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KOMURCUODA KATI ATIK DEPOLAMA SAHASINDA DEPO
GAZINDAN ENERJI URETIMINDE KULLANILAN GAZ
MOTORLARINDA OLUSAN DEPOZITIN ELEMENTEL
KARAKTERIZASYONU
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OZET

Kat1 atik depo sahalarinda olusan depo gazi enerji liretim i¢in gaz motorlarinda yakilarak genellikle elektrik enerji
iiretilmekte, ayn1 zamanda CO2’den 25 kat daha fazla sera gazi etkisi olan CH4 nin CO2 doniistiiriilmesi ile sera
gazi emisyon etkisi azaltilmaktadir. Depo gazi biinyesinde biiyiik oranda Metan ve Karbondioksit bulunmakta,
eser miktarda da siloksanlar, hidrojen siilfiir, merkaptanlar ve diger organik bilesikler bulunmaktadir. Enerji
iiretimi sirasinda depo gazinda bulunan bu bilesiklerin yiiksek sicaklik ve basing altinda oksitlenmesi sonucu
olusan parcaciklar motorun yanma odasinin ekipmanlar1 yilizeyinde birikerek kompleks depozit olusturmaktadir.
Bu calismada, Istanbul Komiirciioda Kat1 Atik Depolama Sahasindaki depo gazindan enerji iiretimi tesisinde
kullanilan gaz motorlarinin piston baslarinda biriken kompleks depozitlerin elementel igerikleri incelenmistir.
Depo gazinin yanmasi sirasinda olusan metaloksitler yiiksek sicaklik ve basincin etkisiyle motor pargalarina
carparak tutunmakta ve motor yiizeyinde baslangigta ince bir tabaka olusturmaktadir. Yanma islemi siiresince
oksitlenmeye devam eden elementler bu tabaka iizerinde birikerek kalinlig1 yaklasik 0,5-2 mm arasinda degisen
depozit formlarinin olusmasina neden olmaktadir. Bu depozitleri olusturan elementlerin kompozisyonunun
belirlenmesi i¢in piston baglarindan alinan depozitler X-Isin1 Difraksiyonu (XRD) ve X-Isin1 Floresan (XRF)
spektrometresi ile analiz edilmistir. Analizler neticesinde, XRD analizi sonucu kristal formda CaSO4 ve XRF
analizi sonucu 16 element tespit edilmistir. Alinan sonuglara gore, oksijen toplam kiitlenin yaklasik olarak yarisini
olusturmaktadir. Kalsiyum, siilfiir ve silisyum oranlart ise sirastyla %16,6, %16,1 ve %14,6 olarak bulunmustur.
Ayrica, depozitteki antimonun kiitlece orant %3,5 olup, toksik bir element oldugu dikkate alindiginda bu oran
diger elementlere nazaran yiiksektir. Bu elementlerin tespiti depo gazi aritma sistemlerinde uygulanacak
uzaklastirma metotlarinin se¢imine yon verecektir.

Anahtar Kelimeler: Depo gazi, depozit, elementel analiz, XRD, XRF.

ELEMENTAL CHARACTERIZATION OF DEPOSITS IN GAS ENGINES
USED IN ENERGY PRODUCTION FROM LANDFILL GAS IN
KOMURCUODA LANDFILL

ABSTRACT

The landfill gas is generally burned in gas engines for energy production, and electricity is generally produced,
and in addition, the greenhouse gas emission effect is reduced by converting CH4 into CO2, which is 25 times
more greenhouse gas impact than CO2. The landfill gas contains in major CH4 and CO2 and the trace amounts of
siloxanes, Hydrogen sulfide, mercaptans and other organic compounds. It is observed that the deposits are formed
during the oxidation of these compounds in the landfill gas during the energy production under high temperature
and pressure. In this study, elemental content of the complex deposits were investigated that accumulated on the
piston heads of the gas engine used in the energy production facility of the landfill gas in Istanbul Koémiirciioda
Municipal Landfill. The metal oxides formed during the combustion process hit the engine internal parts with the
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effect of high temperature and pressure and form a thin layer on the engine surface. The metals that continue to
oxidize during the combustion process accumulate on this layer and cause the formation of deposit forms whose
thickness varies between 0.5-2 mm. The deposits taken from the piston heads to determine the composition of
these deposits were analyzed by X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF) spectrometry. As a
result of the analysis, the XRD analysis results in crystalline form of CaSO4 and XRF analysis revealed 16
elements. According to the results, oxygen constitutes approximately a half of the total mass. The ratios of calcium,
sulfur and silicon were 16.6%, 16.1% and 14.6%, respectively. In addition, the ratio of antimony in the deposit is
about 3.5% and this rate is high as a toxic element considering to other elements. The detection of these elements
will lead to the selection of removal methods to be applied in landfill gas treatment systems.

Keywords: Landfill gas, deposits, elemental analysis, XRD, XRF.

1. Giris

Diizenli kat1 atik depolama alaninda olusan depo gazi kontrol altina alinmadigi takdirde yanici ve
patlayici oldugu i¢in yangina [1], sera gazi etkisi oldugundan dolay1 ¢evreye ve kiiresel 1sinmaya [2,3]
ve toksik kimyasal igeriginden dolay1 da insan sagligina olumsuz etkileri bulunmaktadir [4]. Bu sebeple,
depolama sahalarinda olusan depo gazinin kontrolli bir sekilde toplanarak bertaraf edilmesi
gerekmektedir. Bu nedenle, stabilize olmus bir ¢0p depolama sahasinda olusan ve yaklagik %50’si
metan (CH4) olan depo gazi degerli ve siirdiiriilebilir bir enerji kaynagi oldugu icin elektrik enerjisi
iiretiminde kullanilmaktadir [5]. Ayrica, karbondioksite (CO2) gore 25 kat daha fazla sera gazi etkisine
sahip olan CH4’iin enerji doniigiimiinde kullanilmasi sonucunda ¢&p sahalarindan kaynakli sera gazi
etkisi azaltilmaktadir [6]. Bu baglamda, kat1 atik depolama sahasindan toplanan depo gazi, elektrik
enerjisi lretmek amaciyla gaz motorlarinda yakilmaktadir. Depo gazinin igeriginde, metan ve
karbondioksite ek olarak hidrojen siilfiir (H2S), halojenli hidrokarbonlar, merkaptanlar, siloksanlar [7,8]
ve iz metaller (selenyum (Se), telliir (Te), civa (Hg), kursun (Pb), arsenik (As), kalay (Sn), antimon (Sb),
bizmut (Bi), klor (Cl), kiikiirt (S), magnezyum (Mg), bakir (Cu) ve ¢inko (Zn)) [9-14] gibi eser miktarda
bilesikler bulunmaktadir.

Depo gaz1 gaz motorlarinda yakildiginda, gazin igerisinde bulunan bilesiklerin yapisindaki
elementlerin oksitlenmesi sonucu olusan metaloksitler gaz motorunun yanma odasinin pargalarinda
birikerek depozit olusturmaktadir [15,16]. Ozellikle, siloksanlar yanma sonrasinda silikatlara
donismekte (SiO2 ya da SiO3) [17] ve olusan depozitlerin 6nemli bir kaynagi oldugundan dolay1 gaz
motorlarini ve enerji liretimini olumsuz yonde etkilemektedir [18-23]. Ancak, motorun yanma odasinda
yiiksek sicaklik ve basing altinda olusan bu depozitler, sadece depo gazinda bulunan iz kimyasallarin
oksitlenmesinden kaynaklanmamakta, bunun yani sira gaz motorlarinin ¢alisma prensibinden kaynakli
olarak motor yaginin piston ¢eperlerinden yanma odasina az miktarda sizdirilmasi sonucunda depo gazi
ile birlikte yakilmasiyla yagin icinde bulunan elementlerin de oksitlenmesi depozit olusumuna katki
saglamaktadir [24-26]. Kamyon motorlarinin honlama kanallarinda olusan birikintilerdeki yiiksek siilfiir
ve kalsiyum igeriginin motor yagindaki bir katki maddesine bagli olabilecegi vurgulanmistir [27].

Depo gazindan enerji iiretim sistemleri bircok potansiyel probleme ve beraberinde isletme
problemlerine sahiptir ve birtakim zorluklar1 da beraberinde getirmektedir. En biiyiik problemlerden biri
olan motor icinde olusan ve biriken depozitler, tesislerin baslangigta planlamadiklar1 bir sekilde
motorlarin performansini diisiiren erken motor kirlenmesiyle karsi karsiya kalmalarina neden olmaktadir
[28]. Bu durumun normal planlanan bakim zamanindan 6nce olmasi, isletme ve bakim maliyetini
artirdigindan dolayr depozit olusumunun nedenlerinin ve kaynaklariin arastirilmasi ihtiyacini ortaya
¢ikarmaktadir [29].

Bu ¢alismanin ana amac1 motor igerisinde yiiksek miktarda meydana gelen madde birikintilerinin
kiitle yiizde dagiliminin belirlenmesi ve bu birikintide rol alan metal elementlerin ve kristal formda
bilesiklerin tespitinin yapilmasidir. Bundan dolay1 Istanbul Komiirciioda Kati Atk Depolama
Sahasi’nda 2009 yili itibariyle depo gazinin elektrik enerjisi iiretiminde kullanildigi tesisteki gaz
motorlarinin piston baglarinda olusan depozitin kimyasal karakterizasyonu ¢oklu analiz yontemleriyle
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incelenmesi amaglanmistir. Bu kapsamda, X-Isin1 Difraksiyonu (XRD) ve X-Isin1 Floresan (XRF)
spektrometresi gibi ileri analiz ekipmanlar1 kullanilarak depozit kompozisyonunu olusturan
elementlerin nitel ve nicel analizi yapilarak kiitle yiizde dagilimi olusturulmustur.

2. Yontem ve Metotlar

2.1. Depo gazindan enerji iiretim tesisi

Komiirciioda kat1 atik depolama sahasina, dzellikle Istanbul Anadolu yakasiin evsel kat1 atiklar
1995’ten giinlimiize kadar diizenli olarak depolanmaktadir. Tesisin gaz aldigr depolama alam 40
hektardan fazla olup bu alana 1996-2012 yillar1 arasinda yaklasik olarak 25 milyon ton evsel atik
depolanmustir. Bu depolama sahasinda olusan depo gazi, 2009 yilinda kurulan ve isletmeye alinan depo
gazindan enerji Uretim tesisindeki yaklagik 152 kuyudan takriben 40-50 mbar vakum uygulanarak
toplanmakta ve enerji iiretim tesisindeki gaz motorlarinda yakilarak elektrik enerjisi liretilmektedir [30].
Depo gazimin bilesimi yaklasik olarak %45-50 CH4, %40-45 CO2, %0,5-2 oksijen (O2), %4-10 azot
(N2) ve %1'den daha az miktarda eser gazlardan (H2S ve ugucu organik bilesikler gibi) olusmaktadir.
Depo gazi, sahadan toplandiktan sonra dncelikle gaz karisimimi dengelemek ve homojen hale getirmek
amaciyla gaz depolama balonuna gonderilmektedir. Sonra, depo gazinda bulunan su buharinin
giderilmesi igin depo gazi sogutuculardan gecirilmekte ve ardindan nem giderme islemi
uygulanmaktadir. Bu agamada, gaz sicaklig1 35°C’dan 2°C’a diismektedir. Sonrasinda, gaz basincinin
stfirm altinda 40-50 mbar’dan (vakum) 185 mbar’a (pozitif basing) artirilmasi i¢in depo gazi basing
yiikselticiye gonderilmektedir. Bu asamada, gaz sicakligi yaklasik olarak 20°C’ye ulagsmaktadir. Bu
islemlerin ardindan, depo gazi hava ile karistirilarak gaz motoruna gonderilmekte ve piston
ceperlerinden sizan eser miktarda yag ile birlikte yanma islemi gerceklesmekte ve enerji iiretimi
saglanmaktadir.

bug
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Sekil 1. Gaz motorunun sematik gosterimi.

2.2. Numunelerin Alinmasi

Gaz motorunun yanma odasi Sekil 1°de sematik olarak gosterilmistir. Yanma islemi esnasinda
bilesiklerdeki elementlerin oksitlenmesi sonucu olusan metaloksitler piston baslarinda birikmektedir.
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Komiirciioda Cop Depolama Sahasi’nda Kurulu olan elektrik iiretim tesisindeki gaz motorunun piston
baslarinda biriken depozitler hafifce kazimak suretiyle alinmistir. Yaklagik 100 gram seviyesinde alinan
numune temiz plastik posetin igine konarak analiz yapilacak laboratuvara nakledilmistir. Motorun piston
baslarindan alinan depozit Sekil 2’de gosterilmistir.

Sekil 2. Piston bagindan alinan depozitlerin goriiniimii
2.3. Analizler

2.3.1. XRD analizi

Yanma odasinda olusan depozitin i¢erisindeki kristal yapilar1 analiz etmek amaciyla XRD cihazi
kullanilmaktadir. XRD ile analizi yapilan numunedeki her bir kristalin faz, x-1simiyla karsilastiginda
kendine 6zgii bir kirinim orgiisii olusturmaktadir. Bu orgiiler, malzemelerin kristal yapis1 ve orgii
parametreleri hakkinda bilgi vermektedir. Bu ¢alismada, depozitlerin XRD ile analizi, oda sicakliginda
calistirilan ve Cu-Ka (40 kV ve 40 mA) 1smmimu yapan Rigaku Dmax 2200 model XRD cihaziyla
gerceklestirilmistir. Tarama alani, 0.02 adimlarla dakikada 3°’lik tarama hiziyla 2°<26<90° araliginda
Olgiim alinmistir. Elde edilen kirimim Orglisii veri tabaniyla karsilastirmali olarak analiz edilerek
numunedeki kristalin tiirler kalitatif olarak belirlenmistir. Piston baslarinin farkli bolgelerinden toplanan
depozitler once toz haline getirilerek XRD’de daha homojen bir numunenin analizi yapilmistir.

2.3.2. XRF analizi

Depozitin elementel iceriginin belirlenmesi i¢in Dalga Dagilimli X-Isin1 Floresan (WDXRF)
Spektrometresi kullanilmigtir. XRF ile inorganik ve organik kati malzemelerin (toz ve kiitle) element
icerigi (atom numarasi oksijen ve uranyum arasinda olan elementler) nitel olarak tanimlanmakta ve yar1
nicel olarak element miktarlar1 belirlenmektedir. Bu ¢aligmada, analizler rodyum X-11mi tiipii ve 3.6
kW jeneratorii (60 kV ve 125 mA) olan Philips PW-2404 model spektrometre ile gergeklestirilmistir.
150 mm, 550 mm ve 4000 mm’lik 151n yonlendiricilerin mevcut oldugu akis ve sintilasyon detektorleri
kullanilmistir. PW-2404 WDXRF sistemindeki yedi standart analiz kristali yardimiyla, oksijen ve
uranyum arasindaki tiim elementlerin belirlenen spesifik dalga boylar1 sisteme bagli Omnian
programiyla karsilastirilarak depozitteki elementler nitel olarak belirlenmistir. Yar1 nicel element analizi
sonucunda, depozitteki elementlerin kiitlece ylizde dagilimlari elde edilmistir.

ADYU Miihendislik Bilimleri Dergisi 10 (2019) 1-9
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3. Bulgular ve Tartisma

Motorun piston baglarindan alman depozitin XRD ile analizi neticesinde elde edilen kirinim
deseni Sekil 3’de gosterildigi gibidir. Buradan goriildiigii iizere, motorun yanma odasinda oksitlenen
kalsiyum ve siilfiir parcaciklari, Anhidrit (CaSO4) kristali olarak motor ylizeyinde depozit
olusturmustur. Kirmim deseni incelendiginde, baz1 X-1s1n1 agilarinda (6zellikle 560<20<720 araliginda)
kirinim siddeti fazla olmayan piklerin oldugu goriilmektedir. Bu piklerin Anhidrit kristalinin farkli
fazlarina ait oldugu diistiniilmektedir. CaSO4’daki siilfiiriin depo gazinda bulunan H2S’den geldigi var
sayildigindan, yiiksek sicaklik ve basing altinda kalsiyum ile uygun bag yaptig1 ve kristal formda depozit
olusturdugu sodylenebilir.

400 -

350 3

a: Anhidrit (CaSOa)

300 A
250

200 1

Siddet

150 4
100

50 3

0 J-lirermmpran b
0 10 20 30 40 S0 60 70 80 90

26 (°)
Sekil 3. Depozitin XRD deseni.

Depozitin elementel igeriginin belirlenmesi amaciyla kullanilan bir diger yontem XRF ile analiz
yontemidir. Tablo 1’de XRF sonuglar1 neticesinde nicel olarak bulunan depozitin elementel igeriginin
kiitlece ylizde dagilimi sunulmustur. Buradan, depozitin kiitlece %48,5’inin oksijenden olustugu
goriilmektedir. Ciinkii depozitteki her bir element oksijen ile okside olmus durumdadir. Depozitin
%51,5’1ni ise kalsiyum (Ca), siilfiir (S), silisyum (Si), Sb, aliiminyum (Al), demir (Fe), sodyum (Na),
Mg, fosfat (P), Zn, potasyum (K), krom (Cr), Cu, mangan (Mn) ve nikel (Ni) elementleri
olusturmaktadir.

Depozitteki Ca ve S miktarlar1 yaklasik olarak esit olmak iizere kiitlece oranlari sirasiyla %16,6
ve %16,1 olarak belirlenmistir. Bu iki elementin miktar1 depozitteki toplam element miktarinin yaklasik
%33 1inii olusturmaktadir. Dolayisiyla XRD sonuglar1 da goz 6niine alindiginda CaSO4 kristali formunu
meydana getiren Ca ve S elementleri, piston baglarinda depozit olusumuna katki saglayan en énemli
bilesenlerdir. Bu elementlerin kaynaginin bulunarak depo gazindan uzaklastirilmasi depozit olusumunu
onemli Olclide azaltacaktir. Yapilan ¢alismalarda, depozitte bulunan siilfiiriin, depo gaziyla beraber
yanma odasina gelen H2S gazinin bilesiminde bulunan siilfiiriin yanma sirasinda oksitlemesi sonucu
olustugu ifade edilmistir [31, 32]. Ca’um ise motor yaginda bulunan katki maddelerinden kaynaklandig
disiiniilmektedir [33]. Bununla birlikte Fe, Ca ve Si bakimindan zengin mineral birikintilerin gaz
karigimini olusturan bilesenlerden kaynaklanabilecegi vurgulanmistir [34].

Depozitteki Si miktarinin orant %14,6 olup Ca ve S’den sonra orani en fazla olan element oldugu
belirlenmistir. Yapilan birgok deneysel ¢alismada depozitleri olusturan elementlerden silisyumun depo
gazinda Ol¢iilebilir seviyede olan siloksanlardan geldigi belirtilmistir [35-40]. Dolayisiyla bu ¢aligmada
en fazla oranin Si olmasi beklenirken, Ca ve S oraninin Si oranindan daha yiiksek oldugu tespit
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edilmistir. Bu sonug neticesinde, gaz motorlarinda meydana gelen depozitin igeriginin ve miktarinin kati
atik sahalarinda depolanan atigin ozelligine, organik bilesenlerine, ¢evresel faktorlere ve isletme
kosullarina gore degiskenlik gosterebilecegi ortaya ¢ikmaktadir.

Bu dort elementten sonra depozitin igerisinde kiitlece en fazla oranda Sb bulunmaktadir.
Depozitte tespit edilen antimonun depo gazindan geldigi ifade edilmistir [41]. Gergeklestirilen bir
calismada, depo gazinda Pb, Sn, As ve Sb gibi toksik ucucu elementlerin bulundugu belirtilerek depo
gazinin toplanmasi ve yakilmasi sonucunda bu elementlerin depozit olarak birikmesiyle beraber
depolama sahasindan atmosfere yayilliminin engellendigi vurgulanmistir. Ancak, uzun siire maruz
kalindig1 takdirde motorlarin bakimini yapan g¢alisanlarin sagligin1 olumsuz yonde etkiledigi ifade
edilmistir [10]. Depozitte bulunan diger elementlerin kiitlece ylizde dagilimlar ise %]1’in altindadir.
Elementlerin kiitlece ylizde oranlar1 toplandiginda %100’iin iizerinde bir deger hesaplanmistir.
Dolayisiyla analizlerin yapildigi XRF cihazinin belli bir hata payiyla ¢alistigi ancak toplam hata payinin
%35’in altinda olmasi nedeniyle veri sonuglarinin saglikli bir sekilde elde edildigi sdylenebilir.

Tablo 1. Depozitin XRF ile
belirlenen kiitlece elementel icerigi.

Element Konsantrasyon
(Yow/w)
O 48,505
Ca 16,568
S 16,069
Si 14,580
Sb 3,497
Al 0,237
Fe 0,136
Na 0,111
Mg 0,111
P 0,098
Zn 0,023
K 0,016
Cr 0,017
Cu 0,014
Mn 0,008
Ni 0,006
Toplam 102,996

Bu sonuglardan, depozit i¢indeki kalsiyum, siilfiir ve silisyum miktarlarinin yiiksek bir orana
sahip olduklar1 goriilmektedir. Bu elementleri igeren bilesikler kaynakta veya motor girisinde gazdan
uzaklastirildiginda, gaz motorunda olusan birikme miktar1 azalacak ve birikme siiresi uzayacag igin
motorun normal bakim periyodunda temizlenmesi ile depozit olusumundan kaynaklanan motor bakim
ve isletme sorunlart da giderilmis olacaktir.

4. Sonuclar

Bu calismada, depo gazindan enerji iiretimi yapilan gaz motorlarinin yanma odalarinda meydana
gelen parcaciklardan olusan kompleks depozitlerin elementel kompozisyonu aragtirilmistir. Gazin
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icerisinde bulunan ugucu organometalik bilesikler, H2S, merkaptanlar ve diger bilesikler ile yag
motorunun eser miktarda yanmasi sonucu olusan pargaciklar, yiiksek basing ve sicaklik altinda motor
pargalarinin yiizeyinde birikmektedir. Motor aksamlarinda olusan bu birikintinin motor sisteminin
caligsma performansini etkiledigi ve enerji iretimindeki sinirlamalarin baslica nedenleri arasinda oldugu
anlagilmistir. Bundan dolay1 depozitlerin igerigi elementel olarak belirlenmistir. Bu ¢alismada kullanilan
depozitler, Kémiirciioda Depo Gazindan Enerji Uretim Tesisinden alinmistir.

Yanma odasinda oksitlenen parcaciklarin bir kismmin kristal formda oldugu XRD analizi
neticesinde belirlenmistir. Piston baslarindan alian depozit CaSO4 kristallerini igermektedir. Ozellikle
Ca ve S’iin oksitlenme sirasinda kristal forma doniismesinde sicakligin ve basicin etkisinin oldugu
sOylenebilir. Ayrica, bu elementlerin diger okside olmus elementlerin depozit olusturmasindaki etkisi
de arastirilmalidir.

XRD analizine ilaveten, depozitlerin elementel kompozisyonu XRF ile analiz edilmistir.
Depozitin igerisindeki metaller oksijen ile oksitlendikleri i¢in depozitin neredeyse yarisini oksijen
olusturmaktadir. Oksijenden sonra en fazla oranda bulunan Ca, S ve Si elementlerinin kiitlesel oranlar
sirastyla %16,6, %16,1 ve %14,6 olarak bulunmustur. Depozitte yliksek oranda bulunan Si’um ana
kaynaginin depo gazinda bulunan siloksanlar oldugu ve depozitteki S’iin depo gazinda eser miktarda
bulunan H2S gaz1 oldugu sonucu ortaya c¢ikmaktadir. Ayrica, depozitteki Sb miktar1 yaklasik %3,5
olmasina ragmen Sb’nun toksik bir element oldugu gz 6niine alindiginda bu oran dikkate alinmalidir.
Sb kaynaginin ve etkilerinin neler olabilecegi ileri bir arastirma konusudur. Diger okside olmus
elementler sirasiyla Al, Fe, Na, Mg, P, Zn, K, Cr, Cu, Mn, Ni depozit i¢cindeki oranlar1 %1’in altindadir.
Bu elementlerin oranlarinin diisiik olmasi, yanma sirasinda yanma bilesenleri olan depo gazi ve motor
yag1 i¢indeki miktarlarinin siloksanlar ve H2S e oranla diisiik oldugunun bir gostergesidir.

Caligan motorlarin zamaninda bakima alinabilmesi ve olusan depozitlerin motor pargalarina zarar
vermesinin Onlenmesi i¢in yanma odasinda yiizde olarak yiiksek olan elementlerin gazdan veya yanma
prosesinden uzaklastirilmasi depozit formasyonun olusumunu geciktirecektir. Bunun i¢in her bir
elementin kaynagma bagli olarak yanma igleminden Once uzaklagtirma sistemleri ile giderimi
saglanmalidir.
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OZET

Gegici elektromanyetik kuvvetler, transformatorlerin parametreleri {izerinde mekanik baskiya neden olurlar. Bu
calismada, bir giic transformatoriiniin kisa devre durumunda sargilarinda meydana gelen elektromanyetik
kuvvetler incelenmistir. Bu kuvvetleri hesaplamak i¢in transformatér ANSYS@Maxwell ortaminda 3D olarak
modellenmistir. Gii¢ transformatoriine uygulanan kisa devre gegici akimlarina bagh olarak manyetik vektor
potansiyeli, elektromanyetik aki yogunlugu ve elektromanyetik kuvvetlerin analizi Sonlu Elemanlar Y6ntemi
(SEY) gergeklestirilmistir. Elde edilen sonuglar analitik sonuglarla karsilagtirilmis ve tasarlanan modelin gergek
modelle iyi bir uyum i¢inde oldugu goriilmiistiir. Bu ¢alismada ele alinan sayisal modelleme tekniginin gii¢
transformatoriiniin ve diger transformator modellerinin tasariminda faydali olmasi beklenmektedir.

Anahtar Kelimeler: Sonlu Elemanlar Yontemi (SEY), Elektromanyetik Kuvvet, Transformatér, Kisa Devre Akimi

ANALYSIS OF ELECTROMAGNETIC FORCES FROM POWER
TRANSFORMER IN SHORT CIRCUIT BY FINITE ELEMENT
METHOD

ABSTRACT

Transient electromagnetic forces cause mechanical stress on transformer parameters. In this study, the
electromagnetic forces occurring in the windings of a power transformer are examined. To calculate these forces,
the transformer is modeled in 3D in the ANSYS @ Maxwell environment. The magnetic vector potential,
electromagnetic flux density and the analysis of electromagnetic forces are performed by the Finite Element
Method (FEM). The results were compared with the analytical results and the model was in good agreement with
the real model. The numerical modeling technique discussed in this study is expected to be useful in the design of
power transformer and other transformer models.

Keywords: Finite Element Method (FEM), Electromagnetic Force, Transformer, Short Circuit Current

1. Giris

Bir transformatoriin kisa devre testi gerceklestirildiginde transformatorde meydana gelen
elektromanyetik kuvvetler transformatoriin sargilarina uygulanir. Bu kuvvetler, tahribatlara ciddi
mekanik hasarlara ve transformatoriin patlamasina neden olabilirler. Bu nedenle, transformatoriin kisa
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devre durumlarindaki dayanikliligi gii¢ transformatdrlerinin temel 6zelliklerinden biri olarak kabul
edilmektedir [1]. Bir elektrik dagitim tesisine gii¢ trafosu kurmadan once, kisa devre akimlarindan
kaynaklanan elektromanyetik kuvvetlerin tahmin edilmesi, giivenli ¢alisma sartlar1 ve trafonun émrii
icin tasarim asamasinda bilinmesi biiylik 6nem tasimaktadir. Transformatoriin kisa devre testi igin,
testleri gergeklestirmek icin 6zel tesisler, 6zel cihazlar ve bu testleri gergeklestirebilecek uzmanlar
gerekmektedir. Transformatoriin nominal gii¢ degeri arttik¢a kisa devre testini ger¢eklestirmek daha
zorlagsmaktadir. Bu nedenle, gii¢ transformatdriiniin kisa devre durumlarinda meydana gelen gecici
elektromanyetik kuvvetleri tahmin edebilmek i¢in sayisal bir model gereklidir [2].

Bu calismada, Sonlu Elemanlar Yontemi, bir transformatdriin sargilarmi etkileyen gegici
elektromanyetik kuvvetleri tahmin etmek i¢in kullanilmistir. Bunun igin bir transformatér terminaline
uygulanan tek faz-toprak kisa devre kosulu g6z oniinde bulundurulmustur. Transformatoriin gegici
elektromanyetik kuvvetlerini hesaplamak icin ANSY S@Maxwell ortaminda tasarlanan transformatoriin
3-D modeli kullamilmistir. Gii¢ transformatoriine uygulanan kisa devre gegici akimlarindan kaynaklanan
manyetik vektdr potansiyeli, elektromanyetik aki yogunlugu ve elektromanyetik kuvvetler Sonlu
Elemanlar Yontemi ile analiz edilmistir. Transformatér modelinin elektromanyetik kuvvetleri
hesaplanmis ve sonuglar analitik sonuglarla karsilastirilmustir.

2. Elektromekanik Alan Analizi

Giic trafosundaki elektromanyetik kuvvetler, yerel manyetik aki yogunlugundan hesaplanmaktadir.
Trafonun sargilarindan akim gectiginde manyetik alanin temel denklemi asagidaki gibi olmaktadir [3]:

1 e > 0A
Vx;(VxA) =js—0o5; (1)

Burada, 4 manyetik gecirgenlik, A manyetik vektdr potansiyeli, fs akim yogunlugu ve o iletkenliktir.
Sargilardaki kagak akiy1 hesaplamak i¢in 3-D Sonlu Elemanlar Y 6ntemi kullanilmustir. Transformatoriin
sargilardan akan gecici kisa devre akimlar1 elektromanyetik kuvvetlerin hesaplanmasinda énemli bir
parametredir. Kisa devre durumu, sistemden ¢ok biiyiik akimlarin aktig1 ariza durumlaridir. Kisa devre
durumunda sistemden akan akim nominal akimin yaklasik 20 kat1 kadar olabilmektedir. Kisa devre
gecici akimlari yaklasik olarak asagida verilen denklemdeki gibi hesaplanmaktadir [4]:

Vm
VR?+X?

burada I, nominal akim, R, L ve X direng ve V},, maksimum gerilimdir.
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Sekil 1. Bir gii¢ transformatoriiniin es merkezli sargisindaki elektromanyetik kuvvet ve kagak aki
dagilim yogunlugu [5]

Bu c¢alismada, gii¢ trafosunun sargilarinda meydana gelen gegici elektromanyetik kuvvetler, kisa
devre akimi ve manyetik aki yogunlugu parametreleri ile tahmin edilmistir. Transformatoriin
sargilarindaki elektromanyetik kuvvetler, gegici akimlar ve sargilardaki kacak aki arasinda kalan
bolgedeki kombinasyonun bir sonucu olarak meydana gelir [6]. Bu nedenle, gii¢ trafosundaki
elektromanyetik kuvvet, Lorentz kuvveti olarak ifade edilir.

dF = idIxB (3)

Burada, F kuvvet ve B aki yogunlugudur.

Daha o6nce belirtildigi gibi elektromanyetik kuvvetlerin degerlendirilmesinde 6nemli bir parametre olan
manyetik vektdr potansiyeli, manyetik alan analizinden hesaplanmaktadir. Manyetik aki yogunlugunun
radyal ve eksenel bilesenleri asagidaki denklemlerde ifade edilmistir [7].

94

B =——> “4)

By =0 (5)
10rA

B = 5% ©)

Br, By ve Bz, silindirik koordinattaki aki yogunlugunun bilesenleridir.
Manyetik aki yogunlugu radyal ve eksenel bilesenlerine ayristirildiginda, elektromanyetik kuvvetlerin
radyal ve eksenel bilesenleri birlestirilebilir.

F=[ Jo®x(B.F+B,2)dv =Ff +Fz2 ™

Jo, @ yonlii kisa devre akim yogunlugu, 7, @ ve 2 ise silindirik koordinattaki birim vektérler, dv element
hacminin tiirevidir. (5) 'de gorildiigii iizere, radyal kuvvet manyetik aki yogunlugunun eksenel
bilesenine bagliyken, eksenel kuvvetler manyetik aki yogunlugunun radyal bilesenine baglidir [6]. Gii¢
transformatoriiniin sargi modeli asagida Sekil 1'de sunulmustur. Bu sargt konfigiirasyonunda, sarginin
i¢ yiizeyine uygulanan radyal kuvvetler, niive yoniindeki baski kuvveti olarak kabul edilir. Sarginin
disindaki radyal kuvvetler, trafo tankinin yoniine dogru ¢ekme kuvveti gorevi goriir. Ayrica,
elektromanyetik kuvvetlerin radyal bileseni, trafodaki sicakligin yiikselmesine ve niive ile sargi
arasindaki veya sarg1 katmanlari arasindaki yalitkan materyalinin tahrip olmasina neden olabilir [7]. Ote
yandan, sargilardaki i¢ ve dis eksenel kuvvetler merkez tarafin eksenel yonde sikistirmaya neden
olmaktadir. Elektromanyetik kuvvetlerin eksenel bileseni, sargi yapisinin biikiilmesine neden olabilir

[8].

3. Transformatoriin Modellenmesi

Gergek trafo boyutlarina ve geometrisine dayanan SEY modelleri, diisikk frekanshi gegici
elektromanyetik alanin 3-D simiilasyonu i¢in olusturulmustur. Transient simiilasyonun temel siireci,
fiziksel denklemlerin mekansal ve zamansal ayrilmasimmi icermektedir. Sonlu Elemanlar Yontemi,
miihendislik uygulamalarinda yaygin olarak kullamilmaktadir. Bu yontem ile karmagsik, homojen
olmayan ve anizotropik materyaller modellenebilmekte ve diizensiz aglar (mesh) kullanilarak karmasik
geometriler analiz edilebilmektedir. Asagida Sekil 2°de SEY’e dayanan ANSY @Maxwell ortaminda
tasarlanan trafo modeli sunulmustur.
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Time _=0.0800000000000007s

333333 (mm)

Sekil 2. Transformat6riin 3D Modeli

SEY, verilen bir uyarma ve frekans degerine bagli olarak Maxwell denklemlerini ¢6zmektedir.
Gegici simiilasyon, tiim zaman asamalarini eszamanli olarak ¢6zmek i¢in zaman ekseni boyunca alan
ayristirmast yapilarak gerceklestirilir. Transformatér modelinde, simir kosullari, dig geometri ve tiim
materyallerin Ozellikleri iizerinde tamimlanmaktadir. Tasarlanan transformatore ait elektriksel ve
mekaniksel veriler asagida Cizelge 1°de verilmistir.

Cizelge 1. Ug Fazli 15 MVA Transformatdr Tasarim Oncesi Bilgileri

Parametre Deger
Goriiniir Giig 15 MVA
Yiiksek Gerilim (YG) 33.000 V
Algak Gerilim (AG) 11.000 V
Niive Kayb1 12.500 W
Bakir Kayb: 97.000 W
Frekans 50 Hz
Niive Materyali M125-0278
YG Sarg1 Direnci 1.7Q
AG Sargi Direnci 40 mQ
YG Baglanti Delta
AG Baglant1 Yildiz
YG Spir Sayist 135
AG Spir Sayisi 665
YG Faz Akimi 784 A
AG Faz Akim 156 A
Akim Yogunlugu 1.8 A/m2

Kisa devre testi i¢in gegici rejim ¢oziicliye baglh simiilasyonda dnceden tanimlanmis zaman aralig
ve zaman adimi i¢in analiz gergeklestirilmistir. Trafonun 3-D modelinin simiilasyonundan manyetik aki
yogunlugu, manyetik alan siddeti ve elektromanyetik kuvvetler elde edilmistir. Analizler, 0.08-0.1 s
zaman araliginda 0.005 s adimlarla gergeklestirilmistir.
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4. Modelin Simiilasyonu ve Sonuclar1
4.1. Kisa Devre Testinin Uygulanmasi

Kisa devre akimi, transformatorlerde ciddi hasarlar meydana getirebilir. Elektromanyetik analiz
i¢in, yiiksek gerilim tarafina gerilim uygulanarak al¢ak gerilim tarafi kisa devre edilerek kisa devre testi
gerceklestirilmistir. Kisa devre testinin siiresi 0.08 ile 0.1 s arasinda degismektedir.

4.2.Kacak Aki Yogunlugu

Alan analizinden elde edilen manyetik vektdr potansiyeli, sargi bolgesindeki manyetik aki
yogunlugunun ve elektromanyetik kuvvetlerin hesaplanmasinda kullanilmigtir. Manyetik aki
yogunlugunun normal sartlardaki dagilimi, Sekil 3'te gosterilmistir.

Time _=00800000000000001s 0 Ter003 26+003 (mm)

Sekil 3. Normal durumda manyetik aki yogunlugu dagilimu.

Yukaridaki sekilde goriildiigii gibi, manyetik aki yogunlugu niive iizerinde diizgiin bir sekilde
dagilmistir. Asagida Sekil 4’te gecici durumda hesaplanan manyetik aki dagilimi sunulmustur. Sargi
etrafindaki kacak aki gosterilmis ve niivedeki manyetik aki yogunlugunun bazi bdlgelerde doyum
noktasina ulastig1 goriilmiistiir. Bu kacak aki, gecici elektromanyetik kuvvetin yani sira trafoda sicaklik
artigina da neden olmaktadir.
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Sekil 4. Gegici bir durumda manyetik aki yogunlugu dagilimi.
4.3. Elektromanyetik Kuvvet

Transformatdriin sargilarinda meydana gelen elektromanyetik kuvvetler, kagak aki ve gecici
akimlarla hesaplanmaktadir. Algak gerilim (AG) ve yliksek gerilim (YG) sarg1 bolgelerinde her iletken
hiicrenin radyal kuvvetleri asagida Sekil 5 ve 6’da sunulmustur. Radyal kuvvetler, her iletken hiicrenin
kagak akisinin eksenel bileseni kullanilarak hesaplanmaktadir. YG sargisindaki her bir iletken hiicrenin
radyal kuvvetleri Sekil 10°da verilmistir; kuvvetler, radyal pozitif bir yonii gostermektedir. Sarginin
disindaki elektromanyetik kuvvetler, transformator tankina dogru etki gostermektedir. Ote yandan, AG
sargisindaki i¢ radyal kuvvetler, Sekil 9'da gosterildigi gibi radyal dogrultuda niiveye dogru bir yone
sahiptir. AG sargisindaki radyal kuvvetler ise niivenin yan tarafina dogru yonelmistir.

800

6.00

oo ' ' ) ' Toa T ' ' " alo ' T ' ' 100.00
Time [ms]

Sekil 5. YG sargisinda radyal kuvvetler.
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Sekil 6. AG sargisinda radyal kuvvetler.

16

Kisa devre durumunda yiiksek gerilim (YG) sargisinda meydana gelen eksenel elektromanyetik
kuvvetlerin farkli zaman araliklarindaki degerleri asagida Cizelge 2’de sunulmustur. YG sargisinda
meydana gelen elektromanyetik kuvvetin radyal degerleri 6432.1 N ve 7877.3 N arasinda degismistir.

Cizelge 2. YG sarilariin eksenel elektromanyetik kuvvetleri

S Fro(mag) F(x) F(y) F(2) S Framag) | FG) F(y) F()
1 1.714.992 1.479.716 | -0.598390 | -0.627351 45 5.730.014 | -1.140.037 | 1.390.012 | 5.440.703
2 2.100.946 1.826.487 | -0.771649 | -0.694606 46 4.534.528 | -0.799541 | 1.232.314 | 4.289.997
2 2.309.140 2.043.041 | -0.882171 | -0.616352 47 3.185.323 | -0.081083 | 0.851808 3.068.246
4 2.320.933 2.095.993 | -0.912844 | -0.400326 48 1.925.323 0.895045 | 0.294374 1.679.020
5 2.169.435 1.992.757 | -0.857214 | -0.023519 49 2.011.147 1.956.683 | -0.368167 0.283823
6 3.154.150 1.744.026 | -0.506855 | 2.578.786 50 3.344.945 | 3.011.920 | -1.048.367 | -1.008.921
7 3.571.727 1.057.274 | -0.132494 | 3.415.369 51 4.734.053 | 4.082.606 | -1.656.577 | -1.731.860
8 4.092.071 0.348095 0.261250 | 4.068.861 52 5.672.425 5.022.451 | -2.118.405 | -1.569.636
9 4.559.481 -0.254400 0.619509 | 4.510.029 53 6.221.204 | 5.490.992 | -2.370.652 | -1.712.424
10 4.650.891 -0.672217 0.890659 | 4.515.046 54 6.043.047 | 5.493.334 | -2.384.989 [ -0.808408
11 4.483.328 -0.869768 1.029.304 | 4.276.010 55 5.517.781 5.065.937 | -2.164.151 0.314072
12 3.872.726 -0.781129 1.007.003 | 3.657.019 56 4.932.831 4.324.674 | -1.745.512 | 1.607.235
13 2.906.125 -0.393509 0.815715 | 2.761.399 57 4.429.192 | 3.354.427 | -1.188.257 | 2.636.969
15 1.162.956 1.008.758 0.012732 | 0.578544 59 5.880.270 1.815.813 | -0.308524 | 5.584.372
16 1.922.009 1.828.704 | -0.502613 | -0.311991 60 6.672.217 0.564841 | 0.358278 6.638.605
17 2.955.470 2.651.459 |-1.010.048 | -0.827268 61 7.172.845 | -0.422727 | 0.943371 7.097.962
19 4.711.313 4.085.093 | -1.743.603 | -1.571.093 63 6.534.343 | -1.318.600 [ 1.551.958 | 6.208.893
20 4.830.024 4.322.195 |-1.877.147 | -1.060.228 64 5.420.524 | 4.811.360 | -2.094.347 | -1.358.902
21 4.599.712 4.206.875 | -1.824.381 [ -0.362201 65 6.695.164 1.064.466 | 0.113565 6.609.027
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22 4.138.057 3.781.459 |-1.595.502 | 0.527692 66 7.394.235 | -0.088674 | 0.775253 7.352.948
23 3.661.361 3.135918 |-1.224.825 | 1.439.231 67 6.761.949 | 6.020.683 | -2.560.786 | -1.708.130
24 3.385.885 2.307.467 | -0.764697 | 2.356.916 68 7.147.165 | 6.374.521 | -2.764.113 | -1.675.450
26 3.407.435 0.428314 0.165090 | 3.376.375 70 6.127.948 | 5.581.326 | -2.349.641 0.937946
27 3.435.457 -0.224238 0.500648 | 3.391.376 71 5.800.084 | 5.319.185 | -2.285.976 | 0.348652
29 2.549.353 -0.533107 0.675933 | 2.399.607 73 5.606.199 | 4.258.341 | -1.530.545| 3.309.597
31 0.896622 0.402239 0.141495 0.788742 75 6.559.308 1.581.240 | -0.144533 | 6.364.221
32 1.194.716 1.153.383 | -0.308233 | -0.045229 76 7.320.075 0.286612 | 0.563923 7.292.691
33 2.309.004 2.017.386 | -0.792529 | -0.795958 77 7.826.730 | -0.703211 | 1.154.838 [ 7.709.056
34 3.413.099 2924618 |-1.235.876 | -1.252.382 78 7.877.318 | -1.281.225 | 1.540.402 | 7.618.251
35 4.081.798 3.620.019 | -1.572.128 | -1.041.611 79 6.755.152 | -1.387.889 | 1.658.979 | 6.399.503
36 4.381.818 3.995.571 | -1.743.452 | -0.442850 80 5.634.190 | -0.986165 | 1.487.054 | 5.344.178
37 4.412.658 4.039.078 | -1.719.511 | 0.447968 81 3.833.613 | -0.169153 | 1.042.643 3.685.223
40 4.604.446 2.208.979 | -0.582839 | 3.997.704 90 3.781.140 | 3.499.990 | -1.207.061 | -0.768178
41 5.366.148 1.112.460 [ -0.002993 | 5.249.568 91 5.521.143 | 4.775.548 | -1.927.959 | -1.990.007
42 6.092.662 0.105885 0.555801 | 6.066.334 95 6.733.557 | 5.859.644 | -2.473.713 | -2.210.453
43 6.067.494 -1.096.600 | 1.311.049 | 5.821.778 99 7.225.935 | 6.432.110 | -2.775.486 | -1.771.658
44 6.470.549 5.937.938 |-2.530.539 | 0.453071 100 7.065.793 | 6.428.908 | -2.791.266 | -0.896327

Kisa devre durumunda algak gerilim sargisinda meydana gelen eksenel elektromanyetik
kuvvetlerin zamana bagli olarak degisen degerleri asagida Cizelge 3’te verilmistir. Ayrica, AG
sargilarinda meydana gelen radyal kuvvetler —9186.9 N ile —8609.6 N araliginda degismistir.

Cizelge 3. AG sarilariin eksenel elektromanyetik kuvvetleri

Zaman Zaman
my | FAGmag)| F(x) F(y) F(z) (ms) Fic(mag)|  F(x) F(y) F(z)
1 2.035.578 -1.572.832 | 1.243.088 0.352864 51 8.262.592 -0.364638 -1.691.810 | -8.079.309
2 2.288.505 -1.903.513 | 1.250.005 0.226673 52 7.672.049 0.828215 -1.818.692 | -7.407.210
3 2.389.350 -2.096.008 | 1.144.715 | -0.073275 53 7.258.539 1.635.494 -1.603.235 | -6.887.756
4 2.369.033 -2.129.783 | 0.938355 -0.442528 54 6.067.681 2.045.479 -1.062.333 | -5.612.862
5 2.286.022 -2.022.667 | 0.657608 -0.838013 55 4.541.222 1.820.935 -0.263818 | -4.151.782
6 2.152.870 -1.739.603 | 0.340486 | -1.221.761 56 6.176.455 -5.021.796 1.014.499 | -3.449.776
7 2.001.961 -1.269.761 | 0.032685 | -1.547.413 57 5.766.061 -3.697.767 0.149035 | -4.421.738
9 3.543.138 -3.176.815 | 1.307.483 | -0.867275 59 6.590.866 -5.868.277 2.820.768 | -1.022.796
10 3.921.058 -3.404.212 | 1.012.201 | -1.661.770 60 7.010.656 -6.279.132 2.302.599 | -2.102.343
11 4.245.275 -3.265.636 | 0.593140 | -2.646.916 62 7.467.307 -6.170.569 1.543.616 | -3.911.777
14 5.146.772 -1.201.057 | -0.812657 | -4.938.250 69 8.392.649 -2.521.942 -1.065.918 | -7.933.486
15 5.253.119 -0.334396 | -1.104.168 | -5.124.866 71 8.648.437 -0.936824 -1.639.146 | -8.439.848
16 5.237.799 0.489897 | -1.210.825 | -5.072.321 72 8.570.312 0.430168 -1.897.945 | -8.346.437
17 4.874.802 1.102.137 | -1.104.997 | -4.618.222 73 7.840.305 1.456.096 -1.798.704 | -7.490.983
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18 4.172.129 1.398.845 | -0.786958 | -3.851.051 75 6.807.449 2.050.677 -1.344.699 | -6.350.423
19 3.129.593 1.320.981 -0.286734 | -2.822.614 76 5.280.893 2.073.093 -0.590541 | -4.820.931
22 5.935.057 -5.068.224 | 1.351.378 | -2.777.009 77 6.760.958 -5.477.690 3.821.501 1.049.572
23 6.149.922 -4.517.978 | 0.651024 | -4.121.358 78 7.191.222 -6.218.160 3.612.022 0.038071
26 7.167.711 -1.104.933 | -1.303.047 | -6.961.126 81 6.655.813 -5.621.519 1.370.315 | -3.289.470
27 6.933.608 0.130950 | -1.589.126 | -6.747.774 82 6.234.055 -4.346.964 0.442072 | -4.446.562
30 4.973.175 1.833.928 | -0.707049 | -4.568.288 83 5.445.204 -0.105482 -1.202.567 | -5.309.704
31 6.161.473 -5.225.308 | 3.238.327 0.416106 84 4.869.398 0.858310 -1.125.669 | -4.659.099
32 6.276.904 -5.562.852 | 2.861.509 | -0.515721 85 6.564.857 -5.800.165 3.023.279 | -0.561437
33 6.197.291 -5.523.565 | 2.241.969 | -1.694.174 86 7.104.581 -6.328.782 2.592.505 | -1.923.669
34 5.980.089 -5.132.497 | 1.467.650 | -2.695.357 87 7.545.359 -6.476.795 1.886.948 | -3.379.791
40 5.027.420 -4.155.504 | 2.780.324 0.525869 89 7.808.896 -5.771.751 0.999229 | -5.157.324
42 5.789.538 -5.072.092 | 2.783.570 | -0.210662 90 8.066.410 -4.583.719 0.053141 -6.637.293
45 6.374.199 -5.679.412 | 2.480.670 | -1.490.291 93 8.427.500 -3.112.117 -0.820393 | -7.788.738
46 6.723.564 -5.956.406 | 1.907.448 | -2.467.628 94 8.748.529 -1.507.959 -1.499.463 | -8.486.132
47 7.092.444 -5.560.314 | 1.137.396 | -4.253.469 95 8.892.242 -0.019407 -1.882.757 | -8.690.617
48 7.393.545 -4.581.488 | 0.275043 -5.796.449 98 8.084.080 1.204.793 -1.908.398 | -7.762.656
49 7.778.001 -3.260.708 | -0.558967 | -7.039.364 99 7.379.695 1.928.043 -1.565.392 | -6.949.252
50 8.063.567 -1.839.751 | -1.248.320 | -7.751.008 100 6.602.012 -5.242.820 3.876.349 1.036.010

YG ve AG sargilarinin her bir iletkeninin iizerindeki eksenel kuvvetler yukarida Cizelge’2 ve

Cizelge 3’te verilmistir. Eksenel elektromanyetik kuvvetlerin her bir sargi iizerindeki etkisi ayr1 ayn
asagida Sekil 7°de sunulmustur. YG sargisinin iist ve alt bolgelerindeki eksenel kuvvetler sirasiyla z =
0 eksenine dogru gitmektedir. AG sargisinin {ist yar1 kismindaki eksenel kuvvet (+ z) yonlidiir ve alt
yar1 kismindaki eksenel kuvvet (—z) yonlidiir. Net kuvvetin dikey olarak ¢gekme kuvveti gibi davrandigi
diistintilmektedir.
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Sekil 7. YG sargisindaki eksenel elektromanyetik kuvvetler.

AG sargisinin {ist ve alt kistmlarinin kuvvet yonleri YG sargilarinin tam tersidir. Sargisinin {ist
kismindaki eksenel kuvvet (+ z) yonliidiir ve alt kismindaki eksenel kuvvet (—z) yonliidiir.
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Sekil 8. AG sargilarinda meydana gelen eksenel elektromanyetik kuvvetlerin zamana bagl olarak
degisimi.
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Her iletken hiicrenin eksenel kuvvetleri, kacak aki nedeniyle sarginin alt kisminda daha fazla
olmustur. Eksenel kuvvetler, YG sargisinin orta bolgesinde ve AG sargisinin ug noktalarinda en yliksek
degere ulagsmustir. Ayrica, sargilara etki eden eksenel kuvvetlerin, radyal kuvvetlere oranla daha fazla
oldugu goriilmiistiir. Gli¢ transformatorii modelindeki elektromanyetik kuvvetler, Cizelge 4'te
gosterildigi gibi analitik degerlerle karsilastirilmusgtir.

Cizelge 4. Transformatoriin Kisa Devre Durumundaki Toplam Radyal Elektromanyetik Kuvvetlerin
Analitik sonuglarla Karsilagtirilmasi

Parametreler Niimerik Analitik
Sonuclar Sonuclar

YG Sargist Fyc (N) 7877.3 7834.6
AG Sargist Fac (N) —9186.9 —9158.7

5. Sonuc ve Oneriler

Bu c¢alismada, bir transformatdriin sargilarina kisa devre durumunda etki eden gecici
elektromanyetik kuvvetlerin tahmini i¢in Sonlu Elemanlar Yontemi kullanilmigtir. Gegici
elektromanyetik kuvvetleri hesaplamak i¢in transformatoriin ANSYS@Maxwell 3-D ortaminda
tasarlanan model kullanilmistir. Gii¢ transformatoériine uygulanan kisa devre gegici akimlarindan
kaynaklanan manyetik vektor potansiyeli, manyetik aki yogunlugu ve elektromanyetik kuvvetler Sonlu
Elemanlar Yontemi ile analiz edilmistir. Transformatdr modelinin eksenel ve radyal elektromanyetik
kuvvetleri hesaplanmis ve analitik degerlerle karsilagtirilmistir. Gegici durumda, YG sargisindaki radyal
ve eksenel kuvvetlerin sirastyla 5568 N ve 2851 N oldugu belirlenmistir. Bununla birlikte, AG sargist
icin bu degerler sirasiyla 11698 N ve 2597 N olmustur. Bu sonuglar analitik degerlerle iyi bir uyum
i¢inde oldugu goriilmiistiir. Bu ¢alisma ile kullanilan niimerik modelleme tekniginin transformatoérlerin
tasarim agamasinda kolaylik saglamasi amaglanmustir.
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ABSTRACT

To realize mining operations in pasture lands in Turkey, once within the total life of mine operations, some cost
items, such as land and grass loss expenses, are requested from mining investors. To determine the share of these
costs within the mining investment amounts, surveys were carried out through the "Survey Monkey" survey
program for mining enterprises. In the answers to these questions, the cost of the pasture lands is calculated as
the ratio of each mining enterprise to its investment amounts. The average of all fees paid by the mining
enterprises for the pasture lands to a total of pre-2018 and new mining investment amounts after 2018 is 0.44%
for all mineral groups. These numbers show that pasture costs taken once from mining enterprises in Turkey
have a significant share in total investment amounts.

Anahtar Kelimeler: Cost, Expenditure, Investment, Mining, Operation.

TURKIYE’DE MERA ALANLARINDA MADEN ISLETME
FAALIYETLERI YAPILABILMESI iCIN ISTENEN BEDELLERIN
YATIRIM TUTARLARI iCERISINDEKI PAYI

OZET

Tiirkiye’de mera alanlarinda maden isletme faaliyetleri gergeklestirebilmek i¢in maden yatirimcilarindan, maden
isletme Omrii igerisinde bir defa olmak {izere, arazi ve ot kaybi gideri gibi birtakim bedeller istenmektedir. Bu
bedellerin maden isletmelerinin yatirim tutarlari igerisinde ne kadarlik bir pay aldigin tespit edebilmek amaciyla
"Anket Maymun" programi kullanilarak maden isletmelerine anket gergeklestirilmistir. Bu sorulara verilen
cevaplarda mera bedelleri, her maden isletmesinin kendi yatirim tutarlarina oranlanmistir. Anket sorusuna cevap
veren tiim maden isletmelerinin mera alanlari i¢in dedikleri tiim bedellerin 2018 yili 6ncesi mevcut ve 2018 yili
sonrast hedeflenen yeni madencilik yatirim tutarlart toplamima oranmi tiim maden gruplar i¢in ortalama %
0,44°diir. Bu rakamlar dahi Tiirkiye’de maden isletmelerinden bir kez alinan mera bedellerinin, mevcut ve
hedeflenen toplam yatirim tutarlari icerisinde hi¢ de kiiciimsenmeyecek bir paya sahip oldugunu gostermektedir.

Keywords: Maliyet, Gider, Yatirim, Madencilik, Isletme.
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1. Introduction

It is an indisputable fact that the development of the national industries should be accelerated by
developing mining, by using the resources available in the best way that they are not left idle and by
the production of resources through identifying unknown resources to ensure the development of
countries in the world.

There is no chance to choose a place in mining because the mines must be produced where they
are located. The fact that the mines have to be produced where they are located brings along other
benefits and field usage conflicts. Indeed, one of the most common ones is pasture lands. Pasture
lands constitute 18.6% of the 78,534,470 million hectares, which are the total surface of Turkey

(Figure 1).

Land (Hectare)

[iForest Lands
Pasture Lands
. Water Areas
31.10% ' 18.60% [ Azricultural Areas
1.40%
| Other Lands

Figure 1. The proportion of land use classes to the total surface of Turkey

The immovable properties in Turkey can be divided into two main categories: Immovable
property subject to private ownership and immovable properties under the public ownership of the
state [1]. In administrative law, the state-owned immovable properties are classified into three groups:
ownerless properties (including pasture lands), common properties and service properties’.

The allocation of service properties to mining is almost impossible. However, the state-owned
immovable properties in terms of mining law are common properties such as wastelands and pastures
[1]. In Turkey, it is possible to allocate the qualified common property among the immovable property
necessary for the operation of natural resources and energy investments if required by the licensee [2].

e Ownerless Properties": These are the properties suitable for establishing ownership. However, the ownership has not been established on
them so far. Examples of such properties that are not under private ownership include rocks, mountains, hills, coasts, and forests.

« It is stated that the properties, which are called "common properties" in Turkish law, consist of goods which are allocated to the direct use
of the people. Examples of such properties include roads, bridges, squares, marketplaces, highlands, and pasture lands.

« "Service properties" are the properties of public legal entities and allocated to public service. They are reserved for indirect use of the
public. Examples of such properties include ports, military facilities, railways, hospitals, universities, mosques, and courthouses [1].
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Pasture lands are the places where animals are assigned to the village or town residents to take
advantage of grazing their animals and using the land’s grass. These lands have been used with this
orientation since the past. Essentially, for the acceptance of a place as pasture, it must be entered in
the register of common properties, which is a separate register from the land registry.

In other words, unless the nature of the pasture changes, it cannot be subject to private
ownership, and due to the timeout, ownership cannot be acquired [3]. Also, pastures, highlands and
winter quarters have the same legal value as the registered pasture for non-agricultural use and these
areas refer to the lands used for grazing. In Article 4 of the Pasture Law No. 4342, it is envisaged that
the provisions of the Pasture Law will be applied to these.

According to the Pasture Law, mining activities in pasture lands are subject to many conditions.
According to Article 14 of this Law amended by Law No. 4368, in pasture lands, mining exploration
activities, and efficient mining operation activities can be performed [4]. To register the arca whose
allocation purpose was changed in the name of the state treasury, the licensee is required to give the
Environmental Impact Assessment Positive document before starting the operation. Hence, it is
mandatory that the damaged lands due to mining operation activities should be harmonized with the
environment when the activity is finished. In this respect, necessary arrangements were made in the
Mining Law. The duration of a mining operation is limited to the period envisaged in the Mining Law
No. 3213. It should be noted that where the purpose of pasture allocation is changed, vegetation
generally shows a weak feature. For example, in a gypsum field, it is clear that when gypsum is
removed and replaced with fertile ground cover, the pasture will be much more useful than its former
condition. In the Regulation on Pasture — similar to mining legislation- for harmonization with the
environment, it is envisaged that the licensee will make a down payment to be determined by the
commission in order to make the areas damaged by them unchanged. Otherwise, the commission will
use this payment to fulfill this task and all costs incurred together with the loss of the value of the
grass is regulated in Article 8" of Regulation on Pasture [5] and [6].

There may be adverse decisions regarding the change of the pasture allocation and the decisions
taken to prevent mining operations. In some regions where these decisions are made, when we look at
the operating project incomes of the mines to be produced, it is seen that the livestock activities that
will benefit from the pasture have a value above the contribution to the country's economy. In such
cases, it is not understood that the change in allocation purpose is not appropriate. Once an
unfavorable decision is made on the allocation of pastures, then similar decisions are made in this
regard, and the pasture areas are closed to mining. This time, it is ignored that the purpose of
allocation of the pasture is to be done temporarily and these lands remain as pastures. In other words,
it is not possible to shrink the pasture lands as a result of mining activities [6]. As shown above,
pasture lands constitute 18.6% of the total surface of Turkey, which means that these lands also have
alternative areas. However, it is necessary to give importance to scientific criteria in determining
which is a superior public interest compared to the mines which are limited and which are mandatory
on-site production and this should be determined by legislation.

A Dbrief review of mining operation activities in pasture lands has been made, especially in
terms of competent authorities and legislation. To perform mining operation activities in pasture
lands, mining investors pay some costs such as land and grass loss expenses for once only. In this
respect, a survey was carried out through the "Survey Monkey" Survey Program for mining enterprises
in May, June and July 2018 to determine the amount of these costs in the investment amounts of
mining enterprises®.

In this study, based on the answers that the mining enterprises gave, the change of the costs
required to perform mining operation activities in pasture lands in Turkey according to the different
mineral groups was examined. At the same time, the ratio of these costs to the investment of mining
enterprises were analyzed in terms of their differences according to the mineral groups.

i, The survey questions were answered by the relevant departments of the mining companies. The answers were transferred collectively to
the survey program, regardless of which companies answered the survey and what responses were given to the questions.
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2. Costs Paid By Mining Enterprises for Pasture Lands & Their Share in Investment Amounts

In the world, past mining experiences highlighted the interdependent relationship between
commercial and economic benefits and the legal change in environmental impact. When determining
where to put the right balance, attention should be paid to the negative consequences of the
environment on the environment, to ensure the sustainable management of natural resources by
creating an optimum balance [7].

Investors in mining face both technical and non-technical risks. Risks in the non-technical
category are land access laws, land claims, bureaucracy, environmental risks, social risks, and
infrastructure risk. Such risks cannot be separated entirely from the technical risks in any
comprehensive risk classification system applied to the mining sector; they inevitably overlap.
Environmental risks, for example, include technical aspects of the design and engineering of the mine,
infrastructure, and waste facilities, as well as non-technical risks related to government regulations and
permits [8].

Governments can improve the prospect of investment in the mining sector by establishing
regulatory structures that guarantee "investment and license security”" by taking necessary steps to
meet investors' decision-making criteria [9]. If the state cannot direct sufficient capital and technology
for mining activities, then it is essential to apply market-friendly policies to attract private investors
and firms that can provide them [10].

On the other hand, the limited availability of resources in a country requires that these should be
used in an efficient and maximum way without wastefulness. Because investment projects (such as
raw materials, capital, labor etc.) are the plans for the optimum utilization of limited economic
resources in a way to maximize their benefits. Investment is a strategic decision that is of utmost
importance for the companies. The investment project, which is one of the most important means of
economic development, to reach the projected targets (minimum time, minimum cost, minimum
capacity) in the project [11], should not be out of expectations due to the legislation.

Thus, in terms of expenditures and risks, the most crucial activity group related to mining in
pre-production activities [12]. These activities include mining operations permit process.

Considering this explanation in case of overlapping of mining activities with pastures in
Turkey, it is useful to determine how much the related permitting process costs have taken in mining
investments. In this respect, first of all, the pasture costs should be shown according to different
mineral groups.

2.1 Paid Costs for Pasture Lands

The mining enterprises were asked: “How much is the amount (TL%) you pay (if paid) for the
pasture lands (land and grass loss expenses etc.)?” Forty-two mining enterprises answered to this
question. The ratio of these answers according to different mineral groups™ is shown below (Figure
2).

$ 1 USD Dollar = 4.84 Turkish Lira (16" July 2018) [13]

"™ According to the Mining Law number 3213, minerals shall be licensed in accordance with the group listed below:

I** Group Minerals

a) Sand and Gravel which are used in construction and road building and that are naturally present in nature.

b) Brick-Tile clay, Cement clay, Marn, Pozzolanic rock (Trass) and the rocks that are used in cement and ceramics industries and not include
in other groups.

1" Group Minerals

a) The rocks such as Calcite, Dolomite, Limestone, Granite, Andesite, Basalt used for constructing Aggregate, Ready-mixed concrete and
asphalt.

b) Rocks produced as a block such as Marble, Travertine, Granite, Andesite, Basalt and natural rocks used for decorative purposes.

¢) The rocks such as Calcite, Dolomite, Limestone, Granite, Andesite, Basalt used at grinding facility of concrete, lime, and calcite.

1" Group Minerals
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Figure 2. All costs paid for pasture lands™

The change in these costs between the mineral groups can be examined on average as follows

(Figure 3).

Salts being in the form of a solution and which will be obtained from sea, lake and spring water, Carbon Dioxide Gas (CO,) (except
geothermal, natural gas and petroleum areas). Hydrogen Sulfide (in case of remaining conserved the provisions of Petroleum Code
Numbered 6326 and date 07" March 1954).

IV Group Minerals

a) Kaolin, Dickite, Nacrite, Halloysite, Endellite, Anauxite, Bentonite, Montmorillonite, Baydilite, Nontronite, Saponite, Hectorite, Illite,
Vermiculite, Allofanoid, Imalogite, Chlorite, Sepiolite, Palygorskite (Attapulgite), Loglinite and clays that are a mixture of those, Refractory
clays, Gypsum, Anhydride, Alunite (Alum Stone), Halide, Sodium, Potassium, Lithium, Calcium, Magnesium, Chlorine, Nitrate, lodine,
Fluor, Bromine and other salts, Boron salts (Colemanite, Ulexite, Boracite, Tincal, Pandermite or at least other boron minerals containing
10% B,0s), Stroncium salts (Celestite, Stronthianite), Barite, Vollastonite, Talc, Steattite, Pyrophylite, Diatomite, Olivine, Dunite,
Silimanite, Andalusite, Dumortierite, Disten (Kyanite), Phosphate, Apatite, Asbestos (Mineral Wool), Magnesite, Huntit, Natural Sodium
Minerals (Trona, Nacolite, Dawsonite), Zeolite, Pumice, Pitchstone, Perlite, Obsidian, Graphite, Sulphur, Fluorite, Cryolite, Emery stone,
Corundum, Diasporite, Quartz, Quartzite, A sand containing quartzite and at least 80% SiO, in its composition, Feldspar (Feldspar and
Feldspathoid group minerals), Mica (Biotite, Muscovite, Sericite, Lepidolite, Flogopite), Cyanite with Nepheline, Chalcedony (Silex, Chert)
b) Peat, Lignite, Hard Coal, Anthracite, Asphaltite, Bituminous Schist, Bituminous Shale, Coccolith and Sapropel (provided that the
provisions of Petroleum Law remain reserved.)

¢) Gold, Silver, Platinum, Copper, Lead, Zinc, Iron, Pyrite, Manganese, Chromium, Mercury, Antimony, Tin, Vanadium, Arsenic,
Molybdenum, Tungsten (Wolframite, Scheelite), Cobalt, Nickel, Cadmium, Bismuth, Titanium (Ilmenite, Rutile), Aluminum (Bauxite,
Gypsite, Bohmite), rare earth elements (Cerium Group, Yttrium Group) and rare earth minerals (Bastnaesite, Monazite, Xenotime, Serit,
Oxsenite, Samarskite, Fergusonite), Cesium, Rubidium, Beryllium, Indium, Gallium, Thallium, Zirconium, Hafnium, Germanium, Niobium,
Tantalum, Selenium, Tellurium, Rhenium.

¢) Radioactive minerals containing elements such as Uranium, Thorium, Radium and other radioactive substances.

V" Group Minerals

Diamond, Sapphire, Ruby, Beryllium, Emerald, Morganite, Aquamarine, Heliodor, Alexandrite, Agate, Onyx, Sardonyx, Jade, Carnotite,
Heliotrope, Bloodstone, Chrysoprase, Opal (Irize Opal, Fire Opal, Black Opal, Wood Opal), Quartz crystals (Amethyst, Citrine, Rock crystal
(Mountain crystal), Misty Quartz, Tiger’s Eye, Avanturine, Venus Stone, Rose Quartz), Tourmaline (Rubellite, Vardelite, Indigolite), Topaz,
Moonstone, Turquoise, Spodumene, Amber, Lazurite (Lazuli), Jet, Diopside, Amozonite, Meerschaum, Labradorite, Epidote (Zoisite,
Tanzanite), Spinel, Jadeite, Jade or Jad, Rhodonite, Rhodochrosite, Garnet Minerals (Spessartite, Grosullar Hessonite, Dermontoite,
Uvarovite, Pyrope, Almandine), Diaspore Crystals, Kemererite.

Tt «>1 Million”: was accepted as 1-2 million TL, namely 1.5 million TL on average.
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Figure 3. Change between the pasture costs and mineral groups

As can be seen from the figure above, any change relationship and the degree of significance
among the average values of the pasture costs for different mineral groups cannot be mentioned. The
correlation coefficient is R* = 0.17. It should be noted that other factors are affecting the increase in
pasture costs. The reason why the correlation coefficient is too low in this increase is that the amount
of pasture land that overlaps with the mining areas is variable for different mineral groups (In fact, it
is not known how many hectares of pasture lands overlap with the mining enterprises that respond to
the survey).

Thus, it is useful to determine how much these pasture land using costs are paid by each
enterprise in their mine investment amounts and average annual operating costs to perform mining
activities.

2.2. The ratio of the pasture costs to the total investment amounts

For calculating the rate of pasture costs to mining investment amounts, the mining enterprises
were asked: “How much is the investment amount (TL) of your mining enterprises (by the end of
2017)?” All mining enterprises are shown in Figure 2, 42 mining enterprises, answered to this
question. These answers, according to different mineral groups, as shown below (Figure 4).

RN W 1O

v 1wl

Group 2 (a) Group 2 (b) Group 4 (a) Group 4 (b) Group 4 (c
Investment amounts of mining enterprises until the end of 2017

The number of mining enterprises

(TL)
00 - 500 thousand 500 thousand - 1 million 1-5 million
5 - 10 million W 10 - 20 million W 20-50 million
W 50-100 million 100-250 million W 250-500 million

Figure 4. The investment amounts of mining enterprises until the end of 2017+

$+>500 Million TL”: was accepted as 500 million- 1 billion, namely 750 million TL on average.
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The ratio of these investment amounts shows that the mining enterprises in Turkey are mostly in
the small and medium-sized business group. This indicates that the pasture costs required from the
mining enterprises will have a more significant impact on those enterprises.

For perform mining activities in pasture lands, all costs to be paid (land and grass loss
expenses) are given only once at the start of the mining operation. Thus, considering this situation, the
amounts paid for the pasture lands by each mining enterprise that is individually responding to the
survey were proportioned to the total investment amounts before 2018.

However, these mining enterprises are planning to make new investments in 2018 and the
following years. In this respect, mining enterprises were asked: “How much (TL) is the new investment
amount aimed in your mining enterprises in 2018 and the following years?" The answers of 42 mining
enterprises are shown below according to different mineral groups (Figure 5).

ol |ﬂ||

Group 2 (a) Group 2 (b Group 4 (a Group 4 (b Group 4 (c)

The number of mining enterprises

Investment amounts of mining enterprises in 2018 and the future (TL)

00 - 500 thousand 500 thousand - 1 million 1-5million
5-10 million H 10 - 20 million W 20-50 million
W 50-100 million 100-250 million M 250-500 million

B> 500 million

Figure 5. New investment amounts aimed by mine enterprises in 2018 and the following years

The total investment amounts paid by mining enterprises are obtained through the collection of
the investment amounts in 2018 and the following years (aimed) and before 2018 (current). The ratio
of the pasture costs paid by the mining enterprises to the total investment amounts paid by those
enterprises during their entire lifetime is shown below (on a weighted average) (Table 1).

Table 1. The ratio of pasture costs to the sum of current and future investment amounts.

The number Total Average of The ratio of the
. .. . pasture costs to the
Mineral groups of mining investment pasture costs .
enterprises | amounts (TL) (TL) total investment
P amounts (%)
Group 2 (a) 2 21250000 287500 1.42
Group 2 (b) 9 73277778 205278 0.56
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Group 4 (a) 2 892500000 512500 0.06
Group 4 (b) 3 43666667 172500 0.36
Group 4 (¢) 5 1175000000 500000 0.05
For all mineral groups 21 404428571 307857 0.44

Table 1 — Continue

As it is seen in the table, the average rate of pasture costs to to the total investment amounts is
0.44% for 21% mining enterprises. This percentage shows that the pasture costs required from the
mining enterprises have a significant share in the current and aimed investment amounts by itself. The
ratio of the pasture costs to the total investment amounts and mineral groups are shown below (Figure
6).

1.6

14
12 :
1 ..
08
04 y
0.4 I R*=0.887

Group2(a) Group2(b) Groupd(a) Groupd(b) Groupd(c)

The ratio of the pasture costs to
the total investment amount (%)
=
-

Mineral Groups
Figure 6. Mineral groups & the ratio of the pasture costs and to the total investment amounts

As it is seen in the figure, the relationship between these proportions shows a polynomial
change as the correlation coefficient. Then the correlation coefficient is R? = 0.887. Based on this data,
there is a reasonable degree of significance between this variable relationship.

It is remarkable that the share of the pasture costs in the total mining investment amounts is
quite high in the 2™ Mineral Group compared to other groups. This situation shows that the mining
enterprises in the 2™ Mineral Group will have great difficulty in paying the pasture costs since their
investment amounts are low compared to other enterprises in the 4™ Mineral Group.

% Of the 42 mining enterprises that gave information about the amounts of the mining investment and the
pasture costs they paid, 21 of the mining enterprises which stated that they paid the pasture price between “0-
10000 TL” were excluded from this calculation. In particular, this situation was preferred by considering that the
mining enterprises may not have paid the pasture cost, but could have mistakenly selected the “0-10000 TL”
pasture cost option in the survey question. Thus, as the average of mineral groups, it is aimed to calculate the
share of pasture costs more consistently within the investment amounts of mining enterprises.
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3. Conclusion and Suggestions

The delays in the pasture land using permits to be taken to perform mining activities in case of
overlapping with pasture lands are reflected the mining enterprises in our country as a cost. Also, the
required costs are added for the pasture lands.

The ratio of these investment amounts shows that the mining enterprises in Turkey are mostly in
the small and medium-sized business group. This indicates that the pasture costs required from the
mining enterprises will have a more significant impact on those enterprises.

As discussed, the results show that pasture costs have a significant share. Notably, the
mentioned pasture costs are quite compeller cost item for the mining enterprises in 2™ Mineral Group
economically since their investments are lower than the other enterprises. Thus, lowering the pasture
costs to a more reasonable level with legislation will be a positive development for the mining sector.

Pasture lands constitute 18.6% of the total surface of Turkey, which means that these lands also
have alternative areas. However, it is necessary to give importance to scientific criteria in determining
which is a superior public interest compared to the mines which are limited and which are mandatory
on-site production and this should be determined by legislation.
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ABSTRACT

In this study, frames including both the shear and the wide support effect were examined analytically,
numerically and experimentally. Stiffness method was used for analytical solution and finite element method
was used for numerical solution. Explicit expressions for the stiffness matrix that includes both the shear effect
and the wide support effect are presented. A model frame was tested experimentally, and a maximum deflection
result was obtained. The same frame was modeled and solved with the finite element method and with the
proposed method. The results of three methods were compared. The proposed method was verified successfully.
The proposed method, which includes both the shear and wide support effects, produced results that were shown
to be closer to the experimental results and the results than were the results of the other models that were
investigated.

Keywords: Shear effect, wide support effect, rigid end zone, stiffness matrix, finite element

KAYMA VE GENIS MESNET ETKISINDEKI CUBUKLARIN
GELISTIRILMIS RIJITLIK MATRISLERiI ICIN ANALITIK VE
DENEYSEL BiR YAKLASIM

OZET

Bu ¢aligmada, ayn1 anda hem kayma ve hem genis mesnet etkisindeki cerceveler analitik, niimerik ve deneysel
olarak incelenmistir. Analitik ¢6zlim i¢in matris deplasman yontemi, sayisal ¢oziim i¢in sonlu elemanlar yontemi
kullanilmistir. Hem kayma etkisi hem de genis mesnet etkisini igeren rijitlik matrisi i¢in agik denklemler ortaya
konmustur. Bunun i¢in bir model ger¢eve deneysel olarak test edildi ve maksimum ¢okme degeri elde edildi.
Ayni gergeve sonlu elemanlar yontemi ile modellenerek ve ayrica dnerilen yontem ile de ¢oziildii. Ug yontemin
sonuglar1 karsilastirildi. Onerilen yontem basariyla dogrulandi. Hem kayma hem de genis destek etkilerini ieren
Onerilen yontem sonuglarinin, deneysel sonuglara ve sonlu elemanlar yontemi sonuglarina daha yakin oldugu
gorillmiistiir.

Anahtar Kelimeler: Kayma etkisi, genis destek etkisi, rijit u¢ bolge, rijitlik matrisi, sonlu elemanlar

* e-posta: yasar.ayaz@inonu.edu.tr
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1. Introduction

Many studies analyze frames with the matrix method [1-12]. After the use of computers
become common, matrix methods became more popular. The addition of the shear effect to the matrix
method is also very common and is well established [7,12]. Despite its large effect, the wide support
effect is generally neglected. In the solution of bar elements, the bar length is considered to be the
length between nodes. This length does not represent the bar length exactly in frames. The intersection
of the column and the beam is different from both the column and the beam. This part is called the
wide support or the rigid end zone. In frames, the bar length does not start from the node points. A bar
length started from the node points causes inaccuracy in the results. Increasing the bar height increases
the common component, and this causes unacceptable errors in the results.

In the stiffness method main problem is to obtain stiffness matrix. After the construction of the
stiffness matrix the problem is solved systematically. In previous studies only one effect is handled in
the stiffness matrix. In this study, the stiffness matrix including both the shear and wide support effects
was developed and explicit formulations for stiffness members are given. By using this formulation, it
is possible to obtain stiffness matrix for normal solution, shear effect, wide support effect and their
combinations (bare solution, only shear effect, only wide support effect and both shear and wide
support effects). The results obtained from proposed method were also verified experimentally. For
this purpose, a frame was solved for with the proposed method. For experimental verification, the
same frame was tested, and the maximum deflection value was obtained. A finite element method
(FEM) model for this frame was created. The results of three methods are compared. Two different
frames were solved for with the proposed methods, and the results are compared with the FEM results.
The results of the proposed method were consistent with the FEM results. In the case of the cantilever
beam, where only the shear effect is present, the proposed method also has been proven theoretically.
In the frame example, the results of the proposed method and FEM results and experimental results
were consistent.

2. Theoretical

2.1. Shear effect in uniform members

The stiffness matrix in local coordinates for plane frame members can be expressed as follows:
D ¢, -D C(,

l

C A4 -C B

k=) ) -¢, D - M

c, B C, 4

where A;, A; and B are stiffness members and are defined as

EI EI EI
Ai:aiT, Aj:ajT’ B:bUT (2)

The other stiffness matrix members are defined as follows:

A +B c :Aj+B D:Ci+cj.

. 3
' L / L L @)
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For uniform cross-section members without shear effect, the stiffness coefficients are a=a=4
and bij=2 [5,7].

The shear effect is neglected in most mechanical problems because of its small value.
Generally, the decision to neglect the shear effect is made according to the length / height ratio (L/h)
of the members. Shear effect increases with increases in the height and decreases in the L/h ratio. The
shear effect should be considered if the L/h ratio is less than 10 [7,13].

9 '— AIL . " ‘AiL2 "__ Cjil‘2 . "__ CiL3 vCiL 9’4 -
> DY) 4 2E1T Y 3EI AG || d,=0
+ —
(a) (b) (c)

Figure 1. Consideration of the shear effect [7].

To include the shear effect in the stiffness members, moment A; and vertical force C; are applied
to the beam in Fig. 1. The coefficients of the moments that cause unit rotation in node i produce the A;
and Bj stiffness coefficients. 84 ' and 04 " represent the absolute value of rotation, and da' and da"
represent the absolute value of displacement caused by the A; moment and the C; vertical force applied
to node i and 04 and da represent rotation and deflection at point A respectively. Considering unit
rotation at node i,

0,-0,"=1 @)
from which
AL CI’
Ak -1 (5)
EI  2EI
Considering zero rotation,
_dAl+dAl':0 (6)
from which
-4L CL CL
— 4+ (—+k'—)=0. (7)

2EI 3E] AG

From the equilibrium between nodes i and j, C; can be calculated as
4, + B,
i L :

(8)
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By solving equations 5 and 7,

El
A4, =4—2, 9
Al ©)

B, = 2%/1” (10)

are obtained. Because of symmetricity, Ai=A;. The correction factors for the shear effect in the
stiffness matrix are

A =2, =0.75¢+0.25 (11)
A; =1.5¢-0.5 (12)
where
1 1 1 (13)
S = = =
(14 12k'El 2k'(1+p)
1+ 24k I iz 1! +T
) (%)

For a rectangular shape, k' is the shape factor (and is equal to 1.2) and p is the Poisson ratio.
Consequently, we obtain

1
&= —2.76 . (14)
1+

L,
(;)

By using the A; and A; coefficients, the shear effect is included in the stiffness matrix [7].

1,10 -
1,00 -
0,90 -
0,80 -
0,70 -
0,60 -
0,50 - Aij
0,40 -
0,30 -
0,20 -
0,10 -
0,00 ' ' ' ' r r r r T T :
-0,10 4§ 2 3 4 5 6 7 8 9 10 11
-0,20 -
-0,30 -
-0,40 -
-0,50 -
-0,60 -

£, Ai, Aij

Figure 2. A, A and € values as a function of the L/h ratio for p=0.3 and k'=1.2[7
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The values of the correction factors A;, A; and € as a function of the L/h ratio for u=0.3 and
k'=1.2 are plotted in Fig. 2. As can be seen in Fig. 2, the values of A, A; and € approach 1 as the L/h
ratio increases to 10.

2.2. Wide Support Condition

The wide support effect has a greater effect than the shear effect in most conditions. On the
contrary, however, in most studies the shear effect is considered while the wide support effect is
neglected. In classical beam theory when a frame member is solved in one dimension, such as is done
for a bar element, the member length is selected between two nodes. In fact, the intersection of the
column and beam is different from the column and the beam. This segment cannot be considered in
the beam or the column length. To consider the intersection of the column and the beam as part of the
column or as part of the beam introduces a large error into the solution. The size of this common
segment grows as the member height increases, and this increases the error in the result. This segment
that must be treated differently from the beam and the column is called the wide support or the rigid
end zone. For a wide support, the stiffness matrix and the fixed end forces change and have to be
regenerated. Tezcan solved this problem with rigid rotation of this part[7].

Figure 3. Wide support in a frame.

As seen in Fig. 3, first, the common segment in the beam-column is assumed to be totally rigid.
By adding additional deformation caused by rigid rotation of this block, the stiffness members for the
wide support condition are calculated. e; and e, represent the half-length of nodes i and j, respectively.
The {d'} deformation on the nodes of the free beam length (i'-j') can be written with the help of the {d}
deformation on nodes of theoretical length [7],

@y =[rlid}. (15)

By means of rigid rotation of the column-beam intersection segment, the deformation relations
between the real length and the theoretical length of the beam can be derived.
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Figure 4. Deformation relation in wide support members[7].

[T] = transformation matrix for displacement

e1= support half length at node i

e;= support half length at node j

From Fig. 4, the relation between d and d' can be written as

d'=d +ed,

d,'=d, (16)
d'=d, —ed,

d,'=d,

In matrix form,

d,’
d,'
{a}= (17)

d,'
d,’

[%)

(19)

_ez

S O o =
S O =

dl
d2

{d}= J (18)
d,
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1 ¢ 0 07(d
01 0 0 ||d,

{a}= (20)
0 0 1 —elld,
0 0 0 1 d

N

When the transformation matrix [T] and the stiffness matrix [k '] as a function of the free length

of the beam are known, the stiffness matrix as a function of the theoretical nodes [k] can be calculated
as follows:

[e]=[r] [k 7] 21

Because the common deformations of the system are on nodes i and j, the stiffness matrix used
to find the system stiffness matrix is [k]. The stiffness matrix [k'] of the free length between i' and j'
can be written as follows:

D ¢ -D C
c' 4' -C' B

k)=

22
-D = C[v D' _ Cj' ( )
¢' B -C' 4
where Ly is the free length of the member or the beam and
EI EI EI
A'=a,—~, A'=a,— , B'=b,— (23)
L, "L L,
and
A'+B' A,'+B' c'+C'
Ci T , ; — J , D': J (24)
L, Ly L,
From equation (21), the stiffness matrix transformed to theoretical nodes is
D' e, D'+C,;' -D' e,D'+C;'
] C,'ve,D' e 'D'+2¢,C;'+4,'  —¢'D-C,' B+eC,'+e,C, '+ee,D' s
| =D —e,D'-C,' D' —e,D'-C;’ )

' ' ' ' ' ' ' ' ' 2y
C,'te,D" B'+eC;'te,C, +ee,D' —e,D'-C, A,'+2e,C,'+e,” D

The [k] stiffness matrix then becomes
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12E1 6EI(2e, + L) 12EI 6EI(2e, + L)
L I o I
6EI(2e, + L) 4EI(3e,’3e,L + I*) _6EI(2¢, +L) 2EI(6e.e, +3(e, +e,)L +L*)
[k]= L r L r
12E1 6EI(2e, + L) 12E1 6EI(2e, + L)
L L L S
6EI(2e, + L) 2El(6ee, +3(e, +e,)L+L")  6EI(2e, +L) 4EI(3e,” +3e,L + L")
L I - I

Rigid rotation of the common segment affects the fixed end forces in the wide support
condition. The relation between the forces is seen in Fig. 5 and is derived as

P =D
D,'=p,—ep,
DPy'=D;s

Py'= Pyt e,p;
P =p

P, = D,'tep,
Py =ps'

Py =Dy'—€,D;

{f}

and

p}

Figure 5. Force relations for the wide support condition[7].

@7

(28)

The fixed end forces and the node forces on the free length i'-j' nodes are transformed to
theoretical length i-j nodes by using the following equations [7]:

= [117{f)
=[r]" ).
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2.3. Shear effect on wide support conditions

In the previous sections, the shear effect and the wide support effect are investigated
individually. When the height of the member increases, both the wide support and the shear effects
increase. Therefore, both effects must be considered simultancously. A stiffness matrix needs to be
developed to consider both effects.

The stiffness members for the shear effect in uniform cross-section members are

A4 =4ﬂ/1i

L

EI
Aj :471‘/.

(31)
B,.j :2%2@.
A +B A]-+B Ci+Cj

C‘: : ) = - ) =
! L / L L

Taking both the shear and wide support effects of equation (31) into account, the free length Lo
is used to obtain the stiffness matrix. Therefore, the stiffness members are obtained as follows:

Ai'=42/1i
0
. EI
4, :4—/1j
0
. EI (32)
B, :2—%
0
A'+B' A.'+B' c'+C;'
Ci': z+ ,CA': J an ID': i J
LO ’ 0 0

The stiffness matrix [k'] for the free length is given in equation (22), and the transformation

matrix [T] for displacement in the wide support condition is given in equation (19). The stiffness
matrix for theoretical nodes [k] is given in equation (21) and is [k]=[T]" [k'] [T]. The products of the
right-hand side are re-written as follows:

D' C,'+ve,D' -D' C,'ve,D'
] C'te D' A'+2¢C/'+e’D'  —C/'-eD' B'+e,C,'+e,C, 'tee,D' “
| -D ~C,'-e,D' D' ~C,'-e,D' 33)

' ' ' ' ' ' ! ' ' ' 2y
C,'+te,D' B'+eC,'te,C,'tee, D" —C,;'-e,D A,'+2e,C,'+e,” D

This stiffness matrix includes both the shear and wide support effects for uniform cross-section
members. The stiffness members are generally shown by kj, where i and j represent the row and the
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column number, respectively. The stiffness members for both the shear and wide support effects are
given in Table 1.

Table 1. Stiffness members for both the shear and wide support effects

AEI(A, + A, +4)) 2EI(LQA, +A,)2e, + (A4, + A, + 1))
kll — 3 v J klz — y . v J
L L
_ 4EI(A, + A, + A;) P = 2EI(2e, (A, + A, + A,)+ L(4; +24,))
13 L3 14 L3
4EI((e, + (LA, +e (A +A4) e A ) 2EILQA +4;)+2e(L + 4 + 1))
n = 3 237 3
L L

2EI(2e,LA; + L(e, + L)A,; +e,(2e,(4, + A, + A,) + L(4; +24,)))
kyy =— - E i _ _
_AEI(A + A+ )

2EI(2e, (A4, + A, + A4,)+ L(4, +24)))

33 T L3 34 L3
_ 2E[(2€2 (ﬂ’, + 2’;‘; + 2’_1‘ )+ L(/I,, + 22/) 4EI(€2 (Lﬂl] +e, (/11 + ﬂy )+ (62 + L)2 ﬂj
43 = JE 44 = IE
koi=ki2 | ksi=ki3 | ka=kos | kai=ki4 | kar=Kko4

3. Experimental

To verify the results provided by the proposed method and by FEM and to observe the exact
behavior of the models, experimental test was carried out. An experimental model frame was produced
from S220 steel. Specimens were produced from used material, and the modulus of elasticity was
determined. The modulus of elasticity (E) for model 1 was calculated, with the help of the tensile test,
to be 202,016.99 MPa. The Poisson ratio was taken as 0.3.

The experimental model was fabricated to give measurable results and to have a wide support
effect (Fig. 6). A dial gauge was used to observe movement and rotation on the support. The loads
were selected as the maximum of the elastic limit and the buckling load. The tests were repeated 10
times for model 1 and the averages of the results were used.

P=400kef
_,/., .\A\ Y _
\ \
; B 9.7 cm
\ .,' -
99.5 cm Tt
—S hy
€2
y
i
i
A !
e
9.8 cm h; TR
| E ; | 795 cm Ay
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Figure 6. Model 1 with concentrated loading (left), e; and e, on a wide support (middle) and the mesh
system in the FEM model (right).

4. Finite Element Modeling

In this study, a 2-D, eight-node element PLANES&2, which provides more accurate results and
can tolerate irregular shapes, is used. The PLANES2 geometry and stress output are shown in Figs. 7
and 8.

L
©)
K KLO
? @
oF axial) @
L’- | " '
X o radial} Tri Option
J
@
Figure 7. PLANES2 geometry (2-D, eight-node structural solid)[14].
L o] ¥
P
Y M
{or axial)
t—' o radialy M J

Figure 8. PLANES2 stress output[14].

PLANES2 is a higher-order version of the 2-D, four-node element PLANE42. The eight-node
elements have compatible displacement shapes and are well suited to model curved boundaries. The
eight-node element is defined by eight nodes having two degrees of freedom at each node: translations
in the nodal x and y directions. The element may be used as a plane element or as an axisymmetric
element. The element has plasticity, creep, swelling, stress stiffening, large deflection and large strain
capabilities [14].

5. Results
5.1. Analytical method verification

A simple beam is solved by proposed method and accuracy of method is checked.
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Q=10t/m
E=100.000 kg/m2 y
A B h v=0.2
X
L=5m
Figure 9. Uniform cantilever member
Table 2. Comparison of proposed method and FEM solution.
K Deflection at B (mm)
& FEM-BAR | BAR-BAR+S | FEM-BAR+S
g
i et B A=Y BAR BARYS | (%) (%) %)
1 0.5 5 10 -755.09 -750 -757.12 0.67 0.95 0.27
2 5 5 -97.10 -93.75 -97.30 3.45 3.79 0.2
3 2 5 2,5 -13.51 -11.72 -13.49 13.26 15.1 0.16
4 5 1,7 -4.67 -3.47 -4.66 25.75 34.29 0.29
2
Deflection at B, for example 2 in Table 2, is y5 = :—; , with shear effect deflection is yp =
2 2
‘g—; + k%. And it is calculated as yg = 93,75 + 3,549 = 97,299 mm. The proposed method gives

nearly same result of bar solution as ygz = 93,75 4+ 3,55 = 97,30 mm. So that proposed method is
verified. Bar solution and FEM solution give nearly same result if shear effect is considered in bar
solution. Even in example 4 where L/h is very small as 1.7, BAR solution give good result if shear
effect is considered.

Q
R

) 2
A ________________________B-
i H2
- i B=1m
- i Q=10 t/m
: E=100.000kg/m2
i v=0.2
A
777
4—Fr1—>

Figure 10. Frame with uniform members.
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Table 3. Shear effect in frame with different L/h value.

Example | Element dimensions(m) Deflection at B (mm) Difference (%)
FEM- FEM-
H1 | H2 | L1 | L2 | L/h BAR BAR+S FEM BAR BAR+S
1 02|02 |55 ]| 55 (27.5] -79726.1 | -79749.2 | -78678 1.33 1.36
2 05105 (55|55 11 -4563.7 -4571.03 -4451 2.53 2.7
3 1 1 55| 55|55 -471.25 -474.8 -445.08 5.88 6.68
4 1.5 15|55 55 (3.67| -114.63 -116.77 | -105.29 8.87 10.9
5 2 2 55| 55 (275 -39.46 -40.89 -35.031 12.64 16.73

In contrast to examples of Table 2, in frames as seen in table 3 addition of shear effect deviate
BAR results from FEM results. In example 5 differences in between FEM and BAR results is 12.64%
without shear effect in bar solution. But addition of shear effect increase difference to 16.73%.
Therefore, in frames wide support effect should be considered to eliminate this difference.

5.2. Experimental Results

The experimental deflection of point B (EXP) of Model 1, shown in Fig. 6, is given in Table 4
and compared with the deflection of point B obtained with the normal bar solution (BAR), the bar
solution including only the shear effect (BAR+S), the bar solution including only the wide support
effect (BAR+W), the bar solution including both the shear and wide support effects (BAR+S+W) and
the finite element method (FEM) solution.

It can be seen from Table 4 that the experimental result is within 1% of the proposed method
solution (BAR+S+W), which includes both the shear and wide support effects.

Table 4. Experimental result of Model 1 and comparison to FEM and the proposed method

results.
Column no 1 2 3 4 5 6
TEST 1 BAR BAR+S | BARtW | BARTS+W | FEM EXPERIMENT
(E=202016.99MPa) (e=h2) | (e=h2)
?rjg‘;cuon at B 164900 | 165347 | 15.1790 | 152178 15.3290 | 15.3010
Ratio 0| 1078 1.081 | 0.992 0.995 1.002 1.000
experimental result

Table 5. Comparison of bar solution to other results (%).

Column no /|, 12 13 1/4 1/5 1/6
column no

Compared to

BAR. % 0 0.27 7.96 7.72 7.04 7.21
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Table 6. Comparison of experiment results to other results (%).

Column mo /| o, 6/2 6/3 6/4 6/5 6/6
column no

Compared  to

EXPERIMENT, | 7.78 8.06 0.78 0.54 0.18 0
%

As seen in Table 4 and Table 6 for this example; FEM, experimental and the proposed method
(BAR+S+W) results are nearly same. The proposed method gives good result.

Shear has 0.27% effect and wide support effect has 7.96% effect in theoretical solution. Wide
support effect is bigger than shear effect (Table 5).

It is known that to get more accurate result shear effect should be considered. But as seen in
Table 4 and Table 6 shear effect has adverse effect in frames if frame members are solved as bar.
Without shear effect BAR result is 7.78% different than EXPERIMENT result. Adding shear effect
increase difference to 8.06%.

When the results given in the tables are examined, it can be seen that the proposed method
results are closer to the FEM results than are the other methods.

6. Conclusions

Frame models were tested experimentally, and the proposed method, which includes both the
shear and wide support effects, was verified successfully. The wide support was observed to have a
more substantial effect than the shear effect. Addition of shear effect is known to lead a more accurate
solution. In contrast to frames, this result is correct if only one member is handled. Results of FEM
solution and bar solution with shear effect overlapped for one member structures such as cantilever
beam. In frames, the model results are closer to the FEM and experimental results when the shear
effect is neglected. The shear effect caused the model results to deviate from the experimental and
FEM results. The results of the proposed method, in which both the shear and wide support effects are
included, were shown to be closer to the experimental and FEM results than the other methods were.

In practice, the wide support rigid length e was observed to change from h/2 to h/4 in most
problems. Accordingly e can be selected between the h/2 and h/4 intervals.
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OZET

Ulkemizde her gegen giin niifusun artmastyla konut ihtiyaci da artmaktadir. Bu sebeple yapilar, 6zellikle niifusun
yogun oldugu kentlerde alandan tasarruf etmek i¢in bitisik nizamda ve ¢ok katli inga edilmektedir. Fakat bitisik ya
da yan yana yapilmis bu yapilarin, deprem sirasinda birbirlerine ¢arpmasi sonucu yapilarda agir hasarlar meydana
gelmektedir. Bu durum bitisik nizam yapilarla ilgili yapilan ¢aligmalari 6nemli kilmaktadir. Bu ¢alismada, kat
seviyeleri farkli olan bitisik nizam yapilarin deprem etkisi altinda ¢arpigma analizi yapilarak, kat kiitlelerinin
yapilarin ¢arpigma kuvvetine etkisini incelemek ve ileride bu baglamda yapilacak olan ¢aligmalara 151k tutmak
amaglanmistir. Bu amag¢ dogrultusunda kat seviyeleri farkli iki betonarme bina modellenmistir. Bu binalar,
aralarinda farkli mesafeler birakilarak ve farkli kalinliktaki désemelerle SAP2000 paket programinda modellenmis
ve 1940 El Centro deprem kaydi kullanilarak deprem etkisi altinda dinamik analizi yapilmistir. Analizler
sonucunda katlardaki ¢arpisma kuvvetleri grafik haline getirilip incelenmistir.

Anahtar Kelimeler: Bitisik Nizam Yapilvar, Carpisma Kuvveti, Kat Kiitlesi, Derz Boslugu

THE EFFECT OF FLOOR MASS ON THE COLLISION STRENGTH IN
DIFFERENT ADJACENT STRUCTURES WITH DIFFERENT STOREY
LEVELS

ABSTRACT

Housing needs are increasing day by day with the increase in population in our country. For this reason, buildings
are built in adjacent buildings and multi-storey buildings. These adjacent or side-by-side structures collide with
each other during the earthquake, causing serious damage to structures. This demonstrates the importance of
studies on adjacent structures. In this study, the collision analysis of the adjacent buildings with different storey
levels was investigated and the effect of the floor masses on the collision strength of the buildings was investigated.
For this purpose, two reinforced concrete buildings with different floor levels were modeled. These buildings were
modeled in SAP2000 package program in different thicknesses and with different spaces between them, and
dynamic analysis was performed under the effect of earthquake using the 1940 El Centro earthquake record. As a
result of the analyzes, the collision forces on the floors were examined by drawing a graph.

Keywords: Adjacent Structures, Collision Force, Floor Mass, Gap

1. Giris

Diinya ve iilkemizin niifusunun her gegen giin artmasiyla yeni yasam alanlarma ihtiyag
duyulmaktadir. Bu durum ise 6zellikle niifusun ¢ok yogun oldugu boélgelerde artan sehirlesmeyle alan
sikintis1 sorununu olusturmaktadir. Bu sebeple mevcut araziyi en verimli sekilde degerlendirmek ve
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alandan kazanmak i¢in yapilar yan yana veya bitisik nizamda insa edilmektedir. Ancak binalar her ne
kadar depreme kars1 yiiksek dayanimda insa edilse dahi bitisik nizamda yapildiginda aralarindaki
boslugun yeterli olmamasindan dolayr deprem sirasinda g¢arpigsmalar meydana gelir ve etkilenen
binalarda agir hasarlar olusur. Ulkemizde ¢ok fazla bitisik nizamli yapinin olmasi ve sik sik yasanan
depremlerin bu yapilarda fazlaca hasara sebep olmasi bu konuda ¢aligmay1 6nemli kilmistir.

Bitisik nizam yapilarin birgok arastirmaci tarafindan ¢arpigma analizi yapilmis ve yapida sebep
oldugu hasarlar incelenmistir. Coskun ve Yilmaz[1], deprem etkisi altinda olan bitisik yapilar igin
carpisma kuvveti spektrumu modeli gelistirmislerdir. Carpisma modelini dogrusal olmayan viskoelastik
model secerek tek serbestlik dereceli sistem seklinde bitisik yapilar tasarlamiglardir. Zemin siniflarinin
carpisma kuvvetine etkisini incelemek i¢in ¢arpisma kuvveti spektrumlarini farkli zemin siniflari igin
ayr1 ayr1 ¢izerek sonuglari karsilastirmiglardir.

Inel vd.[2], yaptiklari ¢alismada farkli bosluk oranlarina sahip 4 katli ve 7 katli binalar ikili ve
icli gruplar halinde modellemislerdir. Carpisma modeli olarak dogrusal olan ve elastik olmayan yay
modelini kullanmislar ve zaman tanim alaninda dinamik analizlerini ger¢eklestirerek binalarin birbirine
yapmis olduklari ¢ekicleme etkisini incelemislerdir.

Akkose ve Sunca[3], caligmalarinda dinamik karakteristikleri birbirinden farkli ayni yiikseklikte
olan binalar modellemislerdir. Binalar1 modellerken aralarinda, Deprem Bolgelerinde Yapilacak Binalar
Hakkinda Yo6netmelik (2007)’de belirtilen miktarlarda deprem derzleri birakmiglardir. Yakindaki ve
uzaktaki faylarin hareketlerinden yola ¢ikarak SAP2000 paket programinda binalarin analizlerini
gergeklestirmislerdir.

Tekin[4], aralarinda yeterli derz birakilmayan diisey diizensizlige sahip yapilarin deprem etkisi
altindaki davraniglarini incelemistir. Calismada, modelleri SAP 2000 paket programiyla olusturmus ve
1940 El Centro deprem kaydini kullanarak analizlerini yapmistir. B1, B2 ve B3 diizensizligine sahip
bitisik nizam yapilar1 herhangi bir diizensizligin bulunmadigt durumdaki davraniglan ile
karsilastirmistir. Caligmanin sonucunda c¢arpisma kuvvetinin B3 diizensizliginin oldugu durumda,
diizensizligin olmadig1 durumdan genellikle daha yiiksek ¢iktig1 sonucuna varmustir.

Koksal ve Karaca[5], yan yana bulunan iki kath iki binanin patlatma kaynakli yer hareketi ile
olusacak carpigma olayini sonlu elemanlar yontemini esas alan ANSYS yazilimi ile modellemislerdir.
Patlatma kaynakli yer hareketinin tliretilmesinde BlastGM yazilimini kullanmislardir. Analizler sonucu,
patlayici miktarinin fazla olmasi durumunda garpisma etkilerinin artig gosterdigini goérmiigler ve
depremin yani sira patlatma gibi dinamik etkilere karsi da bitisik nizamli yapilar arasina hesap edilerek
uygun bir derz boslugu birakilmasi gerektigini ortaya koymuslardir.

Sak ve Beyen[6], yaptiklar1 calismada ayrik ve bitisik nizam olarak farkl yiiksekliklerde yapilar
modellemigler ve dogrusal olmayan yontemlerle zaman tanim alaninda analizlerini yapmiglardir.
Calismalarinda Hilbert ve dalgacik doniistimlerini  kullanmiglardir. Carpisma  durumundaki
performanslarmi inceleyerek deprem derzlerinin yonetmelikte Ongdriilen miktarda birakilmasinin
binalarin deprem sirasindaki davranigini biiyiik 6l¢iide etkiledigini ortaya koymuslardir.

Karabulut vd.[7], dort ve alti kath olarak SAP2000 programinda modelledikleri iki tane
betonarme bina i¢in niimerik analizleri lineer olarak yapmuslardir. izmit depremi ivme verilerini
kullanarak yaptiklart calismada, derz mesafelerine gore yapilarin deprem altinda salinimlarini
irdeleyerek zamanla meydana gelen yer degistirmeleri elde etmislerdir.

2. Materyal ve Metod
Calismada, SAP2000 paket programinda kat seviyeleri farkli iki tane 4 katli betonarme bina

modellenmistir. Ilk binanm 1. katinmn yiiksekligi 4,5 m diger kat yiikseklikleri 3 m ve déseme kalinlig
14 cm alimmustir. Diger binanin kat yiikseklikleri 3 m, déseme kalinlig1 10, 12, 14, 16,
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18, 20, 22 cm alinarak binalar arasi mesafeler de 0, 1, 2 ve 3 cm olacak sekilde toplamda 28 model
olusturulmustur. Binalarin kolon boyutlar1 40 x 40 cm2, kiris boyutlari ise 35 x 50 cm2’dir. Beton sinifi
C25/30, poisson orant v=0,2 alinmustir.

Calismada, carpisma modeli olarak lineer olmayan elastik yay modeli (Hertz) kullanilmistir.
Yapilara kat seviyelerinde ve her bir katta 4 tane olmak iizere 28 adet yay elemani yerlestirilmistir.
Elastik yay sabiti degeri olarak Jankowski [8]’de caligmalar sonucu elde edilen kh=1,13 x 109 N/m
degeri kullanilmistir. Dinamik analizler, Zaman Tanim Alaninda Mod Siiperpozisyon yontemiyle, 1940
El Centro deprem verileri kullanilarak yapilmistir.

h=3 m

h=3m

h=4,5mw=___

Sekil 1. Binalarin modeli

Soldaki binanin dogal periyodu (T) 0,401°dir. Sagdaki binanin ise doseme kalinliklar1 degistikge
periyotlart da degismektedir. Doseme kalinliklarina gore periyotlar: asagidaki ¢izelgede verilmistir.

Cizelge 1. Sagdaki binanin doseme kalinliklarina gore periyotlar

Doseme
Kalinhgi (cm)

Periyot (T) 0,287 | 0,294 | 0,301 | 0,305 | 0,309 | 0,313 | 0,316

10 12 14 16 18 20 22

2.1. Carpisma Modeli

Hertz modelinde binalar arasindaki kuvvet aktarimi, dogrusal olmayan elastik yay ile
saglanmaktadir. Binalarin salinimi sirasinda aralarindaki derz mesafesinin (d) kapanmasi ile yay
devreye girerek binalardan birbirlerine kuvvet aktarmaktadir. Carpisma kuvvetinin hesabi asagida
gosterilmistir;

Fe =kn (u1-uz-d)*? w-uz-d > 0 (¢arpigsmanin oldugu durum)

F.=0 ui-w-d < 0 (carpismanin olmadigt durum)

Yukaridaki; Fc carpisma kuvvetini, kh yay sabitini, d binalar arasinda birakilan derz miktarini,
ul ve u2 ise yan yana olan binalarin ayni1 dogrultudaki yer degistirmelerini ifade etmektedir. Sekil 2°de
carpisma kuvveti ve yay modeli arasindaki iliski verilmistir.
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—
d U 1 — u 2
Sekil 2. Lineer olmayan elastik yay modelinde ¢carpisma kuvveti ile yer degistirme arasindaki iligki [9]

2.2. Bulgular

Binalarin ¢arpismasi sonucunda ¢arpisma kuvvetleri agiga ¢ikmaktadir. Bu carpisma kuvvetleri
ve binalarin yaptigi yer degistirmeler, binalarin arasindaki mesafeye ve kat kiitlelerine bagli olarak
farkliliklar gosterir. Binalar arasindaki mesafe 0 cm iken yani binalar tamamen bitisik durumda ve
sagdaki binanin doseme kalinligr 10 cm oldugu durumda en biiyiik ¢arpisma kuvveti binalarin 12 m
seviyesinde meydana gelmistir. Bu carpisma kuvvetinin degeri 525,4 kN’dur(Sekil 3). En biiyiik
carpigsma kuvvetinin ortaya ¢iktigi noktalar arasindaki yer degistirme (Sekil 4)’te gdsterilmistir ve en
biiyiik yer degistirme degeri 3,152 cm’dir.

-100

=200

=300

-400

-500

Carpistna Kunneti (kM)

[ainlin]

Zamman [s]

Sekil 3. Binalar aras1 mesafe 0 cm ve doseme kalinligi 10 cm iken ortaya ¢ikan en biiylik ¢carpisma
kuvveti
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Sekil 4. Binalar aras1 mesafe 0 cm ve dogseme kalinligi 10 cm iken en biiyiik ¢arpisma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme

Binalar arasindaki mesafe 0 cm iken yani binalar tamamen bitisik durumda ve sagdaki binanin
doseme kalinlig1 12 cm oldugu durumda en biiyiik ¢arpisma kuvveti binalarin 12 m seviyesinde meydana
gelmistir. Bu carpigma kuvvetinin degeri 467,1 kN’dur(Sekil 5). En biiyiik ¢arpigma kuvvetinin ortaya
ciktig1 noktalar arasindaki yer degistirme (Sekil 6)’da gosterilmistir ve en bilylik yer degistirme degeri
3,170 cm’dir.

0

. 0 2 4 o V g 10 1z
Ej -100
=
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=
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-300

Zarman [5]

Sekil 5. Binalar arast mesafe 0 cm ve doseme kalinlig1 12 cm iken ortaya ¢ikan en biiyiik carpisma
kuvveti

Binalar arasindaki mesafe 0 cm iken yani binalar tamamen bitigik durumda ve sagdaki binanin
doseme kalinligi 14 cm oldugu durumda en biiyiik ¢carpisma kuvveti binalarin 12 m seviyesinde meydana
gelmistir. Bu ¢arpisma kuvvetinin degeri 927,1 kN’dur(Sekil 7). En biiyiik ¢arpisma kuvvetinin ortaya
ciktig1 noktalar arasindaki yer degistirme (Sekil 8)’de gosterilmistir ve en bilyilik yer degistirme degeri
3,238 cm’dir.
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Sekil 6. Binalar aras1 mesafe 0 cm ve doseme kalinlig1 12 cm iken en biiyiik carpisma kuvvetinin
ortaya ¢iktigi noktalar arasindaki yer degistirme
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Sekil 7. Binalar aras1 mesafe 0 cm ve doseme kalinligi 14 cm iken ortaya ¢ikan en biiylik ¢carpigma

kuvveti
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Sekil 8. Binalar arasi mesafe 0 cm ve doseme kalinligi 14 cm iken en biiyiik carpisma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme
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Binalar arasindaki mesafe 0 cm iken yani binalar tamamen bitigik durumda ve sagdaki binanin
doseme kalinlig1 16 cm oldugu durumda en biiyiik carpigsma kuvveti binalarin 3 m seviyesinde meydana
gelmistir. Bu ¢arpigsma kuvvetinin degeri 632,3 kN’dur(Sekil 9). En biiyiik ¢carpigma kuvvetinin ortaya
¢iktig1 noktalar arasindaki yer degistirme (Sekil 10)’da gosterilmistir ve en biiyiik yer degistirme degeri
1,329 cm’dir.
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Sekil 9. Binalar arast mesafe 0 cm ve doseme kalinlig1 16 cm iken ortaya ¢ikan en biiyiik carpisma

kuvveti
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Sekil 10. Binalar aras1 mesafe 0 cm ve doseme kalinligi 16 cm iken en biiyiik ¢arpigma kuvvetinin
aciga ciktig1 noktalar arasindaki yer degistirme
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Sekil 11. Binalar aras1 mesafe 0 cm ve doseme kalinligi 18 cm iken ortaya ¢ikan en biiyiik carpisma
kuvveti
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Binalar arasindaki mesafe 0 cm iken yani binalar tamamen bitisik durumda ve sagdaki binanin
doseme kalinlig1 18 cm oldugu durumda en biiyiik ¢arpisma kuvveti binalarin 12 m seviyesinde meydana
gelmistir. Bu garpisma kuvvetinin degeri 136,1 kN’dur(Sekil 11). En biiyiik ¢arpisma kuvvetinin ortaya
¢ikt1g1 noktalar arasindaki yer degistirme (Sekil 12)’de gosterilmistir ve en biiyiik yer degistirme degeri
3,370 cm’dir.
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Sekil 12. Binalar aras1 mesafe 0 cm ve doseme kalinligi 18 cm iken en biiylik ¢arpigma kuvvetinin
ortaya ciktig1 noktalar arasindaki yer degistirme

Binalar arasindaki mesafe 0 cm iken yani binalar tamamen bitisik durumda ve sagdaki binanin
doseme kalinlig1 20 cm oldugu durumda en biiyiik ¢arpigsma kuvveti binalarin 3 m seviyesinde meydana
gelmistir. Bu garpigma kuvvetinin degeri 474,6 kN’dur(Sekil 13). En biiyiik ¢carpigsma kuvvetinin ortaya
¢iktig1 noktalar arasindaki yer degistirme (Sekil 14)’te gdsterilmistir ve en biiyiik yer degistirme degeri
1,381 cm’dir.
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Sekil 13. Binalar arasi mesafe 0 cm ve doseme kalinligi 20 cm iken ortaya ¢ikan en biiyiik carpisma
kuvveti
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Sekil 14. Binalar aras1 mesafe 0 cm ve doseme kalinligi 20 cm iken en biiylik ¢arpigma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme

Binalar arasindaki mesafe 0 cm iken yani binalar tamamen bitisik durumda ve sagdaki binanin
doseme kalinligi 22 cm oldugu durumda en biiyiik ¢carpisma kuvveti binalarin 12 m seviyesinde meydana

gelmistir. Bu ¢arpigsma kuvvetinin degeri 546,6 kN’dur(Sekil 15). En biiyiik ¢carpigma kuvvetinin ortaya
¢iktig1 noktalar arasindaki yer degistirme (Sekil 16)’da gosterilmistir ve en biiyiik yer degistirme degeri

3,456 cm’dir.
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Sekil 15. Binalar aras1 mesafe 0 cm ve doseme kalinligi 22 cm iken ortaya ¢ikan en biiyiik carpisma

kuvveti
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Sekil 16. Binalar aras1 mesafe 0 cm ve doseme kalmligi 22 cm iken en biiylik ¢arpigma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme
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Binalar arasindaki mesafe 1 cm iken sagdaki binanin déseme kalinligi 10, 12, 20 ve 22 cm oldugu
durumlarda ¢arpisma meydana gelmemistir.

Binalar arasindaki mesafe 1 cm ve sagdaki binanin déseme kalinligi 14 ¢cm oldugu durumda en
biiyiik carpisma kuvveti binalarin 12 m seviyesinde meydana gelmistir. Bu ¢arpisma kuvvetinin degeri
148,3 kN’dur(Sekil 17). En biiyiik ¢arpisma kuvvetinin ortaya ¢iktig1 noktalar arasindaki yer degistirme
(Sekil 18)’de gosterilmistir ve en biiyiik yer degistirme degeri 3,631 cm’dir.
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Sekil 17. Binalar arasi mesafe 1 cm ve doseme kalinligi 14 cm iken ortaya ¢ikan en biiyiik carpisma
kuvveti
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Sekil 18. Binalar aras1 mesafe 1 cm ve doseme kalinligi 14 cm iken en biiyiik ¢arpigsma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme

Binalar arasindaki mesafe 1 cm ve sagdaki binanin déseme kalinligi 16 cm oldugu durumda en
biiyiik ¢arpisma kuvveti binalarin 12 m seviyesinde meydana gelmistir. Bu ¢carpisma kuvvetinin degeri
60,77 kN’dur(Sekil 19). En biiyiik ¢arpisma kuvvetinin ortaya ¢iktig1 noktalar arasindaki yer degistirme
(Sekil 20)’de gosterilmistir ve en biiyiik yer degistirme degeri 2,359 cm’dir.
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Sekil 19. Binalar arasi mesafe 1 cm ve doseme kalinligi 16 cm iken ortaya ¢ikan en biiyiik carpisma
kuvveti
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Sekil 20. Binalar aras1 mesafe 1 cm ve doseme kalinligi 16 cm iken en biiylik ¢arpigma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme

Binalar arasindaki mesafe 1 cm ve sagdaki binanin doseme kalinligi 18 cm oldugu durumda en
biiyiik carpigsma kuvveti binalarin 3 m seviyesinde meydana gelmistir. Bu ¢arpigsma kuvvetinin degeri
76,37 kN’dur(Sekil 21). En biiyiik carpisma kuvvetinin ortaya ¢iktig1 noktalar arasindaki yer degistirme
(Sekil 22)’de gosterilmistir ve en biiyiik yer degistirme degeri 1,431 cm’dir.
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Sekil 21. Binalar aras1 mesafe 1 cm ve doseme kalinligi 18 cm iken ortaya ¢ikan en biiyiik carpisma
kuvveti
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Sekil 22. Binalar aras1 mesafe 1 cm ve doseme kalinligi 18 cm iken en biiyiik ¢arpigma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme

Binalar arasindaki mesafe 2 cm ve sagdaki binanin déseme kalinligi 10 cm oldugu durumda en
biiyiik ¢carpisma kuvveti binalarin 3 m seviyesinde meydana gelmistir. Bu ¢arpigsma kuvvetinin degeri
458,5 kN’dur(Sekil 23). En biiyiik ¢arpigsma kuvvetinin ortaya ¢iktigi noktalar arasindaki yer degistirme
(Sekil 24)’te gosterilmistir ve en biiyiik yer degistirme degeri 1,445 cm’dir.
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Sekil 23. Binalar aras1 mesafe 2 cm ve doseme kalinligi 10 cm iken ortaya ¢ikan en bilyiik carpisma
kuvveti
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Sekil 24. Binalar aras1 mesafe 2 cm ve doseme kalimligi 10 cm iken en biiylik ¢arpigma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme

ADYU Miihendislik Bilimleri Dergisi 10 (2019) 47-63



59 M. Pala, Z. Sasmaz

Binalar arasindaki mesafe 2 cm ve sagdaki binanin déseme kalinligi 12 cm oldugu durumda en
biiyiik carpigsma kuvveti binalarin 3 m seviyesinde meydana gelmistir. Bu ¢arpigsma kuvvetinin degeri
11,59 kN’dur(Sekil 25). En biiyiik ¢arpisma kuvvetinin ortaya ¢iktigi noktalar arasindaki yer degistirme
(Sekil 26)’da gosterilmistir ve en biiyiik yer degistirme degeri 1,495 cm’dir.
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Sekil 25. Binalar aras1 mesafe 2 cm ve doseme kalinligi 12 cm iken ortaya ¢ikan en biiyiik carpigsma

kuvveti
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Sekil 26. Binalar aras1 mesafe 2 cm ve dogeme kalinligi 12 cm iken en biiyiik ¢arpigma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme
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Sekil 27. Binalar aras1 mesafe 2 cm ve doseme kalinligi 14 cm iken ortaya ¢ikan en biiyiik carpisma
kuvveti
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Binalar arasindaki mesafe 2 cm ve sagdaki binanin déseme kalinligi 14 cm oldugu durumda en
biiyiik ¢arpigsma kuvveti binalarin 3 m seviyesinde meydana gelmistir. Bu ¢arpisma kuvvetinin degeri
154,7 kN’ dur(Sekil 27). En biiylik ¢arpisma kuvvetinin ortaya ¢iktigi noktalar arasindaki yer degistirme
(Sekil 28)’de gosterilmistir ve en biiyiik yer degistirme degeri 1,524 cm’dir.
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Sekil 28. Binalar arasi mesafe 2 cm ve doseme kalinligi 14 cm iken en biiyiik ¢arpigsma kuvvetinin
ortaya ciktig1 noktalar arasindaki yer degistirme

Binalar arasindaki mesafe 2 cm ve sagdaki binanin déseme kalinligi 16 cm oldugu durumda en
biiyiik ¢arpigsma kuvveti binalarin 3 m seviyesinde meydana gelmistir. Bu ¢arpisma kuvvetinin degeri
526,6 kN’dur(Sekil 29). En biiyiik carpisma kuvvetinin ortaya ¢iktig1 noktalar arasindaki yer degistirme
(Sekil 30)’da gosterilmistir ve en biiyiik yer degistirme degeri 1,505 cm’dir.
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Sekil 29. Binalar arasi mesafe 2 cm ve doseme kalinligi 16 cm iken ortaya ¢ikan en biiyiik carpisma
kuvveti

Binalar arasindaki mesafe 2 cm ve sagdaki binanin déseme kalinligi 18 cm oldugu durumda en
biiyiik carpigsma kuvveti binalarin 3 m seviyesinde meydana gelmistir. Bu ¢arpigsma kuvvetinin degeri
401,1 kN’dur(Sekil 31). En biiylik ¢arpisma kuvvetinin ortaya ¢iktigi noktalar arasindaki yer degistirme
(Sekil 32)’de gosterilmistir ve en biiyiik yer degistirme degeri 1,505 cm’dir.
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Sekil 30. Binalar aras1 mesafe 2 cm ve dogeme kalinligi 16 cm iken en biiyiik ¢arpigma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme
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Sekil 31. Binalar aras1 mesafe 2 cm ve doseme kalinligi 18 cm iken ortaya ¢ikan en biiyiik carpigsma
kuvveti

Binalar arasindaki mesafe 2 cm iken sagdaki binanin déseme kalinligi 20 ve 22 cm oldugu
durumlarda ¢arpisma meydana gelmemistir. Ayrica binalar arasindaki mesafenin 3 cm ve daha fazla
oldugu durumlarda da ¢arpisma meydana gelmemistir.

Carpismalarda binalar arasindaki mesafeye ve déseme kalinliklarina gore aciga ¢ikan en biiyiik
carpigsma kuvvetleri asagidaki sekillerde genel olarak verilmistir. Sekil 33. ve Sekil 34.’te gortldiigi
gibi en bilylik carpisma kuvvetleri binalarin tamamen bitisik oldugu ve doseme kalmliginin da 18 cm
oldugu durumda meydana gelmistir.
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Sekil 32. Binalar aras1 mesafe 2 cm ve dogseme kalinligi 18 cm iken en biiyiik ¢arpigma kuvvetinin
ortaya ¢iktig1 noktalar arasindaki yer degistirme
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Sekil 33. Doseme kalinliklarimin farkli oldugu durumlar igin binalar aras1 mesafeye gore en biiyiik
carpigsma kuvvetlerinin degisimi
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Sekil 34. Binalar aras1 mesafenin farkli oldugu durumlar i¢in binalar déseme kalinliklarina gore en
biiyiik ¢arpisma kuvvetlerinin degisimi
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3. Sonuclar

Yapilan analizler sonucunda, yapilarin bitigik nizam olmasi veya aralarinda ¢ok kiigiik bosluklar
bulunmast durumunda birbirlerine ¢arparak biiylik kuvvetler aktardiklar goriilmiistiir. Ayrica
aralarindaki mesafe arttikca ortaya ¢ikan ¢arpisma kuvvetlerinin de azaldigi hatta aralarinda 3 cm
mesafe birakildigr durumda carpismanin meydana gelmedigi goriilmiistiir. Modal davranig seklinin
degismesiyle en diisiik carpigsma kuvvetleri yapilar arasindaki mesafenin 1 cm oldugu durumda ortaya
cikmistir. Bu ¢alismadan anlasildigi gibi carpismanin gergeklesmesi igin yapilarin  dinamik
karakteristiklerinin farkli olmas1 gerekmektedir. Ozellikle yap1 periyotlar1, ¢arpismanin gerceklesmesi
ve yapilarin carpma kuvvetinin biiylikliigli lizerinde oldukga biiyiik 6neme sahiptir. Periyot degerinin
yaninda yapinin modal davranis sekli de yapinin carpisma kuvveti biiyikliigl, carpismanin oldugu
yiiksekligi ve ¢arpismanin gerceklestigi zaman gibi parametreleri etkilemektedir. Carpisan yapilarin her
ikisinin de doseme seviyelerinde carpismalari ile yapilarin désemelerinin farkli seviyelerde oldugu
durumdaki carpigsmalar1 yapilarda farkli hasarlara neden olmaktadir. Bir yapinin doseme seviyesinden
obiir yapinin kolonlarina 1360 kN gibi bir yiikle ¢arpmasi kolonlarda ¢ok ciddi kesme hasarlar
olusmasina neden olabilir. Bu agidan yapilarimizin, bitisik nizam olarak yapilmast durumunda
yonetmeligin 6ngérdiigii derz miktarlarina dikkat edilerek insa edilmesi oldukga dnemlidir. Ozellikle de
kat seviyeleri farkli olan yapilarda birakilacak bogluk miktarlarina dikkat edilmesi hayati bir oneme
sahiptir.
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