat gekici bir fark
oldugu goriilmektedir. Bununla birlikte NYD yardimiyla belirlenerek Cizelge 7'de verilen TEBD
degerlerinin, simirli sayida yapilabilen gercek TEBD deneylerinden belirlenen ortalama degerlere
(7,84+3,69 MPa) daha yakin oldugu goriilmektedir (Cizelge 6).

Cizelge 7’de sunulan sonuglar bir grafik {izerinde sunulmustur. Sekil 10’da sunulan grafikte Cizelge
7 degerleri mavi renkli i¢i bos sembol ile gosterilmistir. Sekil {izerinde goriildiigli tizere mavi renkli
sembol ile ifade edilen noktalar referans dogrusunun oldukga altinda kalmistir. Eger iki deney
sonucundan bulunan TEBD degerleri yakin olsayd: degerler bu referans noktasi tizerinde veya etrafinda
kiimelenmis olacakti. Bu durum ayrica tiim birim hiicreler bazinda da degerlendirilmis ve Sekil 11
hazirlanmistir. Tim birim hiicre degerleri i¢i bos mavi renkli semboller ile belirtilmistir. Benzer sekilde
tiim TEBD degerlerinin genel olarak referans dogrusunun altinda konumlanmis oldugu gortilmektedir.
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Sekil 7. Ug farkli bolgede gerceklestirilen ortalama SH ve NYD deney sonuglari arasindaki iligki

Figure 7. The relationship between average SH and NYD test results carried out in different three regions
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Cizelge 7. SH ve NYD deney sonuglar1 yardimiyla belirlenen TEBD degerleri
Table 7. TEBD values determined by SH and NYD test results

SH deneyleri igin optimum

NYD deneyleri i¢in optimum

Olciim Bmm degerler (Cizelge 3 ve Sekil 9) degerler (Cizelge 5 ve Es. 3)
N Deney Olgiim
Olg¢tim alanm alam alans, A; hitcre TEBD TEBD
tanimi ! adedi. S Ai S N (Sekil Ai S Iss0) (Es.
. 9’dan) 3’den)
(m?) *) (m?) *) ) (MPa) (m?) (¥) (MPa) (MPa)
Nakliye Galeri  NGA-1 10,75 43 3,75 15 22,14 37,86 8,25 33 0,553 11,17
Armi (NGA)  NGA-2 7,25 29 5,25 21 2253 3868
Kilavuz Galeri KGA-1 10 40 6 24 22,70 39,03 8,5 34 0,758 16,92
Arin1 (KGA) KGA-2 8,25 33 5,75 23 22,13 37,84
. ~ NGYY-1 3,50 14 2,5 10 19,27 31,87
Naig’f{fie“ NGYY-2 2,75 11 275 11 1866 30,59
(NGYY) NGYY-3 4,75 19 4,25 17 23,12 39,91
NGYY-4 3 12 2,75 11 18,81 30,91
GKllla'Vl\lfz KGYY-1 16,5 66 3,0 12 22,79 39,22 55 22 0,802 18,23
aleri Yan - , ’ , , , ,
Yiirii (KGYY) (7,2549,25)  (29+37)
21,35 36,21 0,704 15,44
Toplam 66,75 267 36 144  +186 3,88 22,25 89 0,133 3,76

(ort)

(ort)

(ort)

(ort)

Ai: Deney alani, S : Birim hiicre adedi, N : SH i¢in deney sonucu, Isso : NYD i¢in deney sonucu, TEBD: Tek eksenli basma

dayanimu.
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Sekil 10. Ortalama SH ve NYD deney sonuglari ile belirlenen TEBD degerlerinin karsilastirilmasi
Figure 10. The comparation of TEBD values determined by the average SH and NYD test results
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Sekil 11. Ug farkli bolgede gerceklestirilen SH ve NYD deney sonuglari ile belirlenen TEBD degerleri
Figure 11. The TEBD values determined bySH and NYD test results carried out in different three regions

Sonug olarak, SH deney sonuglar1 yardimiyla dolayli yoldan TEBD degerlerine ulasmada siklikla
kullarulan abakin (Sekil 9), zayif kayalar igin sistematik olarak oldukga yiiksek TEBD degerleri 6nerdigi
kanaati olugsmustur (Cizelge 6 ve Cizelge 7). Benzer sekilde NYD deneylerinden dolayli yoldan
belirlenen TEBD degerleri (Cizelge 7) ile Cizelge 6’da sunulan gercek TEBD degreleri karsilastirilmis, her
iki degerin birbirine SH'den {iretilenlere gore daha yakin oldugu belirlenmistir.

Her iki deney sonucunun verildigi Sekil 10 ve 11’deki mavi i¢i bos sembollerin referans
dogrusundan uzak ve daginik olmasi sonucu giindeme gelen diizeltme ihtiyaci bu ¢alismadan elde
edilen katsayilar ile yapilmaya calisilmistir. Cizelge 6'da verilen gercek ortalama TEBD degeri (7,84
MPa), SH deneylerine bagh olarak belirlenen ortalama TEBD degerine (36,21 MPa, Cizelge 7)
oranlanmistir. Belirlenen katsayimnin (ksu = 0,22), SH deneylerinden dolayli yoldan belirlenen TEBD
degerlerinin diizeltilmesinde kullanilmasina karar verilmistir. Benzer sekilde gercek ortalama TEBD
degerinin (7,84 MPa), NYD deneylerinden elde edilen ortalama TEBD degerine (15,44 MPa) oranlanarak
ulagilan katsay1 (knyo = 0,51), NYD deney sonuglar ile dolayli yoldan belirlenen TEBD degerlerinin
diizeltilmesinde ¢arpan olarak kullanilmistir. Burada ifade edilen diizeltmeler yapilarak elde edilen son
degerler Sekil 10 ve 11'de ici bos kirmizi semboller ile gosterilmistir. Sekil 10 ve 11’de i¢i bos kirmizi
sembol degerleri 6rnegin NGA-1 bolgesi i¢in SH deneylerinden elde edilen 37,86 MPa (Cizelge 7) degeri
ksu = 0,22 carparu ile garpilarak diizeltilmis TEBD (8,33 MPa), NYD deneyi i¢in elde edilen 11,17 MPa
(Cizelge 7) degeri knyp = 0,51 garparu ile garpilarak diizeltilmis TEBD (5,7 MPa) degerleri bulunmustur.
Sekil 10 ve 11’de diizeltilmis TEBD degerlerinin referans dogrusunun etrafinda kiimelestigi ve gercek
ortalama TEBD degerlerine (Cizelge 6) yakinlastigi goriilmektedir. Bu diizeltme yoniinde onerilen
esitlikler genellestirilerek asagida sunulmustur.

Diizeltilmis (TEBD)st = kst (TEBD)sH 4)
Diizeltilmis (TEBD)nvyp = knyo (TEBD)nyp 5)

SONUCLAR (CONCLUSIONS)
TKI-GLI-A6 panosunda, SH 6l¢lim ¢alismalari icin 9 farkl 6l¢lim alaninda olusturulan toplam 267

adet birim hiicrede ve NYD 06l¢lim calismalar igin ti¢ farkli alanda hazirlanan toplam 112 adet birim
hiicrede gergeklestirilen deneysel ¢alismalara dayali olarak elde edilen sonuglar asagida siralanmugtir.
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1. Biiyiik 6lgekli yiizeylerde gerceklestirilen SH deneylerinin degerlendirmesinde;

i. ISRM (2007) herhangi bir oneride bulunamaz iken ASTM (1993) tarafindan sadece deney
uygulama noktalar1 arasinda en az 15 cm olmas: gerektigi disinda herhangi bir 6neri yapilmadig:
belirlenmistir. Ozkan ve Bilim (2008) ve Mesutoglu ve Ozkan (2019) tarafindan &nerilen yaklagim ile
biiytiik yiizeyler 267 adet birim hiicreye (ai = 0,25 m?) boliinmdistiir.

ii. Her bir birim hiicreden alinan degerlerin ilaveli ortalamas1 alinarak her bir 6l¢iim alani igin ayr1
ayr1 optimum birim hiicre sayisi (S) ve ortalama SH degerleri belirlenmistir. Tiim ¢alisma sahasi i¢in
genel SH deney sonucu N = 21,35 + 1,86 olarak belirlenmistir.

iii. SH deney sonuglari, kullamilan kazici makine ve delici makine performaslarinin tespitinde
ayrica ug titketimlerinin 6nceden belirlenmesinde kullanilabilmektedir. Tungbilek yeralti hazirhik
calismalarinda karsilasilagilan komiir damarmin tabantasi olan kiltasinda gerceklestirilecek SH
deneyleri igin rastgele secilen bir biiyiik olgekli ylizey {izerinde (Ai) hazirlanacak birim hiicre
sayisini (SH) verecek bir esitlik gelistirilmistir (S = 4A).

2. Biiyiik olgekli {i¢ farkl yiizeyde gerceklestirilen NYD deneylerinin degerlendirmesinde;

i. Saha galismalarinda optimum sonuca ulasmada en az kag adet deneyin yapilacag: ISRM (2007)
ve ASTM (1993) tarafindan belirtilmemistir. Bu calismada yiizey alanlarinin boliinmesine karar
verilmistir. SH deney sonuglari ile karsilastirmalar da yapmak amaciyla hazirlanan 112 adet birim
hiicrede (ai = 0,25 m?) NYD deneyleri gerceklestirilmistir.

ii. Her bir birim hiicreden alinan degerlerin birikimli ortalamas: alinarak Sl¢iim alanlar1 igin
optimum birim hiicre sayis1 (S) ve ortalama NYD degerleri belirlenmistir. Tiim ¢alisma sahasi igin
genel NYD deney sonucu Isso = 0,704 + 0,133 MPa olarak belirlenmistir.

iii. Tabantasinda gergeklestirilmesi planlanan bir NYD deneyi igin rastgele segilecek biiyiik bir
Olcekli ylizey {izerinde (Ai) hazirlanacak birim hiicre sayisini (S) verecek bir esitlik gelistirilmistir
(5=4Ai). Bu deney sonuglar1 kazic1 makine performanslarinin belirlenmesinde kullanilabilecektir.

3. Sirl sayida hazirlanan kiip ornekler tizerinde gerceklestirilen tek eksenli basma dayanimi
deneylerinden ortalama TEBD degerlerinin oc = 7,84 + 3,69 MPa oldugu belirlenmistir.

4. Uc farkl deneysel calismadan elde edilen sonuglar iizerinde gerceklestirilen degerlendirmeler;

i. Tek eksenli basma dayanmimi (TEBD) deneyi i¢in 6rnek hazirlamada karsilasilasilan zorluklar
nedeni ile ortaya atilan SH ve NYD deneylerinden dolayli olarak belirlenen TEBD degerlerinin
birbirleri ile ortiismedigi anlagilmistir.

ii. Dokuz farkl 6l¢iim alaninda gergeklestirilen SH deney sonuglarina bagli olarak dolayli yoldan
hesaplanan TEBD degerlerinin gercek TEBD degerlerden oldukga biiyiik oldugu tespit edilmistir.

iti. Ug farkli 8lgiim alaninda gergeklestirilen NYD deney sonuglarina dayali olarak dolayli yoldan
hesaplanan TEBD degerlerinin ger¢ek TEBD degerlerine SH'den elde edilenlere gore daha yakin
oldugu goriilmiistiir.

iv. SH ve NYD deney sonuglar1 yardimiyla belirlenen TEBD degerlerinin diizeltilmesi igin sirasiyla
ksu = 0,22 ve knyo = 0,51 carpanlarinin kullanimi onerilmistir. Ancak bu katsayilar ilgili sahada
mevcut kiltast kaya birimi icin gegerli olup, diger kaya birimleri icinde benzer g¢alismalarin
yapilmasi gereklidir.

v. Bu calismada Onerilen yaklagim ile her iki deney sonuglarindan ulagilan TEBD degerlerinin
diizeltilmesi sonucunda belirlenen TEBD degerlerinin referans dogrusu etrafinda kiimelestigi ve
ayn1 zamanda gercek ortalama TEBD degerine yakinlastig1 tespit edilmisgtir.

5. Bu makale ¢alismasi ile onerilen yaklasim yardimiyla saha miihendisleri, yerinde NYD ve SH
deneylerinin planlamasinda rastgele sectikleri biiyiik 6lgekli yiizeylerde (Ai), optimum kag¢ tane
birim hiicre (S) olusturacaklar1 ve kag tane deney yapacaklarini belirleyebileceklerdir.
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ABSTRACT: Telecom software systems are a major aspect of telecommunications networks used for
managing, administrating, auditing and monitoring purposes. One of the most significant features is the
performance of the telecom software system, since there is a great variety of network elements in use
within built systems through which the telecom software interacts. Workload characterization is an
essential methodology for simulating load usage for a given infrastructure that is exposed to a
production environment. Hence, exploring the characteristics of workloads well leads an increase on
system efficiency and performance. Nevertheless, workload characterization has not been well
examined yet for Telecom Software System. In this paper, a new workload characterization architecture
is proposed and implemented to model the workload and simulate the behavior of the network element.
This architecture provides information regarding the accuracy of the workload models for more precise
performance testing. Additionally, we verify our workload characterization results obtained from our
architecture in a real software system. Performance results show that proposed workload model-based
simulation environment is promising to predict the performance of the software systems.

Key Words: workload, clustering, workload characterization, trace-based simulation

Telekom Yazilimi is Yiikii Karakterizasyonu

OZ: Telekom yazilim sistemleri, yonetim, denetim ve izleme amaciyla kullanilan telekomiinikasyon
aglarinin 6nemli bir pargasidir. Telekom yazilim sistemlerinin en onemli Ozelliklerinden biri
performansidir. Bunun nedeni telekom yazilimimn etkilesim icinde oldugu yerlesik sistemler icinde
kullanilan ¢ok farkli ag elemanlar1 vardir. Is yiikii karakterizasyonu, {iretim ortamina maruz kalan belirli
bir altyap: i¢in yiik kullanimini simiile etmek igin temel bir metodolojidir. Bu nedenle, is yiiklerinin
oOzelliklerini iyi arastirmak, sistem verimliligi ve performansinda artisa neden olmaktadir. Bununla
birlikte, literatiirde is yiikii karakterizasyonunun Telekom Yazilim Sistemlerinin performansina etkileri
hentiz iyi bir sekilde incelenmemistir. Bu yazida, is yiikiinti modellemek ve ag elemaninin davranisini
simiile etmek igin yeni bir is ytiikii karakterizasyon mimarisi Onerilmis ve uygulanmistir. Bu mimari,
daha yiiksek dogrulukta performans testleri i¢in is yiikii modellerinin dogrulugu hakkinda bilgi
saglamaktadir. Ek olarak, ¢alisma da Onerilen mimariden elde edilen is yiikii karakterizasyon sonuglari
gercek bir yazilim sistemi ile dogrulanmaktadir. Performans sonuglari, 6nerilen is yiikii modeline dayali
simiilasyon ortaminin yazilim sistemlerinin performansin éngérmeyi vaat ettigini gostermektedir.

Anahtar Kelimeler: Is yiikii, kiimeleme, is yiikii karakterizasyonu, iz tabanl simiilasyon
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INTRODUCTION

A workload can be defined as a set of requests that a system receives as an input over a certain
period of time (Shirasb, 1983). To detect the performance of any system-i.e., the requests processed by
the system-its workload must be analyzed. The input requests arrive into the system from external
sources. This generic unit of work is called a “workload component". Workload components include
transactions, interactive commands, processes and http requests, depending on the nature of the service
provided. The workload parameters that are required for workload characterization are obtained from
the workload components. Workload parameters are the measured quantities, service requests, or
resource demands, etc. Examples of workload parameters include instructions, transaction types, packet
sizes, page reference patterns and source-destinations of a packet. Workload component and parameter
selection plays a key role in workload characterization. The workload component must represent as
homogeneous a group as possible, and parameters that have little effect must be excluded. The system
domain is important to the workload component since the component itself can be selected according to
the domain. Operating system-level parameters, such as CPU time, cannot be used; instead, parameters
that depend on the workload itself are selected.

A major problem for performance testing is the use of unrealistic workloads, which lead to incorrect,
inefficient performance results (Jain, 2008). Such badly measured or mis-measured performance results
could lead to performance problems and failures with "production”, or in other words, the "live"
environment. Hence, an efficient workload characterization is a vital issue for regulating efficient
resource provisioning, power management and energy conservation strategies within a technological
infrastructure (Feitelson, 2014). The workload models that derive from the characterization process play
also an important role in performance testing. The main fields in which workload characterization is
practiced are the web, online social networks, video services, mobile devices and the cloud systems
(Avritzer et al., 2002; Calzarossa ef al., 2016).

In this study, we present a new workload characterization architecture which model the workload
and then simulate the behavior of the network element for a Telecom software system. In the
architecture, we utilize different clustering techniques to characterize workload. Then, the effect of
clustering accuracy on the performance has been analyzed in terms of CPU usage, memory and Disc I/O.
We adapt “measurement-based" technique which is given in (Franks ef al., 2007) for performance
modeling to predict future loads of a software system. This architecture also provides accuracy for the
characterization of more precise workload models and the accuracy effect on the performance results is
also studied. Furthermore, we have developed a new software system named PAS (Parameter Audit
SmartApp) to explore the performance of the proposed workload characterization architecture in real
test environment. The effect of clustering accuracy on performance testing has been shown for workload
characterization. To the best of our knowledge, workload characterization methodologies have not yet
been applied or studied in relation to software architectures that operate within the telecom domain.

The rest of the paper is organized as follows; Section 2 describes the existing literature relating to
workload characterization techniques. In Section 3, we show how we characterized the telecom log data
and outlines of the architecture is shown. Performance results of clustering techniques are given in
Section 4. Section 5 presents the effect of workload characterization performance on resource utilization.
Finally, Conclusion is given in Section 6.

RELATED WORK

Workload characterization analysis techniques vary from statistical, Markov models, Principal
component analysis, histograms (single and multi-parameter) to clustering (Calzarossa et al., 2016).
Statistical methods include median, mode and averaging operations to characterize workload in the
system. The averaging method is used when the average value of a parameter can be considered its basic
characterization. The median and mode formulations are used in addition to the arithmetic mean. This
methodology functions well with good uniform distributions or gross studies (Feitelson and Rudolph,
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1996). The specifying dispersion method is used when most of the parameters is non-uniform. Variance
or standard deviation specifications can be a major improvement over the average. Both average and
standard deviation allow workloads to be grouped into classes, but this still ignores the exact
distribution (Tietjen, 1986). Markov models are used when distribution is not enough, meaning that
requests can be received by a system in sequences and the sequencing affects performance. Markov
models represent models as a state diagram and show probabilistic transitions between states. Request
generation is based on these transitions. When creating a Markov model, a long string of activities is
observed. A matrix is used to count pairs of states. The matrix rows must be normalized to sum to 1.0
(Neuts, 1989). Clustering technique has been used for workload characterization task (Saraswathi and
Sheela, 2014; Menasce et al., 1996; Gruttner et al., 2015; Xu and Tian, 2015). The main objective when
applying clustering algorithms is to classify requests into a smaller group of classes to create similar
workloads to those on the production side. During the process of workload characterization of a system,
log files are analyzed, and a clustering algorithm is applied. This classification is made based on a
widely used clustering algorithm, such as the connectivity-based (hierarchical), centroid-based or
density-based algorithms (Saraswathi and Sheela, 2014).

There are several workload characterization implementations are applied on different software
domains such as mass storage systems (Menasce et al., 1996), embedded software (Gruttner ef al., 2015),
and parallel scientific programs (Helm and Malony, 2001).

WESSBAS (Hasselbring et al., 2008; Hasselbring et al., 2014) is a model-driven approach for
automatically expositing and transforming workload models for the load testing and performance
prediction of session-based applications. This approach is extended with WESSBASS-DSL, which can
define the layered modeling of workload specifications for the Palladio component model (Hasselbring
et al., 2014). Casalicchio et al. (2015) has proposed a workload characterization based on three months of
the real traffic and resource usage of Desktop-as-a-Service. The cloud desktop service workload and the
cloud storage service workload are defined as representative workloads. As reported in this study,
workload characterizations such as session length could be modelled with exponential distribution,
while CPU load and disk load (R/W) are longtail distributed. Feitelson and Zakay (2014) describe a
workload characterization method based on real traces, which are divided into sub-traces to represent
different users. The re-sampling is applied in various ways and collected over daily and weekly periods.
Amrehn et al. (2015) presents an automated workload characterization approach for I/O-intensive
software applications in virtualized environments. Storage request properties are extracted via
monitoring tools, with a proposed algorithm defining the workload models. Workload migration and
consolidation cases have also been studied in this work.

The customer behavior model graph (CBMG) technique has been applied as a workload
characterization methodology in (Almeida et al., 1999). The CBMG technique is likewise implemented
for automated workload characterization using system log analysis in (Daniel and Mahmoud, 2015). The
authors have enhanced its implementation by using ELK as a technology stack, to achieve greater
efficiency and generalness. This technique is also used in (Politi et al., 2004). Gruttner et al. (2015) has
proposed a hybrid approach to defining automatic workload models for embedded software
performance estimation. From CPU usage and memory access patterns, embedded software workload
models are extracted and used for host-based simulation. Simulation results are obtained from WCET
benchmarks. Curiel and Pont (2018) describe new innovations in the WWW that involve dealing with
more complex workload models. This survey summarizes and provides guidelines for these challenges.
Some recent studies have also applied these approaches on other software architectures, like
microservices. Nakaike et al.'s (2016) study is the first empirical study on the performance analysis of
microservices; it constitutes important research, as it shows that the microservice architecture consumes
more resources due to its monolithic approach. ACME Air, a public benchmark, is used for the
experimental results.

Although there are several workload characterization implementations in software domains, none of
them has been dealt with the real telecom data. In this paper we propose a workload characterization
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methodology on telecom data which uses several clustering techniques. We also utilize a software tool
named PAS to verify of our performance results in a real log data.

PROPOSED ARCHITECTURE

In this section, we present our workload characterization architecture which is given in Figure 1.
Our architecture includes Production Logs, Workload Simulation Tool, PAS (Parameter Audit
SmartApp) and Trace based Simulation modules. PAS is a software tool that supports the automated
auditing of network elements' configurable parameters. Using its network element-specific software
modules, or “communicators"”, PAS collects data from network elements over secure connections (Goren
et al., 2017). The PAS tool logs both the data requested by a network element (NE) and the response
coming from it, along with the total audit completion time. Each audit for a specific network element has
specific retrieval mechanisms, and for every retrieval request, the response output varies. Due to the
characteristics of the PAS tool, the key parameters for workload component can be identified as:

* Network element type,

¢ Total number of retrieval commands per audit,

¢ Total data exchange volume (transmitted between NEs and PAS) per audit,
¢ Total completion time per audit.

This modeling of the key parameters step is important for telecom software systems. The main duty
of telecom software systems are to communicate with network elements for auditing, administration and
monitoring purposes. Key values for PAS can be changed to request-based terminology to deal with
generic definition. Once the identification step of key parameters is completed, data files (log files) are
collected for a given period. Workload characterization and Generation is based on clustering algorithms
applied to extracted key parameters. As every workload is characterized by a group of features (key
parameters), clustering algorithms are appropriate methods to identify the number of clusters in the
workload. The workloads placed in the same cluster are merged to obtain a core model of the
workloads. Once the workloads have been defined based on clustering, the selected core models are
given to PAS, and the network element simulations are initiated. Along with the cluster results, selected
cluster member is used as a workload model for the trace-based simulated network elements. The
simulation lists all the network elements, along with detailed information like network element name,
network port, network element log file and assigned network element IP. The trace-based simulations
are defined to PAS via a web service API. The trace-based network elements are initiated with their
assigned IPs and ports. Performance tests can be started once this operation is complete. The trace-based
simulator is a simulation tool developed by Nokia Turkey Research and Development Center to mimic
the network element behavior for testing purposes (Celik et al., 2015). This simulator is integrated into
the workload simulation to enable the creation of the network elements needed for workload testing
without the need for actual NEs or NE configuration.
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Figure 1. Workload characterization architecture

For user interactions, a graphical user interface (GUI) is implemented as a Java Swing application
(Java).

For clustering algorithm implementation, the WEKA software API is used (WEKA). We used F-
measure and accuracy metric to represent the performance of clustering. The F-measure is a metric of
accuracy based on the calculated precision (P) and recall (R) values. The F-measure formulation is given
Eq1l.

F=2X— 1)

CLUSTER RESULT ANALYSIS

The cluster result analysis is performed on a total of 500 network element audit log files. The log
instances are labeled in the different cluster results according to certain predefined cluster number (K)
parameters: K=3, 4 and 5. The result analysis is applied on the actual label set of the log files.
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Table 1. Comparison for the number of clusters K=3

O.F. UNLU, P.BOLUK

Algorithms Accuracy F-Measure Time Taken Instances
0: 87 (17%)
K-Means 49.4% 52.1% 0.085 1: 104 (21%)
2: 309 (62%)
0: 102 (20%)
EM Clustering 47.8% 50.6% 0.12 1: 300 (60%)
2: 98 (20%)
. . 0: 386 (77%)
Igllzz :rcihnlcal 43.4% 45.2% 0.14 1: 104 (21%)
& 2:10 (2%)
_ 0: 89 (18%)
glenstlti’ifased 49.4% 52.1% 0.21 1: 104 (21%)
Hstering 2: 307 (61%)

Table 1 shows that K-means and density-based clustering algorithms has the higher accuracy and F-

measure results when the number of clusters k is 3. It also shows that K-means has the lowest

computational time among other algorithms. Density based clustering algorithm has the highest
computational time despite having close accuracy and F-measure values to K-means. Hierarchical
clustering algorithm has the lowest accuracy and F-measure values which is also can be seen by cluster
instance member difference.

Table 2. Comparison for the number of clusters K=4

Since the cluster instance number is limited with 3, there is no clear
distinction between clustering algorithms.

Algorithms

Accuracy

F-Measure

Time Taken

Instances

K-Means

69.2 %

72.4%

0.092

: 87 (17%)

: 104 (21%)
: 103 (21%)
: 206 (41%)

EM Clustering

56.6%

60.4%

0.21

: 265 (53%)
- 104 (21%)
: 77 (15%)
.54 (11%)

Hierarchical
Clustering

51.2%

52.4%

0.18

: 347 (69%)
: 104 (21%)
: 39 (8%)
110 (2%)

Density-Based
Clustering

68.6%

70.9%

0.28

: 89 (18%)

: 104 (21%)
: 101 (20%)
: 206 (41%)

W NP OWNRFRPROIWNROIWDN — O

Table 2 shows that all clustering algorithms shows higher accuracy and F-measure values with 4
cluster instances. K-means algorithm still shows the highest accuracy and F-measure values with lowest

computational time. Density based clustering algorithm has the highest computational time as it was
with 3 cluster instances. As the cluster instance number increases, F-measure and accuracy difference
hierarchical clustering presents wors performance compared to the other algorithms.
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Table 3. Comparison for the number of clusters K=5

Algorithms Accuracy F-Measure Time Taken Instances

.77 (15%)

: 104 (21%)
: 103 (21%)
- 167(33%)
: 49(10%)
269 (54%)
: 39 (8%)

: 104 (21%)
. 78 (16%)
:10 (2%)
270 (54%)
- 77 (15%)
1104 (21%)
: 39 (8%)
:10 (2%)

L 77 (15%)

£ 104 (21%)
: 103 (21%)
- 165 (33%)
:51 (10%)

K-Means 77% 82.2% 0.14

EM Clustering | 59.2% 61% 0.28

Hierarchical

. 59.2% 61.1% 0.21
Clustering

Density-B
ens1t¥ ased 76.6% 81.8% 0.36
Clustering

B WO NP, OB WODNR OB ONREOIKRWOWONELEO

Density-based clustering tended to show an increased rate of accuracy and F-measure values as the
number of clusters increased. Hierarchical clustering had the disadvantage of not being able to undo
cluster member changes, which resulted in worse performance results. As the number of clusters
increases, the difference in accuracy performance and execution time increases between K-means and
density-based algorithms versus EM and hierarchical clustering algorithm. Table 3 results also fits the
previous table results which fulfills the overall cluster analysis. To characterize workload models
accurately, accuracy and f-measure values are also taken into consideration while creating workload
models and performance results.

Figure 2 and Figure 3 also show accuracy and f-measure comparison of K-Means, EM, Hierarchical
and Density based Clustering methods for varying number of clusters. The Figures also verify that, K-
means algorithm shows higher accuracy performance with an increase in the number of clusters, the
algorithms perform with higher accuracy performance and a higher execution time. The partitioning
clustering algorithm (K-means) also demonstrated a more accurate performance and lower execution
time when compared to the EM, density-based and hierarchical clustering algorithms.
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Figure 2. Accuracy comparison Figure 3. F-Measure comparison

RESOURCE UTILIZATION

In this Section, we present the effect of workload characterization performance on resource
utilization. in terms of CPU and Memory and DISC I/O usage. Depending on the accuracy results, the

best workload model is defined for our software system (PAS) and then trace-based network element
simulators are configured by considering its performance.

CPU and Memory Usage

CPU and memory data are collected while an audit job employed in network elements is running for
each cluster instance. These resource usage characteristics are depicted according to the standard
deviation of the CPU and memory usages. As shown in Figure 4, as the accuracy of the cluster increases
the derivation of the graph decreases. This result can be interpreted as follows: a greater number of
network elements having these characteristics results in the same usage patterns for CPU and memory.
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(c)CPU Usage Standard Deviation for Five Cluster Instances
Figure 4. CPU usage standard deviation

Figure 4.a shows the three-instance cluster CPU result tests, based on density, K-means and
hierarchical clustering result workloads, which tend to show lower standard deviation values compared
to EM. As the accuracy of the clusters are close to each other, standard deviations of the resource usage
for different clustering methods will be nearly same. Figure 4.b shows the four-instance cluster CPU test
results. The K-means and density clustering result workloads show lower standard deviation values
compared to EM and hierarchical clustering. The accuracy levels of the clusters are differentiated, which
results in lower standard deviation values as well. Figure 4.c represents the five-instance cluster CPU
test results. The accuracy difference being higher for both the three- and four-instance cluster results for
K-means and density clustering as opposed to EM and hierarchical clustering has an adverse effect on
the standard deviation values. Figure 5 shows standard deviation values of the memory usage. The
results are calculated for workloads obtained from each cluster instance. Figure 5.a presents that the K-
means and density clustering workloads produce lower memory standard deviation values when
compared to EM and hierarchical. Figure 5.b shows the related results. As a relevant result for CPU
usage, the memory usage standard deviation values are lower for the K-means and density clustering
result workload models. As the accuracy of the cluster results become higher, characteristically close
network elements are formed into cluster members. Figure 5.c shows the memory usage standard
deviation results for five cluster instance results.
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(c)Memory Usage Standard Deviation for Five Cluster Instances
Figure 5. Memory usage standard deviation

The CPU and memory usage graphs were checked for standard deviations to compare the
differences between cluster instances for each clustering algorithm. Our performance results show that,
standard deviation values decrease as the accuracy of the clusters increase. This was an expected
outcome as PAS software performance tests are run against network elements, which are members of a
cluster instance. For CPU and memory usage, this means PAS audits are completed for network
elements, which have the same kind of data to be processed. As an example, when a network element
returns a bulk configuration data response for a retrieval, this requires more computing resources for the
processed data. When a network element's response data type varies within a cluster instance, this
results in a high standard deviation value for the CPU and memory usage. PAS software resource usage
will differ between audit jobs for network elements with bulk configuration data and for network
elements with key-value-type configuration data. These results are important for two reasons: firstly, if
performance tests are completed against more accurate workloads, this will provide overall PAS
software resource usage information when a group of network elements with bulk configuration data
are compared with network elements with key-value configuration data. This information is essential to
the analysis of software architects as it can contribute to the simulation of a [particular] production
environment. Second, graphs representing resource usage change for both CPU and memory can
provide more precise results to analyze. Software architects can further investigate aspects of the
resource usage behavior of this performance output software, such as resource usage pick points, etc.
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DISC I/O Usage

Disc I/O data-i.e., data transfer between the hard disc and RAM-are collected based on the total
transactions for a selected cluster result of an audit. The correlation between the accuracy of a cluster
and the disc I/O total transactions can be seen in the graphs below. As the cluster accuracy increases, the
disc I/O usage difference between the clusters varies. The higher disc I/O usage difference situation
occurs with the hierarchical clustering for three and four cluster instances. The disc I/O usage details are
listed below.
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(c)DISC I/O Transactions for Five Cluster Instances
Figure 6. Disc I/O transactions

The hierarchical clustering workload model results have the highest difference between cluster
instances. When compared with accuracy levels, this cannot be explained by characteristically close
network elements being in the same cluster; this is the result of a higher number of network elements
being members of the same hierarchical cluster instance. Figure 6.a shows the total transactions for the
three-instance cluster results. Figure 6.b shows the four-instance cluster results. Since the K-means and
density clustering show better accuracy, the total transaction values difference becomes higher for each
cluster instance. The EM clustering workload models have less differentiated disc I/O usage patterns.
The hierarchical cluster workload model results show disc I/O usage difference decreases as the cluster
instance number increases. This result shows that prior hierarchical results are misleading due to the
number of cluster members for each hierarchical cluster instance. The K-means and density clustering
workload model results show a higher disc I/O usage variance between cluster instances as the accuracy
of the cluster increases. The EM clustering workload results show very similar disc I/O usages between
cluster instances. Figure 6.c shows the total transactions for the five-instance cluster results. The results
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for total disc I/O transactions were related to the results seen for CPU and memory usages. The total
transactions differed in relation to an increase in the accuracy of the cluster results value. When
analyzing these performance outputs, the hierarchical clustering results seemed to constitute an
exceptional case. The hierarchical clustering results showed a high level of differentiation between the
total disc I/O transactions for the workload performance tests, despite low accuracy rates. This outcome
can be interpreted in terms of a disadvantage of the hierarchical clustering method. In the hierarchical
clustering method, previous steps cannot be undone, so once a network element has been assigned to a
cluster member, it cannot be re-assigned. The degree/level of difference between the cluster members
affects the total disc I/O transaction counts. These performance results show that, although there is a
correlation between accuracy and performance, exceptional cases must be considered based on the
performance metric.

CONCLUSION

In this study, we have described a workload characterization-based approach on telecom data for
performance testing. To automate the process and create a simulation environment, a new workload-
based simulation tool is implemented. Network element data is collected and downloaded over a
selected period. The tool's workload characterization is done on this data based on clustering algorithms
including K-means, EM clustering, hierarchical and density-based algorithm. Depending on the
accuracy results, the best workload model is defined for the PAS software and then trace-based network
element simulators are configured.

As shown in the case study, there is a high correlation between the performance characteristics and
the accuracy of the cluster results. This outcome also shows accuracy of the workload models’
importance for predicting the performance of the system. The performance tests are also conducted on
measured CPU usage, memory usage and total disc I/O transactions. The PAS software performance and
resource consumption tests are reviewed, and results were obtained for the defined workload. Our
performance results show that since the defined workload model-based simulation environment mimics
the production behavior, the results can be used to predict the performance of the PAS software. As a
future work, we plan to extend this study for other performance metrics such as network throughput,
database-related metrics, etc. Additionally, the correlation of these performance characteristics may also
be required to analyze with the accuracy of the cluster results. To the best of our knowledge, workload
characterization methodologies have not yet been studied for software operating within the telecom
domain.
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OZ: Acik kanallarda akisin kontrol edilebilmesi ve olgiilebilmesi maksadiyla kanalin enkesiti bir engel
yerlestirilerek kapatilir. Bu amagcla insa edilen hidrolik yapilardan birisi de savaklardir. Akis, savak
yapist lizerinden mansaba gecer. Savaklar keskin kenarli, genis tepeli ve ogee savaklari olarak
siniflandirilabilir. Genis baslikli savaklarin memba kismindaki akim sartlarina bagl olarak kret genisligi
tasarlanmakta olup kret boyunca kritik akimin olusmasi saglanir. Bu ¢alismada farkli sev agilarina sahip
genis baglikli savak modellerinin akim iizerindeki etkileri deney ortaminda incelenmistir. Ug farkli genis
bashkli savak modeli olusturulmus ve her bir modelde 41 farkli debi i¢in savak yiikii okumasi
yapilmustir. Yapilan deneylerle ayni1 sartlari saglayan sayisal modeller, hesaplamali akigskanlar dinamigi
yazilimi olan ANSYS-FLUENT ile ¢oziilmiistiir. Deneysel ve sayisal modellerden elde edilen sonuglar
kiyaslanmis ve sonuglarin olduk¢a uyumlu oldugu goriilmiistiir.

Anahtar Kelimeler: Genis baslikli savak, agik kanal akisi, hesaplamali akigkanlar dinamigi, ANSYS- FLUENT

Experimental and Numerical Modeling of Head Over Broad Crested Weirs

ABSTRACT: The cross section of an open channel is closed by a barrier, in order to measure and control
to the flow. Weirs are one of the hydraulic structures, constructed fort his aim. Flow pass over the weir to
the downstream. Weirs can be classified as sharped crested weirs, broad crested weirs and ogee
spillways. Crest width of the broad crested weir is designed according to flow conditions on upstream,
so, critical flow can be obtained throughout the crest. In this study, the effect of the broad crested weirs
models, having different slopes, on the flow conditions, by experimental. Three different broad crested
weirs were made and 41 head were measured for different discharge on each model. Numerical models,
having the same conditions with the experimental models, were also done by ANSYS-FLUENT,
computational fluid dynamics (CFD) software. Results of the experimental and numerical models were
compared and it was seen that the results are consistent with each other.

Keywords: Broad crested weir, open channel flow, computational fluid dynamics, ANSYS-FLUENT

GIRIS INTRODUCTION)

Acgk kanal akimlarinda akisin kontrol altina alinabilmesi, debinin 0l¢iilebilmesi ve kanal
enkesitinden gecen akiskanin derinliginin ayarlanabilmesi maksadiyla akiskani tizerinden akitarak
mansaba geciren ve savak adi verilen engeller insa edilir. Uygulamada kullamilan bir¢ok savak tipi
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mevcuttur. Bunlar keskin kenarli savak, genis baghkli savak ve ogee savag: olarak simiflandirilabilir.
Genis baslikli savaklar, kret genisligi boyunca kritik akis sartin1 saglamaya yararlar. Bu itibarla genis
baslikli savaklarin tasariminda kanala gelecek suyun debisinin hangi araliklarda oldugu bilinmeli ve goz
Ontiine alinmalidir (Cengel ve Cimbala, 2015).

Tim su yapilarinda oldugu gibi genis baslikli savaklarin bulundugu akim sistemlerinde de saglikli
bir tasarim yapabilmek igin su ile yap1 arasindaki etkilesim dogru analiz edilmelidir. Bu analizler
deneysel ve sayisal modelleme olmak iizere iki farkli sekilde gerceklestirilmektedir. Deneysel ¢alismalar
esnasinda tasarlanmak istenen su yapisi fiziksel olarak laboratuvar ortaminda modellenmekte, yapz ile
etkilesim halinde olan akimin analizi yapilabilmektedir. Teknolojik gelismelerin getirdigi imkanlar
dahilinde Hesaplamali Akiskanlar Dinamigi (HAD) tabanli paket yazilim programlari sayesinde akim
analizleri sayisal olarak bilgisayar ortaminda modellenerek deneysel calismalara kiyasla ¢cok daha hizli
ve ekonomik olarak ¢oziilebilmektedir. Deneysel ¢alismalar esnasinda insan ve 6lgek kaynakli hatalarin
elde edilen sonuglar1 etkilemesi tasarimcilarin HAD yazilimlarini tercih etmesine neden olan 6nemli
etkenlerden birisidir.

Genis baslikli savak akimlari tizerine bir¢ok deneysel ve teorik ¢alisma yapilmistir. Hager ve Chwalt
(1994), genis baslikli savak {izerindeki akimi farkli debiler kullanarak deneysel olarak incelemislerdir.
Savak {tizerindeki akim ve basing dagilimlarinin benzer ozellikler gosterdigini tespit etmislerdir.
Chanson ve Montes (1998), laboratuvar ortaminda modelledikleri dairesel savak {izerinden gecen akim
ile ilgili deneysel calismalar yapmuistir. Savak yaricap: ve yiiksekligi gibi modele ait ebatlar ile memba su
derinliginin, akim karakteristikleri {izerindeki etkileri arastirilmistir. Sarker ve Rhodes (2004),
dikdortgen kesitli genis baslikli savak {izerindeki agik kanal akimini deneysel ve teorik olarak
incelemistir. HAD tabanli Fluent programiyla akimi idare eden temel denklemleri sayisal olarak
¢ozmiistiir. Calismalardan elde edilen bulgular kiyaslanmis olup birbirleriyle uyumlu oldugu
goriilmiistiir. Kirkgoz ve dig. (2006), {icgen ve dikdortgen kesitli genis baslikli savaklar ile etkilesim
halindeki serbest yiizeyli iki boyutlu akim tizerinde PIV teknigi ile dlciimler alarak deneysel calismalar
yapmistir. Akimi idare eden denklemleri, standart k-& ve k- w tiirbiilans modellerini kullanarak sonlu
elemanlar yontemine dayali ANSYS-Flotran ile ¢ézmiislerdir. Oner ve dig. (2007), dikdértgen kesitli
genis baslikli savakla etkilesim halindeki serbest yiizeyli akimin hiz alanimi PIV teknigi ile Olgerek
deneysel olarak irdelemislerdir. Bal (2011), genis baslikli dikdortgen bir savak modeli iizerinde LDA
teknigi ile farkl iki debi durumunu deneysel olarak incelemistir. ANSYS-Fluent programi yardimiyla
genis baslikhi savak akimini idare eden denklemleri, SKE, RNG, RKE, MKW, SST ve RSM tiirbiilans
modellerini kullanarak ¢dzmiistiir. Su yiizii profilini akigkan hacimleri (VOF) yontemini kullanarak
teorik olarak hesaplamistir. Calismis oldugu her iki debi durumu igin kullandigr alti tiirbiilans
modellerinin basar: siralamasini yapmustir. Felder ve Chanson (2012), acik kanal igerisine yerlestirilen
genis baslikli savak iizerinde deneysel ¢alismalar yaparak su yiizii profilleri, hiz ve basing dagilimlarini
6l¢miiglerdir. Elde edilen bulgularin piiriizsiiz tiirbiilans sinir tabaka teorisinden farkli olmasina ragmen
sonuglarin 6nceki calismalarla tutarli oldugu belirtilmistir

Bu ¢alismada farkli sev egimlerine sahip genis baslikli savaklar, laboratuar ortaminda fiziksel olarak
modellenerek savak yiikleri dl¢iilmiistiir. Aymi savaklar ayrica ANSYS- Fluent programinda da sayisal
olarak modellenmis ve 6lctimler alinmistir. Fiziksel model ile sayisal modelin sonuglar1 karsilastirilarak
sonuglarin tutarliligl incelenmistir. Ayrica savaklardaki sev egiminin savak yiikleri {izerine etkisi de
arastirllmistir.

MATERYAL VE YONTEM (MATERIAL AND METHOD)

Caligma kapsamindaki deneyler Konya Teknik Universitesi Insaat Miihendisligi Boliimiine ait
Hidrolik Laboratuvarinda mevcut bulunan L=6m, b=0,3 m, y=0,5 m boyutlarindaki agik kanal
diizeneginde yapilmustir. Sekil 1.’de gosterilen kanalin taban ve yan ytlizeyleri cam malzemeden tegkil
edilmistir. Kanalin memba ve mansabinda bulunan hazneler ¢elik boru ile birbirine baglanmis olup celik
boru tizerindeki iki adet pompa yardimiyla kanaldan akan suyun devir-daimi saglanmaktadir. Celik
boru iizerindeki iki adet pompanin kumanda paneli yardimiyla frekanslari ayarlanabilmekte ve bu
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sayede farkli debi akislar1 saglanmaktadir. Ultrasonik debimetre
yapilmaktadir.

yardimiyla debi okunmasi

Sekil 1. Agik kanal deney diizenegi genel goriiniimii
Figure 1. General overview of open channel

alisma kapsamindaki deneylerde {ii¢ farkli genis baslikli savak modeli tizerinde calisilmistir

1 kap daki deneylerd farkli genis baglikl k deli ind lLigil
izelge 1.). Ik Slciimler, Romijin tarafindan tasarlanan model tizerinden gergeklestirilmistir.
Cizelge 1.). Ilk 6l ler, Romijin (1932 find 1 del den gercekl 1

Cizelge 1. Deneylerde kullanilan genis baslikli savak modellerinin 6zellikleri
Table 1. Properties of broad crested weir models used in experiments
Model No| Kret Yiiksekligi

Kret Genisligi

1 10cm 65 cm (
13
2 10 cm 65 cm | /

i
3 10 c€m 65 cm

sekil

~
-

Fiziksel modeller pleksiglas malzemeden levhalar kullanilarak olusturulmustur. Pleksiglas hafif,

islenmesi kolay ve saglam yapili bir plastik camdir. Renkli ve renksiz gesitleri bulunmaktadir. Kesilmeye
miisait yapisi sayesinde istenilen model ebatlar1 rahatlikla elde edilebilmektedir.

Sekil 2. Deneylerde kullanilan iki farkli genis baslikli savak modeli

Figure 2. Two different broad crested weir models used in experiments
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Deneylerde her bir modelde 41 farkli debi kullanilmistir. Her debi igin limnimetreler yardimiyla
memba savak yiikii okumasi yapilmistir.

TEMEL DENKLEMLER VE SAYISAL MODELLEME (BASIC EQUATIONS AND NUMERICAL MODELING)
Temel Denklemler (Basic Equations)

Calisma kapsaminda {izerinde calisilan genis baslikli savaklar agik kanal akimi ile etkilesim
halindedir. incelenen bu akim tiirbiilansly, iki boyutlu, sikismayan, diizenli akimlardir.

Siireklilik denklemi (Continuity equation)

Kiitlenin korunumu prensibinin akis akimlarinda uygulanmasi ile tiiretilir:

aui

o 0 M
ui terimi xi dogrultusundaki hiz bilesenini temsil eder.

Hareket denklemi (Motion equation)

Belirli bir kontrol hacimden gecen akima momentumun korunumu prensibinin uygulanmasi ile
hareket denklemleri elde edilir. Tiirbiilanshi akimlarda Navier- Stokes denklemlerinden tiiretilen
Reynolds denklemleri akimi idare eden hareket denklemleridir.

p (A5 + T +Wo +30) = X = L+ uV 0+ 2 (—pu?) + & (—puV) + o (—pu'w’) @

Enerji denklemi (Energy equation)

Gergek akiskanlar i¢in en genel hali ile enerji denklemi:

®)

Sekil 3. Yuvarlanmis burunlu genis baslikli savak
Figure 3. Broad crested veir with a rounded nose

(3) no.lu denklem siirtiinmenin ihmal edildigi Sekil 3.'de gosterilen genis baslikli savak igin
uygulandiginda kritik yiikseklik ve savak ytikii arasindaki baginti:
2 7
Vi = 3 (H + 1) )
elde edilir.
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HAD ile Sayisal Model Olusturulmasi (Creating a Numerical Model with CFD)

Deneysel calismalarda kullanulan fiziksel modeller ANSYS-FLUENT paket programi araciligiyla
sayisal olarak modellenmis ve ¢oziilmiistiir.

Sonlu Hacimler Yontemi (Finite Volumes Method)

Sonlu hacimler yontemi, korunum prensiplerinden hareketle tiiretilen kismi diferansiyel
denklemleri sonlu hacimler {izerindeki ayrik cebirsel denklemlere doniistiirerek ¢6zmeyi saglar. Coziim
bolgesi sonlu hacimlere boliinerek ayriklastirilir. Her bir sonlu hacim iizerine kismi diferansiyel
denklemler entegre edilerek cebirsel denklemlere doniistiiriiliir. Daha sonra elde edilen cebirsel
denklemler, sonlu hacimlere ait bagimli degisken degerlerini hesaplamak amaciyla ¢oziiliir (Moukalled
ve dig., 2016).

Kontrol hacim dengesini gosteren denklemler:

J¢ydivadV = [, nadA 5)
Jn(pu)dA = [, n(Tgraddp)dA + [, S,dV ©)

seklinde olup (4) no.lu denklemin sol kismi net konveksiyona bagh akimi, sag kismi net difiizyon
akis1 ve kontrol hacimdeki ¢ 6zelliginin degisimini gosterir (Filinte, 2006).

Akigskan Hacmi Yontemi (Fluid Volume Method)

Su ve hava gibi birbirine karismayan akiskanlar arasindaki ara kesit yiizeyin sekli ve olusumu, sabit
bir Eulerian agina uygulanabilen akiskan hacmi yontemi kullanilarak incelenebilir (Hirt ve Nichols,
1981). Bu yontem sayesinde ¢oziim bolgesinde su ve havayla dolu olan kisimlar belirlenir. Modelleme
calismasi esnasinda olusturulan ¢oziim bolgesinde hacimsel doluluk oramini gosteren akiskan hacmi
tanimlanir. Coziim bolgesi igerisindeki hesaplama agindaki eleman tam dolu ise F=1, bos yani hava ile
doluyken F=0 degerini almaktadir.

Hesaplama Bolgesi, Coziim Aglar1 ve Sinir Sartlar1 (Solution Area, Meshing and Boundary Conditions)

Hesaplama bolgelesi yani model geometrisi olusturulurken Ansys- Fluent programina entegre
olarak kullanilabilen programlardan faydalanilabilmektedir. Sayisal calisma kapsaminda 2 boyutlu
modeller, Autocad programu ile olusturularak Ansys- Fluent’e aktarilmistir (Sekil 4) .

0,000 0,500 1,000 (m)

‘ 0,250 0,750
Sekil 4. Iki boyutlu olarak belirlenen hesaplama bolgesi

Figure 4. Solution area determined in two dimensions
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Aktarilan model geometrisi {izerinde mesh 1zgaralar1 olusturulmustur. Mesh ebat ve sekilleri
belirlenirken deneme yanilma yoluna gidilmistir. Elde edilen tecriibeler neticesinde 5 mm boyutlarinda
ticgen aglar ile ¢alisilmasimin uygun oldugu goriilmiistiir (Sekil 5). Tki boyutlu model de sinir sartlar
tanimlanirken programin ¢alisma mantigina uygun olarak giris kismi inlet, ¢ikis kismi outler, iist sinir
ve kanal taban1 wall , ¢c6ziim yapilacak alan akig bolgesi interior olarak belirlenmistir.

Sekil 5. Sayisal model mesh goriintimii
Figure 5. Mesh view of numerical model

Modelin Coziilmesi ve Sonuglarin Alinmasi (Solving the Model and Getting Results)

Model geometrisi iizerinde mesh 1zgaralar1 olusturulup smnirlar belirlendikten sonra Fluent’in
¢ozlim kismina gecilir. Bu asamada ilk olarak yer g¢ekimi ivmesi, yiizey gerilimi ve agik hava basinci gibi
¢ozlime etki eden fiziksel parametreler girilir. Modelin ¢oziimiinde yukarida bahsedildigi tizere
kullanilan Volume of Fluid yontemi tanimlanir. Daha sonra fazlar belirlenir ve ¢6ziim bdlgesindeki kiitle
akis degeri girilir. Sayisal model ¢6ztimlerinden tiirbiilans k- ¢ tiirbiilans modeli kullanilmistir.

Model ¢oziimiiniin son agamas: iterasyon sayisimin ve zaman adiminin girilmesidir. Deneme
yanilma yontemi sonucunda, saglikli sonuglara At = 0.003 sn. zaman adiminda 8000 iterasyon sayisi ile
¢ozlim ulasildig: goriilmiistiir.

Hesaplamanin tamamlanmas: sonrasinda hava ve su fazlarinin goriiniimii iizerinde su yiiksekligi
okumasi yapilacak yerlerin tespiti yapilir ve grafik seklinde sonuglar elde edilir (Sekil 6).
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o 1

(a) Hava ve su fazlariin goriiniimii

0.2000

0.0000

0.0000 0,01")00 O,‘N;)OO 0,1'500 0,2;)00 0,2‘500 0,3(')00 0,3:’)00 A 0,4(’)00 ‘ 0,4;00 - 0,5(.)00
Position (m)
(b) Su yiiksekligini gosteren grafik

Sekil 6. Ansys-Fluent'den sonuglarin alinmasi
Figure 6. Getting results from Ansys-Fluent

ARASTIRMA BULGULARI VE TARTISMA (RESEARCH FINDINGS AND DISCUSSION)
Deneysel ve Sayisal Savak Yiiklerinin Kiyaslanmasi (Comparison of Experimental and Numerical Total Heads)

Calisma kapsaminda 41 farkli debi i¢in hem deneysel hem sayisal modeller iizerinde savak yiikii
okumast yapilmistir. Deneysel ve sayisal modellerden elde edilen sonuglar Q/Qmaks- H1/Himaks grafikleri
cizdirilerek sonuglar kiyaslanmigtir. Grafikler incelendiginde sonuglarin uyumlu oldugu goriilmiigtiir.
Ug farkli genis baslikli savak modelinde yapilan karsilastirmalar Sekil 7’de verilen grafiklerde
gosterilmistir.
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1 No.lu Modele Ait Savak Yiiklerinin Kiyaslanmasi

1,20
1,00
P 0,80
£
S 0,60
a 0,40
0,20
0,00
0,00 0,20 0,40 0,60 0,80 1,00 1,20
H1/H1maks
—@— Deney Sonuglari  —@— Fluent Sonuglari
(a) 1 no.lu modele ait savak yiiklerinin kiyaslanmasi
2 No.lu Modele Ait Savak Yiiklerinin Kiyaslanmasi
1,20
1,00
0,80
2
£
g 0,60
0,40
0,20
0,00
0,00 0,20 0,40 0,60 0,80 1,00 1,20
H1/H1lmaks
—@— Deney Sonuglari  —@— Fluent Sonuglari
(b) 2 no.lu modele ait savak yiiklerinin kiyaslanmasi
3 No.lu Modele Ait Savak Yiiklerinin Kiyaslanmasi
1,20
1,00
0,80
L
£
S 0,60
c
0,40
0,20
0,00

0,00 0,20 0,40 0,60 0,80 1,00 1,20

H1/H1maks
—@— Deney Sonuglari ~ —@— Fluent Sonuglari

(c) 3 no.lu modele ait savak yiiklerinin kiyaslanmasi

Sekil 7. Sonuglarin kiyaslanmasi
Figure 7. Comparison of the results
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Farkl1 Sev Egimlerine Sahip Modellerin Deneysel ve Sayisal Savak Yiikleri (Experimental and Numerical
Total Heads of Models with Different Slopes)

Calisma kapsamindaki bir diger arastirma konusu modelde sev olmasinin ya da farkli egimli
sevlerin savak yiikleri {izerinde etkisi olup olmadigidir. Bu nedenle {i¢ modelden elde edilen deneysel ve
sayisal bulgular Q-Hi grafigi cizdirilerek kiyaslanmis olup neticede sonuglara ciddi bir etkisi olmadig:
tespit edilmistir. 1, 2, 3 no.lu modellere ait savak yiiklerinin kiyaslandig1 Q- Hi grafikleri Sekil 8 ve Sekil
9’da gosterilmistir.

Deneysel Sonuglarin Kiyaslanmasi
35,00
30,00
25,00

20,00

Q( m3/s)

15,00
10,00
5,00

0,00
0,00 2,00 4,00 6,00 8,00 10,00 12,00 14,00 16,00

H1 (m)
1 No.lu Model 2 No.lu Model 3 No.lu Model

Sekil 8. 1, 2, 3 no.lu modellerde yapilan deneylerden elde edilen savak yiikii degerlerinin kiyaslanmast
Figure 8. Comparison of total head values obtained from experiments performed on models 1, 2, 3



Genis Baslikli Savaklardaki Savak Yiiklerinin Deneysel Ve Sayisal Olarak Modellenmesi 173

Fluent Sonug¢larinin Kiyaslanmasi
35,00

30,00
25,00

20,00

Q (m?3/s)

15,00
10,00
5,00

0,00
0,00 2,00 4,00 6,00 8,00 10,00 12,00 14,00 16,00
H1 (m)

1 No.lu Model 2 No.lu Model 3 No.lu Model

Sekil 9. 1, 2, 3 no.lu modellere ait Fluent sonuglarinin kiyaslanmast
Figure 9. Comparison of Fluent results for models 1, 2, 3

SONUCLAR (CONCLUSIONS)

Farkli sev egimine sahip genis baglik savak modelleri {izerinde 41 farkli debi durumu icin deneysel
ve sayisal caligmalar yapilmistir. Ug farkli model fiziksel ve sayisal olarak olusturulmustur. Fiziksel
modellerde, savak yiikii okumalar: limnimetre yardimiyla yapilmistir. Niimerik calismalarda akisi
temsil eden temel denklemler HAD tabanli Ansys-Fluent programi kullanilarak ¢oziilmiistiir. Sayisal
modelin su yiizii profili akiskan hacmi yontemi (VOF) ile hesaplanmustir. Tiirbiilans modeli olarak k- ¢
tiirbiilans modeli kullanilmistir. Mesh sayis1 ve sekli ile ¢oziim i¢in uygulanacak iterasyon sayis1 deneme
yanilma yolu ile elde edilen tecriibeler neticesinde belirlenmistir. Deney ve Ansys-Fluent sonuglar:
grafiksel olarak kiyaslanmus, birbiriyle uyumlu sonuglar elde edildigi goriilmiistiir. Sonuglar arasindaki
uyumun yiiksek debilerde daha fazla oldugu gozlemlenmistir. Modellere sev eklenmesinin veya farkli
sev egimlerinin savak yiiklerine olan etkisi arastirilmis olup sonuglara kayda deger bir etkisi olmadig:
kanaatine varilmistir.

Bilgi: Bu ¢alisma Murat Can YILDIZ'in “ Farkli Sev Egimlerine Sahip Genis Baslikli Savaklarin
Deneysel ve Sayisal Olarak Modellenmesi” isimli Yiiksek Lisans Tez galismasindan yararlanilarak
yapilmustir.
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OZ: Bu calismada ters sarkag sistem tiirlerinden biri olan dogrusal tahrikli gift cubuklu ters sarkag
sisteminin dogrusal karesel regiilator (LQR) yontemine dayanan durum geri besleme yontemi ile
kontroliine yonelik benzetim sonuglar1 sunulmustur. Tek ¢cubuklu ters sarkag sistemine gore ¢ift cubuklu
ters sarkag sisteminin kontrolii kararsizlik, eksik tahrik ve dogrusalsizlik 6zellikleri nedeniyle daha zor bir
problemdir. Dolayisiyla sistemin denge kontroliinii saglamaya yonelik tasarimi yapilan LQR kontrolcii
parametrelerinin sistem davranisina etkileri ayrintili olarak ele alinarak kontrol algoritmasi tasarim siireci
iyilestirilmistir.

Anahtar Kelimeler: Dogrusal Tahrikli — Cok Cubuklu Ters Sarkag Sistemleri, LQR, Optimal Durum Geri
Beslemeli Kontrol

Impact Analysis of LQR Controller Parameters on System Dynamic:
Double Inverted Pendulum

ABSTRACT: In this study, simulation results for the control of the cart — pole double inverted pendulum
system which is an type of inverted pendulum system by the state feedback method using linear quadratic
regulator (LQR) are presented. The control problem of the double inverted pendulum is more difficult
than the control problem of the single inverted pendulum because of instability, nonlinearity
characteristics. Therefore, the control algorithm design process has been improved by considering the
effects of LOR controller parameters designed to provide stability control of the system on system dynamic
in detail.

Key Words: Linear Driven — Multi Pendulum Inverted Pendulum Systems, LQR, Optimal State Feedback Control

GIRIS INTRODUCTION)

Kontrol sistemlerine ait ¢alisma ve uygulama alanlar giiniimiizde her alanda karsimiza ¢ikmaktadar.
Insan miidahalesini en aza indirmek amaciyla gelistirilen otomasyon ve robotik sistemlerin endiistriyel
alanlardaki uygulamalarinin yayginlasmasi, endiistriyel sistem tasarimda imalat teknolojilerinin yani sira,
kontrol teorisi ve kontrolcii gelistirilmesini de zorunlu kilmaktadir (Sen ve dig., 2016). Bir sistemin
islevlerini yiiksek dogruluk ve hassasiyette yerine getirebilmesinin temel kosullarindan biri basarili bir
denetleyiciye sahip olmasidir. Bu baglamda, sistemlerin kontroliinde gesitli yontemlerin uygulandig:
goriilmektedir.

Kontrol yontemleri, ilgili kontrol kurali tiiretilirken sistem dinamiginin kullanilip kullanilmamasina
bagli olarak oncelikle model tabanli ve model tabanli olmayan kontrol yontemleri olmak iizere iki ana
grupta toplanabilir (Ozkan, 2009). Sistem matematiksel modelinin elde edilmesi, kontrolor tasariminda
istenen bir durumdur. Sistem dinamik davranisi ¢alisma kosullarinin tamaminda gegerli olacak sekilde
tam olarak modellenemese ve parametreler icin elde edilen veya kestirilen degerler bir miktar belirsizlik
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icerse dahi, sistemin dinamik davranisini tamimlayan bir matematiksel model kullamilarak analitik
yontemlerle daha hassas kontrol sistemleri tasarlamak miimkiindiir. Kontrol sistemlerinde siklikla
kullanilan model tabanl kontrol yontemlerinden biri de LQR (Linear Quadratic Regulator) kontroldiir.

Kontrol algoritmasi gelistirme siirecinde kontrolcii parametrelerinin etkilerinin analizi oldukga
onemlidir. Bu etkilerin bilinmesi, endiistriyel uygulamalardaki karasiz sistemler i¢in kontrol teorilerinin
gelistirilmesine katki saglamaktadir. Bu ¢alismada LOR kontrolcii tasarimi ve kontrolcii parametrelerinin
sistem davranisina etkilerinin analizi; robotik, uzay-havacilik sistemleri, deniz sistemleri, esnek sistemler,
mobil sistemler vb. olmak {izere genis bir uygulama alanina sahip olan ve bir¢ok endiistriyel sistemin
kontrol ¢alismalarindaki teorik altyapisini olusturan ters sarkag sistemi i¢in gerceklestirilmistir.

Ters sarkag sistemleri, dogrusal olmayan, kararsiz, eksik tahrikli yapilarindan dolay1 kontrol
alanindaki caligmalarda kullanilmaya oldukca uygundurlar. Kontrol teorisi {izerine yapilan aragtirma ve
gelistirme calismalarinda ters sarkag sistemleri iyi bir test diizenegi oldugundan, bu sistemler farklh
kontrol yontemlerinin tasariminda ve uygulanmasinda siklikla tercih edilmektedir (Yaren, 2018). Gerek
yeni tasarlanan kontrolcii performansinin gozlemlenmesi, gerekse mevcut kontrolcii performanslariin
iyilestirilmesine yonelik literatiirde oldukga fazla calisma bulunmaktadir (Sen ve dig., 2016). Ayakta
duran insanin modellenmesinde, insan kolunun modellenmesinde, itme kuvvetinin alttan uygulandig:
roket, fiize vb. sistemlerde ve benzer bir¢ok sistemde ters sarka¢ ve cift ters sarka¢ modelinden
faydalanilmaktadir (Bilgi¢ ve dig., 2015; Mifsud ve dig., 2016; Suzuki, 2012; Colobert, 2006; Nagasaki ve
dig., 2003). Ayrica, ugus sistemlerinin kalkis ve inis problemlerinin {istesinden gelinmesinde, gemilerdeki
denge probleminin ¢dziimiinde, hava tiirbiilansina giren ucaklarin dengede kalmasinin saglanmasinda,
cesitli kuvvet 6l¢lim cihazlarinda ve benzer daha birgok endiistriyel alanda ¢ift sarkag sistemi ve es
sarkaglar kullanilmaktadir (Poorhossein ve Vahidian, 2010; Kizir, 2008; Boubaker, 2012; Wanli ve dig.,
2014)). Ters sarkag sistemlerinin fiize, ving, araba, ugak, robot kontrolii gibi bir¢ok kontrol sisteminin
temelini olusturdugu acgikca goriilmektedir.

Zhang ve Zhang (2012), diizlemsel ¢ift ters sarkag sisteminin dengelenmesi i¢in kendinden ayarl1 LQR
kontrolor yontemini uygulamislardir. Hem simiilasyon ortaminda hem de deneysel olarak sonuglari
incelemis ve kontroloriin farkli calisma kosullarinda hizli yanit verdigi ve iyi bir kararlilik sagladig:
sonucuna varmiglardir. Li (Li, 2013), doner cift ters sarkacin dengelenmesi {izerine bir tez c¢alismasi
gerceklestirmistir. Sisteme uygulanacak LQR kontroldriinii tasarlamis ve Lyapunov yontemi ile kararlilik
analizi yapmistir. LOR kontroloriiniin performansinin arttirilmasi amaciyla dogrudan uyarlamali bulanik
mantik yontemini gelistirmistir. Bu iki kontrol algoritmasinin benzetim sonuglarini vermis ve ters sarkacin
artan giirbilizliigiinden dogrudan uyarlamali bulanik mantik yonteminin LQR performansini arttirabildigi
sonucuna varmustir. Block (Block, 1996), iki sarkacin sabit bir yere monte edildigi ve sadece birinci ekleme
tahrik uygulandigr Pendubot sisteminin kontroliinii gerceklestirmistir. Sarkaglarin yiikseltilmesinde
kismi geri beslemeli dogrusallastirma yontemini, dengelenmesinde ise LQR ve kutup yerlestirme
yontemlerini kullanmistir. Bogdanov dogrusal arabali cift ters sarkag sisteminin optimal kontrolii igin
LOR, Bulanik Mantik, durumlara bagli “Ricatti Esitligi” ve kombinasyonlarindan olusan farkli kontrolcii
yaklagimlar: test etmistir. Sonugta, en iyi performansi LQR kontrol {izerinden durumlara bagh Ricatti
Esitligi ile tasarladig1 kontrolciide elde etmistir (Bogdanov, 2004).

Bu calismada, dogrusal tahrikli ¢ift ¢cubuklu ters sarkag sisteminin denge kontroliinii saglamaya
yonelik tasarimi yapilan LOR kontrolcii parametrelerinin sistem davranisina etkileri ayrintili olarak ele
alinmigtir. Calismanin ikinci béliimiinde, sistemin matematiksel modeli Lagrange yontemine dayali
olarak elde edilmis ve sistemin durum uzay modeli verilmistir. Uciincii boliimde, cift ters sarkac sistemi
igin LQR tasarimi gergeklestirilmistir. Dordiincii boliimde ise LQR kontrolcii parametrelerinin, sistem
performans: {izerindeki etkisinin belirlenmesi igin farkli konfigiirasyonda parametrelerle kontrolcii
glincellenmistir. Ayrica LOR kontrolcii parametrelerinin sistemin kontrolii iizerindeki etkinliklerini
inceleyebilmek amaciyla, MATLAB/Simulink ortaminda sistemin benzetim ¢alismalar1 yapilmis, sonuglar
tablo ve grafikler halinde sunulmustur. Sonug olarak LQR kontrolcii parametrelerinin etkileri detayl bir
sekilde ele alinarak kontrol algoritmas: tasarim siireci iyilestirilmis ve bir¢ok endiistriyel sistemin kontrol
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calismalari igin teorik altyapi olusturulmustur. Boylelikle gerek tasarlanacak kontrolcii performanslari,
gerekse mevcut kontrolcii performanslarinin iyilestirilmesi bakimindan olumlu katki saglanmustir.

MATEMATIKSEL MODELLEME (MATHEMATICAL MODELLING)

Sistemin matematiksel modelinin ¢ikartilmasinda enerji tabanli Lagrange yaklasimi kullanilmistir.
Lagrange ‘L’ ifadesi, sistemin potansiyel enerjisi ve kinetik enerjisi arasindaki fark olarak tanimlanir. Buna
gore oncelikle konum ve hiz denklemlerinin yazilarak sistemin toplam kinetik ve potansiyel enerjilerinin
hesaplanmas: gerekmektedir.

Hareket denklemlerinin bulunmas: i¢in kullanilan Lagrange yontemi Denklem (1)’de verilmistir.
Burada g; sistem genellestirilmis koordinati, ¢; genellestirilmis koordinatin zamana gore birinci tiirevi, 7;
i. degiskene hareket vermek icin sistemin i. degiskenine uygulanan genellestirilmis tork ve L Lagrangian
terimini ifade etmektedir.

dfo ot i=1,2,....,n (1)
dtiadq, ) o,

Xp

XC i
Sekil 1. Dogrusal tahrikli ¢ift cubuklu ters sarkag sistem diyagrami
Figure 1. The free body diagram of cart-pole double inverted pendulum system

Sekil 1'de serbest cisim diyagrami goriilen dogrusal tahrikli ¢ift gubuklu ters sarkag sisteminin araba
konumu (xc) ve sirayla cubuklarin referans diizleme gore agisal konumlari («, 0) olmak {izere toplam ii¢
cikis degiskeni vardir. Diyagramdan goriildiigii tizere x'nin pozitif yonii saga, o ve 8'nun pozitif yonti ise
saat yoniine dogrudur. Sistem parametreleri Cizelge 1’de ayrintili olarak verilmistir.

Cubuklarin yatay ve dikey eksenlerdeki konumlari sirasiyla Denklem (2)'de verilmistir.

Xp1 =X, -l sina (2a)
Yo =l cos(a) (2b)
X =X, - Ly sin(a) -1, sin(a+0) (2¢)
Y,z = L, cos(a)+1, cos(a+6) d)
Cubuklarin hiz denklemleri konum denklemlerinin tiirevi alinarak Denklem (3)’de verilmistir.
X, =X, -1, cos(a) & (3a)
Yo =1y sin(a) @ (3b)
X, =X, - L cos(a)é— 1, cos(a+6) (6 +6) (3¢)

Voo =Ly sin(a)a -1, sina +0) 6+ 0) (3d)
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Cizelge 1. Model parametreleri
Table 1. Model parameters

Parametre Parametrenin
Parametre Agiklamasi Sayisal
Adi . .
Degeri
Mme Arabanin kiitlesi 1,095 kg
mp1 Birinci cubugun kiitlesi 0,096 kg
mp2 Ikinci qubugun kiitlesi 0,120 kg
Ly Birinci ¢cubugun uzunlugu 0,310 m
Lp2 Ikinci qubugun uzunlugu 0,330 m
Ion Birinci gubu:gun agirlik merkezinden bagh 0,160 m
oldugu mafsala olan uzaklik
oz Ikinci gubufv;un agirlik merkezinden bagh 0,150 m
oldugu mafsala olan uzaklik
Birinci doner eklemdeki viskoz siirtiinme 0,000565
b1
katsay1s1 N/(rad/s)
Birinci ve ikinci ¢cubuk arasindaki viskoz 0,000072
b2 .
surtiinme katsayist N/(rad/s)
J1=0,022962
Ji-J2 Her bir cubugun atalet momenti J2=0,002972
Nms?
. raba ile ylizey arasindaki viskoz siirtiinme 0,001 Nms
katsayis1
. Birinci doner eklemdeki Coulomb stirtiinme 0,0004512
! katsay1s1 N/(rad/s)
. Birinci ve ikinci ¢ubuk arasindaki Coulomb 0,0000452
2
sirtiinme katsayist N/(rad/s)
F Sisteme uygulanan kuvvet -

Sistemdeki toplam kinetik enerjiyi arabanin ve her bir cubugun ayr ayri kinetik enerjileri olusturur.
Araba yatay eksende dogrusal hareket ettiginden sadece bu eksende 6teleme hareketinden kaynakl: bir
kinetik enerjisi vardir. Cubuklar hem Oteleme hem de donme hareketi yaptigindan toplam kinetik
enerjilerini de bu hareketlerden kaynakl1 6teleme ve donme kinetik enerjisi olusturmaktadir. Arabanin ve
cubuklarin kinetik enerjileri:

KEaraba = %rnc).(c2 (4a)
1 . 2 l 2 .2 . .
KE, = SMaXe + E(mpllpl +J;)a% —m % |6 cosa (4b)
KE, = 1 my,X,” + Emszpfdc2 o1 My,l," (6+0)* —m % L acosa
2 2 2 (40)

M%), (8 + ) cos(or +0) + mszpldez(('x+9)COS(90+%J2(('1+9)2

Araba yalnizca yatay eksende hareket ettigi igin arabadan kaynaklanan potansiyel enerji sifirdir.
Sistemin potansiyel enerjisini sadece ¢ubuklar olusturur ve ¢ubuklarin potansiyel enerjileri:
PE =PE, +PE,
PE, = m,gl,cos6, (5)
PE, = m,gL,cos6, + m,gl,cos6,

toplam



LQR KONTROLCU PARAMETRELERININ SISTEM DAVRANISINA ETKi ANALIZI: 179
CIFT CUBUKLU TERS SARKAGC SISTEMi

CTS sistemi genellestirilmis koordinati (mafsal degiskenleri): q =[x.a 8] ve CTS sistemi
genellestirilmis tork vektorii: T = [7; 0 0] seklindedir. Belirlenen her bir sistem degiskeni i¢in Denklem (1)
uygulanir. Her bir degisken icin bu esitligin uygulanmasi sonucu dogrusal olmayan ii¢ denklem elde
edilir. Bu denklemler sistemin dinamigini veren diferansiyel denklemlerdir.

Ik olarak xc durum degiskeni esitlige uygulanirsa Denklem (6) daki ifade elde edilir.

Gy L f o, ©
dt ox.~ ox

L yerine yazilip, Denklem (6) diizenlenirse:
o .. .2 -
X (M, +m , +m)—acosa(mpyl,+my,L ) +a’sin a(m,l,+m L)

c

@)

— (@ +0)cos (a.+ 0)m,l ,+sin( o+ 0)(G +6)°m | = F, —cX,
a ve 8 durum degiskenleri icin sirasiyla Denklem (1) uyguladiginda Denklem (8) ve (9)'daki ifadeler

elde edilir.

Myl + 3, +mLo® +mol,” +3, +2m Ll ,cos0)

=X (cosa(mpl; +m,L ) +my,l,cos(a+0))

+ (Ml 2 +3, +m,L ) ,cos0) 6 —2m L 1 ,a0sind (®)
| ,6%sin6

_(m I pl'p2

plipl

= —h, i —csign(a) - b, (& —6) - c,sign(é —6)

+my,L,)gsina—m gl ,sin(a+6)—m L

2 .
01l 2C0S0 + Ml "+, )i

p27p2 (9)
+m,L il ,6%sin0 —m gl ,sin(a +0) = —b, (0 — &) — ¢,sign(0 — &)

O(m_,1,,° +3,) — X, cos (a+0)my,l, +(m,,L

Denklem (7), (8) ve (9) sistemin matematiksel modelini olusturmaktadir. Bu ii¢ dogrusal olmayan
denklem sistemin hareket denklemleridir. Sistemi tamimlayan denklemlerin dogrusal olmadiklari
goriilmektedir ve bu sebeple analiz, benzetim ve denetleyici tasariminin yapilabilmesi i¢in denklemlerin
dogrusallastirilmalar1 gerekmektedir (Kizir, 2019). Sistemin kararli ve kararsiz olmak iizere iki denge
noktas1 vardir: a=m, =0 (¢ubuklar asag1 yonde ve sistem kararl1), a=0, 6=0 (¢cubuklar yukar1 yonde ve
sistem kararsiz). Bu galismada ele alman kontrol problemi kararsiz denge noktasinda gecerlidir.
Dolayisiyla dogrusallastirma bu denge noktasi i¢in Denklem (10)’ da verilen kiigitk ag1 yaklasimi
kullanilarak yapilmis ve Denklem (11)'deki dogrusal model elde edilmistir.
sina~a,sin0~0,sin(a+0)~a+06

cosa~Ccos0 ~1,cos(a+0)~1 (10)
4’ ~0°~0,(a+0)°~0
FC=(mC+mp1 +mp2)§ic-(mp11p1+mp2Lp1+mp21p2)&-mp21p2é+c5{c (11a)
0 = —(mp;lpy + mpyLpy + mpplyy)%e + (Mpylpy® + 3 + mpyLps® + mpalpo? + 15 + 2my, Ly Ly, )+
(mpzlpzz + ], + mp, Lpllpz)é — g(mpllp1 + mp, Lpl)a — gmpylp(a+6) +ba+ b, (6 —9) (11b)
0 = (mpzlyy” +J2)8 — mpy Lok + (Mpalyo” +J5 + mpy Ly 1) é — gmpsly, (o + 8) + by (6 — &) (11c)
Elde edilen dogrusal modelin matris formunda gosterimi Denklem (12)’de verilmistir.
O —((11+(12) -0, Xc FC—CXC
(0 +a,) (a5+20,) (o5+a)||d | |0g0+a,gle+0)-ba-b,(@—0) (12)
— 0y (a5 +ay,) Os 0 0‘zg(u"'e)_bz(é_é‘)

2 2 2
(ag=m, +m+m,, a,=myl +m,L, 8, =myl,, a;=m 1" +3 +m,L*+m,l," +13,,
2
a, =myLl,, ag=m,l," +J,)
Arabali cift ters sarkag sisteminin durum degiskenleri araba konumu — hizi ve her iki ¢gubugun agisal
konumu - hizidir. Cikis degiskenleri ise araba konumu ve ¢ubuklarin agisal konumudur. Bu degiskenler

Denklem (13)" de verilmistir. Bu degiskenler arasinda gerekli degisken doniisiimleri Denklem (14)'de
verilen gekilde yapilmali ve denklemler buna gore yeniden diizenlenmelidir.
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X, X
X, a
w| Xa|_| y=[x, o 0] (13)
X, X,
X a
Xg f
X, =X,
X3 =X, (14)
X5 = Xg
Denklem (12), sistemin durum uzay formunda ifade edilebilmesi i¢in Denklem (15)'de goriilen hale
getirilir.
X, Oy —(o+e,) -0, F-cx;
G [TV _(0,40) (0+20,) (05+0,) | * | a0+ a,g(o+6)—byii—b, (6~ 6) (15)
0 —0; (a5 +a,) Og azg(a+e)_bz(9_d)

Denklem (15)'den ¢ikarilan denklemler durum degiskenlerine gore diizenlenirse (Denklem (14)) ve
sistem parametreleri yerine yazilirsa sistemin durum uzay1 modeli Denklem (16)’da goriildiigii gibi elde
edilir.

0 0 0 1 0 0 0
0 0 0 0 1 0 0
A 0 0 0 0 0 1 B 0
0 19351 -1,0079  -39269 -0,0032 0,0008 0,9132
0 73,4070 —154,7904 -245434 -0,2501 0,0950 5,7078
|0 -146,8140 533,3715 49,0868 0,7453 -0,3125| |-11,4155]
100000 D=[000] (16)
C=0 1 00 0O
001000

SISTEM KONTROLU (SYSTEM CONTROL)

Ters sarka¢ sistemi dogrusal olmayan, kararsiz, eksik tahrikli bir sistemdir. Bu 0ozellikleri
dogrultusunda kontrolii zor bir sistem oldugu agikga goriilmektedir. Dolayisiyla her denetleyici yapisi bu
sistemin kontrolii i¢in uygun olmamaktadir. Bu ¢alismada arabali cift ters sarkag sistemine ait dengeleme
kontrol problemi tizerine odaklanilmistir. Dengeleme problemi i¢in durum geri beslemeli kontrol uygun
denetleyici yapilar1 arasindadir.

Durum geri beslemeli kontrol yapisinin temelinde sistemin kapali ¢evrim kararsiz kutuplarmin
sistemi kararli hale getirecek noktalara atanmasi vardir. Kutup atamasinin yapilabilmesi igin sistemin
durum degiskenlerinden ve kazang matrisinden yararlanilmaktadir.

LQOR Kontrolér (LQR Controller)

Durum geri beslemeli denetleyici tasariminda kritik noktalardan biri kazang (K) matrisinin
bulunmasidir. LQR yontemi bu amacla kullanilan yontemlerdendir. Bu yaklasimda bir optimizasyon
problemi ¢oziilerek K matrisi elde edilmektedir. Denklem (17)’de verilen kontrol sinyalini optimize edecek
optimal geri besleme katsayilar1 maliyet fonksiyonunun (J) minimize edilmesi ile bulunmaktadir.

u(t) =—Kx(t) (17)
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J=%T(XTQX+UTRU)dt (18)
0

Denklem (18)'de goriilen maliyet fonksiyonu Q ve R olmak {izere iki parametreye bagl olarak
degismektedir. Bu iki parametrenin se¢imine bagl olarak uygun kazang¢ matrislerinin elde edilmesi
saglanmaktadir. Q pozitif yar1 — taniml bir matristir, R ise pozitif sabit bir sayidir. Optimum kontrol
sinyali, Denklem (19)’da verilen sekilde olmalidur.

u(t) = —R'BTP(t)x(t) = —Kx(t) (19)

Bu denklemde goriilen P cebirsel degeri ise Denklem (20)'de goriilen Riccati diferansiyel denklemi
yardimu ile elde edilir.

PA+A"-PBR'P+Q=0 (20)

Riccati denkleminin ¢6ziimii olan P degeri ile artik K kazang matrisi Denklem (21)’de goriildiigii gibi
bulunabilir.

K=R'B™P=[k, k, ki k, ki k] (21)

LOR Kontrolor Tasarimi — Agirlik Matrislerinin Secimi (LQR Controller Design — The Choice Of The Weighting
Matrix)

Kontrol sistemlerinde oldukca 6nem tasiyan kontrolor performans kistaslart mevcuttur. Bunlardan
ilki: sistemin referansa yani istenen duruma gitmesi igin gecen zamandir. Bu kistas regiilasyonun ne kadar
hizli oldugunu gosterir. Ikinci kistas ise sistemin kontrolii i¢in harcanan enerji miktaridir. Bu iki kistasin
calisma mantig1 birbiriyle terstir. Ciinkii bir sistemden hizli cevap alinmasi istenirse, kontrol sinyalinin
yiiksek tutulmasi gerekir bu da harcanan enerji miktarinin artmasi anlamina gelmektedir. Ya da harcanan
enerjinin az olmasi isteniyorsa, sistemden istenen cevap daha uzun siirede alinacaktur.

Optimizasyon probleminin ¢oziimii Q ve R parametrelerine baglidir. Bu parametrelerin se¢iminin
kontrolor performansina etkisi fazladir dolayisiyla secimleri de oldukca 6nem tasimaktadir (Kizir, 2008).

Kontrolor tasarlanirken Q = R segilirse, sistemin kontrolii i¢in harcanan enerji miktar1 ile sistemin
referansa gitmesi i¢in gegen zaman esit onemdedir. Q > R ise sistemin referansa olabildigince hizl1 gitmesi
daha onemlidir. Yani sistemden hizli cevap alabilmek icin harcanacak enerjinin fazla olmas: goz ard:
edilmektedir. Q < R durumunda ise harcanan enerji miktarinin az olmasi istenmektedir. Az enerji
harcanmast igin sistem cevabinin yavas olmasi sorun tegkil etmemektedir (Yaren, 2018). Q ve R agirlik
matrislerinin se¢iminde bu durumlar g6z 6niinde bulundurulmalidir.

Kontrol sinyalinin durumu ise R parametresine gore degismektedir. R parametresi ne kadar yiiksek
degerlikte secilirse, {iretilecek kontrol sinyali de o kadar diisiik olacaktir. R'nin se¢imi kontrol sinyal
genliginin ayarlanmasinda pratiklik saglamaktadir.

Q matrisi, sistem durum degiskenlerinin her birinin agirlik katsayisini igermektedir (Li, 2013). Bir
durum degiskeninin agirlik katsayisi ne kadar fazla ise o degiskenin kontrolii igin o kadar fazla enerji
gerekmektedir. Yani agirlik katsayisi fazla olan degiskenin kontroliine daha fazla agirhik verilmektedir.
Burada sistem 6zelliklerini bilmek 6nem tagimaktadir. Ciinkii sistem durum degiskenlerinin 6zelliklerine
gore hangi degiskene daha fazla agirlik verilmesi gerektigi arastirmaci tarafindan 6ngoriilmelidir.

Optimal ve kararli bir kontrolor saglamasina ragmen LQR, standart bir kontrol ¢6ziimii saglayamaz.
Optimizasyon probleminin birden fazla ¢oziimii olabilir. Bu nedenle deneme yanilma yaparak istenen
kontrol performansi elde edilebilir. Q ve R tasarim parametrelerinin farkli segimleri, kapali ¢evrim sistem
i¢in farkli kontrol performanslar: saglamaktadir (Zhang ve Zhang, 2012).

LQOR kontroloriin dezavantaji, sistem kontrolii i¢in en uygun Q ve R’yi verecek kesin bir yontem
bulunmamasidir. Kullanilan ydntemler ise arastirmaci i¢in dogru baslangic noktasini belirlemeye
yardimei olmaktadir. Aragtirmaci, baslangi¢ noktasindan baslayarak en uygun Q — R’yi sistem modeli
lizerinde testler gerceklestirerek bulmaya calisir. Tasarim kriterlerine en uygun kontroloriin elde
edilebilmesi icin agirlik matrislerinde ayarlama yapar. Baglangi¢ noktasinin dogru olmasi ¢6ziimii hizh
bir sekilde bulabilmek agisindan arastirmaciya oldukga avantaj saglamaktadir.
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Tasarim hedeflerini karsilayabilecek bir agirlik matrisi se¢imi yapabilmek i¢in kullanilan birkag temel
yontem mevcuttur. Bunlardan ilki ve en basit olan1 Q matrisinin, sistemin C durum matrisine bagl olarak
Denklem (22)'de goriildiigii gibi CTC seklinde segilmesidir.

10 000
(22)
Q=C'C=

o O O o o

O O ©O O
o O » O O

O O O o o
o O O o
o O O o

0 00
Agirlik matrisi segiminde kullanilan bir diger yontem literatiirde “Bryson’s Rule” (Bryson ve Ho,
1975) olarak adlandirilmaktadir. Bu yontemde Q ve R, Denklem (23)’de verilen ifadelere gore segilebilir.

Ik yontemde sadece sistem cikiglarina agirlik katsayisi verilmisti fakat sistemin sadece cikislarina degil

tiim degiskenlerine agirlik verilebilir. n durum degiskenli bir sistemde her bir durum degiskeninin agirlik
katsayis1 o degiskenin maksimum kabul edilebilir hata miktarina gore belirlenebilmektedir. R degerinin
belirlenmesi ise kontrol sinyalinin maksimum degerine baglidir.
1. 1
; =m,|=1,2,..,n R—(Umax)zp (23)
Ornegin; bir sistemdeki araba konumu icin maksimum kabul edilebilir hata miktari 0.1 m olsun. Bu
durumda “Bryson’s Rule” yontemine gore Q matrisinde araba konumunun agirlik katsayis1 100 segilebilir.
Burada 6nemli olan degiskenlerin birimlerine dikkat ederek katsayilarin belirlenmesidir. Ayrica sisteme
uygulanabilecek maksimum gerilim degerinin 7 V oldugunu varsayalim. Bu durumda R parametresi
(1/49) olarak bulunabilir. Bu yontem uygun kontrolor secimi igin olasi baslangi¢ noktasini verir. Sistem
cikisina gore istenen ¢ikisin elde edilebilmesi i¢in de parametre ayar1 yapilir.

Durum Geri Besleme Kazancinin Bulunmasi (Determination Of The State Feedback Gain)

Kontrolor tasarimi igin sistem yapisinin analizi gerekmektedir. Cift cubuklu ters sarkag sistemine
bakildiginda bazi kisitlar oldugu goriilmektedir. Arabanin yatayda hareket edecegi alan smirhdir.
Arabanin hareket alanina gore kontroloriin davranis bicimi de degisecektir. Araba konumunun siniri
oldugu i¢in bu sistem degiskeninin agirlik katsayisi ¢ok diisiik tutulmamalidir. Cubuk agilarinin ve araba
konumunun dengeleme probleminin ¢alisma araliginda bulunmasi gerekmektedir. Yani bu sistem
cikiglarinin fiziksel sinirlart mevcuttur. Fakat hiz degiskenleri i¢in bir sinirlama s6z konusu degildir.
Dolayistyla pozisyon degiskenlerinin agirlik katsayilari hiz degiskenlerine gore ¢ok yiiksek tutulmalidir.

Cubuklar diismeye baslarsa buna bagli olarak arabanin dogrusal hizi ¢ok hizli bir sekilde degisecektir.
Bu istenmeyen bir durumdur. Bu nedenle bu durumun engellenmesi icin araba hiz degiskeninin agirlik
katsayisi olabildigince diisiik secilmelidir.

Kontrolor tasarimi i¢in gubuklarin agilari icin kabul edilebilir maksimum hatanin 0,02 rad oldugunu

varsayalim. Araba konumu ise 0,01 m olsun. Bu durumda Q matrisi Denklem (24) deki gibi elde edilir.
1 1

Qu :W =10000,Q,, = Qs :W =2500
10000k 0 0 000 24)
0 2500k 0 00O
0 0 2500k 0 0 0
= 0 0 000
0 0 0 000
0 0 0 000

k katsayis1 (1/100) olarak segilirse Q matrisinin giincel hali Denklem (25)'de goriildiigii gibi olur.
Ayrica R =1 olarak segilirse bu agirlik matrislerine gore kontroldr performansi incelenebilir.
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100 0 0 0 0 0

0 25 0 000

o 0 2500 0] R=1 (25)
=10 0 0000

0 0 0000

0 0 0 00 0

Denklem (25)'de verilen Q ve R parametrelerine gore elde edilen kazang matrisi sistem Simulink
modeline uygulanmis ve sistemin kontroliiniin saglandig1 goriilmiistiir. Sisteme uygulanan kazang
matrisi Denklem (26)'da verilmistir.

K=[10 -42,47 -202,34 7,15 -15,99 -12,65] (26)
Acik Cevrim - Kapali Cevrim Kutuplari
T T T

% Orijinal Sistem Kutuplari
a O Kontol Edilen Sistem Kutuplari

1.5

0.5 n

-0.5 - .

15 I I I I I I I I I
-25 -20 -15 -10 -5 0 5 10 15 20 28

Sekil 2. Kararli — kararsiz sistem kutuplari
Figure 2. Stable — unstable system poles

Sekil 2’de orijinal sistem kutuplar ile kontrol sonucu elde edilen kutuplar goriilmektedir. Grafikten
de anlasilacag: iizere kutuplar kontrol sonucunda kararsiz noktalardan kararli noktalara taginmistir. Yani
durum geri beslemeli kontrol yapisinin temelinde oldugu gibi sistemin durum degiskenlerinden ve
kazan¢ matrisinden yararlanilarak kontrol sonucu sistemin kararsiz kutuplar1 sistemi kararli hale
getirecek noktalara atanmistir. Elde edilen kazang matrisi ile sistem kararli hale gelmistir fakat bu ¢6ziim
kontrol probleminin tek ¢oziimii degildir. Farkli Q ve R segimleri ile farkli performansta denetleyiciler
elde edilebilir. Farkli Q ve R seg¢imlerinin sistem kontrolii {izerinde etkileri benzetim modelinde
incelenecektir.

BENZETIM SONUCLARI (SIMULATION RESULTS)
LOR Simulink Modeli (LQR Simulink Model)

Durum uzay1 modeli sistemin ger¢ek davranis bicimini igerdiginden; Simulink ortaminda arabali ¢ift
ters sarkag sisteminin durum uzay matrislerinin benzetim modelinin olusturulmasi ile sistem analizi
kolaylikla yapilabilir. Ayrica bu benzetim modeline kontrolor yapisinin eklenmesi ile de tasarlanan
kontroldriin performansi incelenebilir ve gerekli diizeltmeler kolaylikla yapilabilir.
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LQR Kontrolor
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Sekil 3. LOR kontrolor Simulink modeli
Figure 3. LOR controller Simulink model

LQOR kontroldr yapisinin olusturuldugu Simulink modeli Sekil 3'de goriilmektedir. Cift ters sarkag
sisteminin {i¢ ¢ikisi vardir. Bunlar: arabanin konumu, birinci ve ikinci sarkag¢ agilaridir. Dolayisiyla
Simulink modelindeki durum uzay1 blogunun ¢ikisindan da bu ii¢ ¢ikis degiskeni elde edilir. Fakat durum
geri beslemeli kontrolciiniin sisteme uygulanabilmesi igin tiim degiskenlerin bilinmesi gereklidir. Bu
nedenle Simulink modelindeki filtreleme blogunda, pozisyon bilgilerinin tiirevi ikinci dereceden algak
geciren tiirev filtresi ile alinarak hiz bilgileri elde edilmektedir. Boylece sistemin tiim durum degiskenleri
erisilebilir durumdadir ve tam geri besleme saglanabilmektedir. (Ger¢ek zamanli uygulamalarda 6l¢iim
guriltiileri, filtre gecikmeleri gibi kontrolor performansini olumsuz etkileyecek etkileri yok etme amaciyla
filtreleme blogu gelistirilebilir; fakat bu ¢alismada ikinci dereceden algak geciren tiirev filtresi yeterlidir.)

Geri beslenen durum degiskenlerinin referanslarla karsilastirilmasi ile her bir durum igin hata bilgisi
elde edilir. Bu hata verileri de kazang matrisi ile ¢arpilir. Kontroloriin performansi direkt olarak bu kazang
matrisi ile iligkilidir. Kazang matrisi de Q ve R agirlik matrislerine bagl olarak elde edilmektedir. Fakat
ilk elde edilen kazang¢ matrisinin performansinin ¢ok iyi olmasi beklenemez. Ciinkii daha 6nce bahsedilen
agirlik matrislerinin secimi igin izlenebilecek yollar sadece baslangi¢ noktasinin belirlenmesine yardimci
olmaktadir. Bu baslangi¢ noktasindan yola ¢ikilarak benzetim ortaminda kontroloriin davranis bigimi
incelenir ve iyilestirilmesi icin agirlik matrislerinde gerekli degisiklikler yapilarak, sonuglar gozlenir.

Benzetim ortaminda, agirlik katsayilarindaki degisimlerin degiskenlerin davrarus bicimini nasil
etkiledigi, kontrol sinyalindeki degisimler, degistirilen kosullarin kontrol6riin performansina etkisi kolay
bir sekilde gozlenebilir. Gozlenen durumlara gore de kontrolor tasarimu iyilestirilebilir. Ayn1 zamanda
gercek zamanli kontrol uygulamalar: i¢in de benzetim c¢alismalari referans niteligindedir. Ciinkii
benzetim ortaminda kontroldriin davranis bigiminin analizi yapilir ve ger¢ek zamanli uygulamada da bu
davranis big¢iminin goriilmesi beklenir. Beklenen davramis bi¢cimine gore sistem {izerinde gerekli
diizenlemeler yapilir.

LOR Kontrolér Benzetim Sonuglari (Simulation Results Of LQR Controller)

Sistem belirli baglangi¢ kosulunda iken kontroldr farkli agirlik matrisleri ile uygulanacaktir. Boylece
farkli agirlik matrislerinin kontrolor performansina etkisinin gozlenebilmesi amaglanmustir.

Baslangic kosulu [0 0,1 -0,05 0 0 0] seklindedir. Birinci ¢cubugun baslangi¢ degeri 0,1 radyan, ikinci
¢ubugun baslangi¢c degeri -0,05 radyan, diger durum degiskenlerinin ise 0’dir. Sekil 4’de sistemin bu
kosullardaki baslangi¢ durumu ve kontroloriin devreye girmesiyle sistemin ne duruma gelecegi
goriilmektedir.
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Sekil 4. Sistemin [0 0,1 -0,05 0 0 0] baslangi¢ kosulu ve kontrol durumu
Figure 4. Imtial condition as [0 0.1 -0.05 0 0 0] and control status of the system

Farkli Agirlik Matrisleri (Different Weight Matrices)

Farkli Q ve R matrisleri i¢in verilen baslangi¢ kosulunda kontroloriin davranisi incelenecektir.
Kontrolor tasariminda, en uygun olabilecek agirlik matrislerine karar verilmisti, burada amag agirlik
matrislerinin etkisini gdzleyebilmektir. Incelenen konfigiirasyonlar sirasiyla {(Q = diag(1 1100 0) ve R =
1), (Q =diag(50 50 50 0 0 0) ve R=1), (Q = diag(50 50 50 0 0 0) ve R =0,01), Q = diag(50 50 50 0 0 0) ve R =
100} seklindedir. Bu konfigiirasyonlar altinda tiim sistem degiskenlerinin yanit1 ve kontrol sinyalinin
durumu ayrintili bir sekilde Sekil 5 — 11 arasi ¢izdirilmis ve gerekli karsilagtirmalar yapilmistir. Ayrica
Cizelge 2’de elde edilen kazang matrisleri verilmistir.

Cizelge 2. Farkl1 konfigiirasyonlardaki kazan¢ matrisleri
Table 2. Gain matrices in different configurations

Konfigiirasyon Ky, K, Ky Ky Ky Kg
1 1.00 -223 | -1832 | 0.76 | -11.48 | -10.76
2 707 | -3697 | -197.81 | 520 | -14.75 | -12.16
3 70.7 | -1954 | -363.88 | 50.66 | -49.47 | -27.15
4 070 | -21.63 | -182.55 | 0.54 | -11.32 | -10.69

Arabanin referans diizleme gore konumu
T

konfiglirasyon1 Q=[1 11 0 0 0], R=1
konfiglirasyon2 Q=[50 50 50 0 0 0], R=1
konfigiirasyon3 Q=[50 50 50 0 0 0], R=0,01
= = =konfigiirasyon4 Q=[50 50 50 0 0 0], R=100

0.1

015 I I I | |
0 0.5 1 1.5 2 25 3

Zaman (sn)

Sekil 5. xcsistem degiskeninin farkli konfigiirasyonlardaki yaniti
Figure 5. Response of x. system variable in different configurations
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[lk olarak en basit sekilde Q = diag(1 11 0 0 0) ve R = 1 olarak secilmistir (konfigiirasyon1). (Araba
konumu ile sarkaglarin agilarinin agirliklar: 1 alinmistir.) Bu konfigiirasyon icin $Sekil 5-10 aras: sistem
degiskenleri incelendiginde her bir degiskenin belirli bir siire sonra referans noktasina (0) oturdugu
gozlenmektedir. Yani Sekil 4'de goriilen kontrol durumu elde edilmektedir. Cubuklarin denge konumuna
gelirken fazla salinim yaptig1 goriilmektedir. Bu istenmeyen bir durumdur ¢iinkii her salinimda kontrolor
bu salinimi yok edecek sekilde kontrol sinyali iiretir ve bu da sistemde harcanacak enerjinin fazla olmasina
sebep olur. Arabanin ise denge konumuna gelme zamani daha da azaltilabilir ¢iinkii araba konumu igin
yerlesme zamani fazladir. Ayrica farkhi agirlik matrisleri ile ¢ubuklarin a1 grafiklerindeki asim da
azaltilabilir. Burada 6nemli olan performans kriterlerine gore en iyi performans: saglayacak agirlik
matrislerini bulabilmektir.

Arabanin referans diizleme goére hizi
T T

konfigiirasyon1 Q=[11 1 0 0 0], R=1

konfiglirasyon2 Q=[50 50 50 0 0 0], R=1
konfigiirasyon3 Q=[50 50 50 0 0 0], R=0,01 [|
= = - konfigiirasyon4 Q=[50 50 50 0 0 0], R=100

2 T
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dx /dt
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Sekil 6. %, sistem degiskeninin farkli konfigiirasyonlardaki yanit1
Figure 6. Response of %, system variable in different configurations

Tkinci olarak Q = diag(50 50 50 0 0 0) ve R = 1 olarak segilmistir (konfigiirasyon2). Sistem durum
degiskenlerinin agirlik katsayilar1 ayni derecede arttirilmis, R ise sabit kalmistir. Burada sistem
degiskenlerinin agirlik katsayilarinin etkisinin gozlenebilmesi amaglanmistir. xc degiskeninin yant1 ilk iki
konfigiirasyon i¢in karsilastirildiginda (Sekil 5), agirlik katsayisinin artmasi sonucu yerlesme zamaninin
onemli Olciide azaldig1 goriilmektedir. Ayrica asim artmistir fakat bu artis biiyiik miktarda olmamistir.

Birinci gubugun referans diizleme gére agisal konumu
T T -

0.4 T
konfiglirasyon1 Q=[1 1 1 0 0 0], R=1
konfiglirasyon2 Q=[50 50 50 0 0 0], R=1
03 konfigiirasyon3 Q=[50 50 50 0 0 0], R=0,01 |
- - - konfigirasyon4 Q=[50 50 50 0 0 0], R=100
0.2 _
0.1 /\ i
T ANNANNAN
-0.1 =
-0.2 =
0.3 -
-0.4 L 1 1 I 1
0 0.5 1 1.5 2 2.5 3

Zaman (sn)

Sekil 7. asistem degiskeninin farkli konfigiirasyonlardaki yaniti
Figure 7. Response of a system variable in different configurations
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Agirlik katsayisinin 50 olarak secildigi durumda birinci ve ikinci ¢ubuklarin pozisyon verilerine
bakildiginda ¢ubuklarin dengelenirken yaptig1 salinimin ilk duruma gore azaldig: goriilmektedir (Sekil 7
ve 9). iki durum arasinda yerlesme zamani agisindan 6nemsenecek bir fark yoktur. Asimda ise kiigiik bir
miktar artis olusmustur.

Birinci gubugun referans diizleme goére agisal hizi
T T T

6 T
konfiglirasyon1 Q=[1 1 1 0 0 0], R=1
konfiglirasyon2 Q=[50 50 50 0 0 0], R=1
konfiglirasyon3 Q=[50 50 50 0 0 0], R=0,01
4 = = =konfigiirasyon4 Q=[50 50 50 0 0 0], R=100 ||
2 4
o
: /\
= oF a
5 \_/
3
°
2 - 4
4 - 4
6 L 1 1 | I
0 0.5 1 1.5 2 25 3

Zaman (sn)

Sekil 8. d sistem degiskeninin farkli konfigiirasyonlardaki yaniti
Figure 8. Response of & system variable in different configurations

Hiz bilgisi pozisyon bilgisine bagli olarak iiretilir. Dolayisiyla pozisyondaki degisiklikler hiz bilgisine
de yansiyacaktir. Bu yilizden pozisyonda oldugu gibi hizda da ilk duruma gore salinim azalmistir.

Q matrisi R'ye gore biiytiik secildiginde, denetleyicinin hiz1 6n plana ¢ikarilmaktadir. Yani sistemde
hizli regiilasyon saglamak igin yiiksek kontrol sinyali kullanilmasina tolerans gosterilmektedir. Her iki
durumdaki kontrol sinyali incelendiginde; Q>R durumunda daha yiiksek genlikli kontrol sinyalinin
olustugu goriilmektedir. Bahsedilen durum karsilastirma ile gézlenmistir.

Ikinci gubugun referans diizleme gére agisal konumu
T T

0.4
konfiglirasyon1 Q=[1 11 0 0 0], R=1
konfiglirasyon2 Q=[50 50 50 0 0 0], R=1
0.3 konfiglirasyon3 Q=[50 50 50 0 0 0], R=0,01 |
= = =konfigiirasyon4 Q=[50 50 50 0 0 0], R=100
0.2 N

A/\/\/\/\
YRAVAA

0 (rad)

-0.2 -
-0.3 4
0.4 I I I I 1
0 0.5 1 15 2 25 3
Zaman (sn)

Sekil 9. O sistem degiskeninin farkli konfigiirasyonlardaki yanitt
Figure 9. Response of 0 system variable in different configurations

Q = diag(50 50 50 0 0 0) ve R = 0,01 olarak secildiginde ise (konfigiirasyon3) daha once verilen
kosullarda elde edilen sonuglara gore tiim sistem degiskenlerinde salimimin ¢ok fazla arttig:
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goriilmektedir. Cubuklar dengelenirken biiyiik genlikli salimimlar yapmaktadir ve kontrolér bu
salimimlar1 yok etmek icin daha fazla kontrol sinyali {iretmektedir. Ayrica sistem degiskenlerinin
dengelenmesi icin gegen siire yani yerlesme zamani artmistir ve bu artis istenmeyen bir durumdur. Elde
edilen sonuglara gore bu kosullarda kontrolor dengelemeyi basarsa bile performansinin basarili olmadig:
sOylenebilir.

Ikinci gubugun referans diizleme gére agisal hizi
T T T

konfigiirasyon1 Q=[1 1 1 0 0 0], R=1
konfigiirasyon2 Q=[50 50 50 0 0 0], R=1

6 konfigiirasyon3 Q=[50 50 50 0 0 0], R=0,01 1
= = = konfiglirasyon4 Q=[50 50 50 0 0 0], R=100
4 ,
2 ﬁ
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©
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Sekil 10. 6 sistem degiskeninin farkli konfigiirasyonlardaki yanit

Figure 10. Response of § system variable in different configurations

Son olarak Q = diag(50 50 50 0 0 0) ve R = 100 olarak secilmistir (konfigiirasyon4). R>Q durumunda
regiilasyonun uzun olmasi yani sistemin yavas dengeye oturmasi tasarimci igin bir problem tegkil
etmemektedir. Bu durumda sistemde az enerji harcamak onemlidir ve diger durumlarin etkisi ihmal
edilir.

Onceki iki durumda elde edilen kontrol sinyalleri ile bu durumda elde edilen kontrol sinyali
karsilastirildiginda, daha kiigiik genlikli kontrol sinyali elde edildigi goriilmiistiir (Sekil 11). Ayrica
yerlesme zamani diger durumlara gore artmistir.

Kontrol sinyali

80 T T
konfiglirasyon1 Q=[1 11 0 0 0], R=1
konfiglirasyon2 Q=[50 50 50 0 0 0], R=1
60 konfigiirasyon3 Q=[50 50 50 0 0 0], R=0,01
= = ~konfiglirasyon4 Q=[50 50 50 0 0 0], R=100
40 n

20

F(N)

-20

-40

-60

-80

-100 : ‘
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Sekil 11. Kontrol sinyalinin farkli konfigiirasyonlardaki yanitt
Figure 11. Response of control signal in different configurations
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Gegici ve kaliaa durum kontrol cevap parametrelerinin (yerlesme zamani, yiikselme zamani,
maksimum asim, kalici durum hatasi, pik deger vb.) incelenmesi ile etki analizinin detaylandirilmasi
miimkiindiir. Detaylandirmaya Ornek olarak Cizelge 3 hazirlanmistir. Goriildiigii {izere her bir
konfigiirasyon i¢in sistem ¢ikis degiskenlerinin bazi kontrol cevap parametreleri karsilastirilmistir.

Cizelge 3. Sistem ¢ikis degiskenlerinin her bir konfigiirasyondaki yanit parametreleri
Table 3. Response parameters of system output variables in each configuration

Yikselme | Yerlesme | Maksimum

Crlas Degiskeni Zamani Zamani Asim Pik
Konfigiirasyonl 1.3081 3.9423 89.9864 0.0774
Konfigiirasyon2 0.0015 3.0948 6.2007e+04 0.0851

X Konfigiirasyon3 0.0063 4.8555 3.6748e+03 0.1425
Konfigiirasyon4 1.4344 3.6078 55.5372 0.0772

Konfigiirasyonl | 1.7329e-05 1.7373 2.6851e+05 0.1257
Konfigiirasyon2 | 2.1619e-06 1.6309 1.6869e+06 0.1451

o Konfigiirasyon3 | 9.2792e-05 4.8660 3.9988e+03 0.3662
Konfigiirasyon4 | 9.7204e-06 1.7318 4.7457e+05 0.1247
Konfigiirasyonl | 2.7011e-09 1.1573 1.0682e+08 0.1202

o Konfigiirasyon2 | 2.2201e-08 0.9636 1.7543e+07 0.1623

Konfigiirasyon3 | 1.9559e-04 4.8635 4.7499e+03 0.3953
Konfigiirasyon4 | 2.2259e-09 1.1623 1.2722e+08 0.1180

Kontrolor performans kriterlerine gore farkli Q ve R agirlik matrisleri ile optimizasyon yapilabilir ve
boylece daha iyi kontrolor performansi elde edilebilir. Yapilan karsilastirilmalarda goriildiigii gibi farkl
durumlarin sistem {izerinde farkli etkileri vardir. Bu etkilerin istenen sekilde ortaya c¢ikmasi ise
tasarimcinin se¢imine baghdir. Ayrica agirhik matrisleri se¢imi basliginda bahsedildigi gibi sistemin
davrans bicimine gore ¢ubuklarin agirlig: ile arabanin agirligt ayni degildir. Dolayisiyla degiskenlerin
agirlik katsayilarimin ayri ayri degistirilmesi ile sonuglar gozlenerek kontrolor performansi daha da
iyilestirilebilir.

Sistemin Referans Sinyali Takibi (System Reference Signal Tracking)

Sistem Denklem (26)'daki kazan¢ matrisinin uygulanmasi ile denge durumunda iken arabaya Sekil
12’de goriilen referans sinyal uygulanmistir. Kontrolorden istenen arabanin referans sinyali basari ile
takip etmesi ve bu takibi gergeklestirirken cubuklarin dengesinin bozulmamasidir. Sistem denge halinde
iken arabanin hareket etmesi, cubuklar icin bozucu etki olusturacaktir. Onemli olan; olusan bu bozucu
etkiyi kontroloriin yok edebilmesidir.

Sekil 12’de referans sinyalin sisteme uygulanmasi sonucunda sistem ¢ikiglarinin nasil davrandig:
goriilmektedir. Goriild{igii lizere araba + 0,1 m. referans noktalara ulasarak referans sinyali basari ile takip
etmekte ve belirlenen siire boyunca dengede kalmaktadir. Ayrica grafikte sisteme uygulanan referans
sinyal sonucunda ¢ubuklarin konumlarindaki degisimler goriilmektedir.

Cubuklar arabanin referans noktasina gitmek i¢in harekete basladig1 anda salinim yapmaktadirlar. Bu
salinim arabanin hareketinden dogan bozucu etki sebebiyle olusmaktadir. Kontrolor bu salinimlari uygun
kontrol sinyali ile yok ederek ¢ubuklarin denge halinin bozulmasini engellemistir. Grafikte salinimlardan
sonra ¢ubuklarin tekrar 0° denge konumlarina geldigi acik¢a goriilmektedir.
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Sekil 12. Referans sinyal uygulanmasi sonucunda sistem ¢ikislar1
Figure 12. System outputs as a result of reference signal implementation
SONUC (RESULT)

Bu ¢alismada, kontrol sistemleri uygulamalarinda oldukga tercih edilen ters sarkag sistem tiirlerinden
olan dogrusal tahrikli ¢ift cubuklu ters sarkag sisteminin Lagrange tabanli modellenmesi detaylariyla
verilmis, denge kontrolii tam durum geri besleme yontemi, Bryson kurali ve dogrusal karesel regiilator
kullanilarak gergeklestirilmis ve benzetim ¢alismalar1 MATLAB - Simulink ortaminda gergeklestirilmistir.
Benzetim sonuglari; gergek zamanli uygulanacak denge kontrol problemlerine zemin olusturmustur.
Ayrica LOR kontrolcii parametrelerinin etkileri detayli bir sekilde ele alinarak kontrol algoritmasi tasarim
siireci iyilestirilmis ve bir¢ok endiistriyel sistemin kontrol ¢alismalari i¢in teorik altyap: olusturulmustur.
Boylelikle gerek tasarlanacak kontrolcii performanslari, gerekse mevcut kontrolcii performanslarinin
iyilestirilmesi bakimindan olumlu katki saglanmistir.
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