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ABSTRACT

Historical structures, which constitute a very important part of our cultural
heritage, should be well protected. Full comprehension of the structural behavior
of historical structures is of prior importance for their protection. Due to the
typical arch behavior, which is easily figured out, masonry arch bridges are the
most suitable structures to be studied in the analysis methods that would be
developed for masonry structures. The most appropriate analysis method for the
masonry structures of brick and/or stone is the finite element analysis. For an
accurate structural analysis, the model should be exactly defined. In this study,
mathematical modeling techniques on a prototype model of a common arch bridge
under different loading conditions are studied.

Key Words: Masonry arch bridges, Mathematical modeling, Finite Element
Analysis

ELEMANLAR YONTEMIYLE ANALIZi

OZET

Kiltir mirasimizin ¢ok onemli bir pargast olan tarihi yapilar en iyi sekilde
korunmalidir. Tarihi yapilarin korunmasi igin, dncelikle yapisal davranislariimn
¢ok 1iyi bilinmesi gerekmektedir. Tas kemerli kopriiler, kemer formunun
sergiledigi kolay anlagilabilen tipik yapisal davranig nedeniyle yigma yapilar igin
gelistirilecek olan hesap yontemleri i¢in en uygun yap: tipidir. Tas ve tugla gibi
yigma yapim teknigiyle insa edilmis yapilar i¢in en iyi hesap yontemi sonlu
elemanlar analizidir. Dogru bir hesap i¢in yapimin dogru bir sekilde modellenmesi
gerekmektedir. Bu caligmada, genel kemerli tag koprii tipolojisini yansitacak
sekilde gelistirilen kemer prototipi iizerinde, ¢esitli yik etkileri altinda
matematiksel modelleme teknikleri denenmistir.

Anahtar Kelimeler: Kemerli tas kopriiler, Matematiksel modelleme, Sonlu
elemanlar analizi

KEMERLI TAS KOPRULERIN MATEMATIKSEL MODELLENMESI VE SONLU

1. GIRIiS

Binlerce yillik gegcmise sahip olan tarihi yapilar
deprem gibi beklenmedik dogal afetler karsisinda zarar
gormekte ya da yikilmaktadirlar. Ancak, tarihi yapilarin
zarar gOrmesinin ya da yikilmasinin tek nedeni
depremler degildir; yapt malzemelerinin dayanimini
yitirmesi, zamana bagli deformasyonlar, yanlis
kullanimin neden oldugu asir1 ve diizensiz yiikleme,
zemin oturmalari, sel felaketleri, yanginlar, savas ve
vandalizm tarihi yapilarin yavas yavas yok olmasinin
diger nedenleridir. Tarihi yapilarin korunmasi ve
onarilmasi i¢in oncelikle striiktiirel davraniglarinin tam
olarak bilinmesi gereklidir. Yapilarin  davranigini
gelismis hesap yontemleriyle ayrintili bir sekilde
incelemek miimkiindiir. Cogu egrisel geometrik formda
olan yigma tag ve tugla sistemli tarihi yapilarin yik
tagtyan elemanlarmin  3-boyutlu yapisal davranig

1. INTRODUCTION

Historic structures, which date back to thousands of
years, have frequently been damaged or ruined because
of unexpected events such as earthquakes. However,
earthquakes are not the only reasons for the historic
structures to sustain injury or to collapse; there are many
other factors that gradually destroy these invaluable
treasures, such as loss in the strength of the construction
materials, time-dependent deformations, excessive and
irregular loading due to inconvenient use, support
settlements, floods, fires, wars and vandalism. It is
strictly necessary to have a very good knowledge about
their structural behavior as the initial step for
conservation and restoration of historic structures. It is
possible to observe the structural behavior by means of
advanced calculation methods. Being mostly curvilinear
in form, the historic buildings mainly are of brick or
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sergilemesi sonlu elemanlar analizini, tarihi yapilarin
davranisinin incelenmesinde en elverisgli hesap yontemi
haline getirmektedir.

Kemer formu, yigma yapilarda hem yapisal hem de
estetik kaygilara yonelik olarak sikga kullanilmaktadir.
Genis agikliklart gegmek i¢in olduk¢a uygun olan bu
form, geometrik bigiminden dolay1 genellikle basing
kuvvetlerinin etkisinde kalir. Tas ve tugla gibi yap1
malzemeleri oldukca bilyiik basing dayanimima sahip
olduklarindan, kemer formunun temel yap1 malzemeleri
olmuglardir. Zaman igerisinde kullanilan malzeme ve
ingaat tekniklerinde onemli bir degisiklik olmamasina
ragmen kemer tiplerinde biiyiik gelismeler gozlenmistir.
Degisik kiiltiir ve uygarliklarda, hem islevsel hem de
dekoratif amagh ¢ok farkli kemer formlar1 kullanilmistir
(1.

Tas kemer kopriiler, basit geometrik formlarindan
dolay1 kubbe, tonoz ve kemerlerden olusan diger tarihi
yapilara oranla daha kolay yorumlanabilen yapisal
davraniga sahiptirler. Kopriiler, 3-boyutlu yapisal
davranis sergileyen diger yapilarin tersine, koprii ana
ekseni ve yergekimi dogrultusundaki diisey eksenin
olusturdugu diizlem igerisinde asil yiik aktarma
mekanizmasini1  gergeklestirirler. Deprem ve sel gibi
dogal afetlerin neden oldugu yiik etkilerinden dolay,
elbette bu diizleme dik dogrultuda da Onemli
deformasyon ve i¢ kuvvetler olusmaktadir. Ancak
kemerli tas kopriilerin geometrik formunu belirleyen
yapisal davranis unsurlart séz konusu diizlem igerisinde
gerceklesir.

Tarihi ve kiltirel mirasimizin korunmasi ve bu
yapilarin yanlis olmayan yontemlerle onarilabilmesi igin,
eksiksiz  ve dogru yapisal analiz yOntemleri
gelistirilmelidir. Yigma tas veya tugla yapi sistemlerinin
gercek yapisal davranmigini anlayabilmek icin bu tiir
hesap yontemlerine, yapisal davranisin daha kolay ve
dogru bir sekilde kontrol edilebildigi, diizlem yap1
davranig1 sergileyen tas kemer koOprii Ornekleri ile
baglanmasi daha dogru bir yaklasim olacaktir (1,2).

2. YIGMA YAPI SISTEMLERININ YAPISAL
ANALIiZ YONTEMLERI

Eski caglarda yigma yap1 tasariminin belirleyici
kriterleri, bazi deneysel uygulamalar ve oran-oranti
iliskileri olmustur. 17. yiizyilin sonlarinda Galileo’nun
mukavemet analizine yonelik c¢aligmalari, Ortacag
striiktiirel teorilerinin sonunu getirmistir. O c¢aglarda,
bilimsel ilgi genel olarak kemer formunu ¢agristiran bir
sicimin diisey yiikler altindaki analizine yonelik
olmustur. 1826’da Navier, yapilarin ayakta durmasinin
birtakim geometrik kurallarin uygulanmasi yerine, yapi
elemanlarindaki gerilme degerlerinin hesaplanmasiyla
saglanabilecegini One sirmistir. Yapisal kavramin
basing ¢izgisi analizine dogru gelismesinden sonra,
1936’da Pippard tarafindan ortaya konan “lgte-bir”
kurali gibi daha bilimsel yaklagimlar goriilmiigtiir.
1981°de Heyman, eski teoremlerin birgogunu yeniden
incelemis, plastik mafsal kavramini da dahil ederek yeni
bir ¢6kme mekanizmasi analizi gelistirmistir (3-6).

Son yillarda bilgisayar teknolojisi sayesinde yapisal
analiz  tekniklerinin  gelismesiyle, klasik analiz
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stone masonry, the load bearing elements of which
display three-dimensional structural behaviors that make
the finite element analysis the most convenient method
to observe the behavior of historic structures.

Arch is among the most commonly utilized structural
forms in masonry buildings due to both structural and
aesthetic considerations. Being fairly convenient to span
large distances, arch form is generally subjected to
compressive forces because of its geometric shape.
Materials such as stone and brick have been the basic
materials for the construction of arches since they have
excessive compressive strength. Although construction
techniques and materials remained almost unchanged,
serious developments have been observed in arch forms.
Various arch forms, for both functional and decorative
purposes, were used in different cultures and
civilizations (1).

Due to their simple geometric forms, the behaviors of
masonry arch bridges could be more easily interpreted
than those of the other historic structures, which are
vaulted, domed or arched. Contrary to those structures
that display 3-dimensional behaviors, the load transfer
mechanism of bridges is in the plane between the main
axis of the bridge and the vertical axis parallel to the
gravitational direction. Important deformations and
internal forces certainly occur in the direction
perpendicular to this plane due to the load effects of
natural hazards such as earthquakes and floods; however,
the components of structural behavior that determine the
geometric form of masonry arch bridges take place
within the plane in question

So as to protect our cultural heritage and repair these
structures by means of appropriate methods, it is
necessary to develop accurate and complete analysis
methods. In order to perceive the actual behavior of
stone and brick masonry structures, it would be more
convenient to start with the analyses related to the
examples of arch bridges, in which the behavior is rather
casily and accurately controlled due to their planar
behavior, to this kind of analysis methods (1,2).

2. STRUCTURAL ANALYSIS METHODS
FOR MASONRY STRUCTURES

In the earlier periods, the only determinants for the
design of masonry structures were some experiential
applications and rules of proportion. Towards the end of
the 17" century, the studies of Galileo on strength
analysis brought the medieval structural theory to an end.
In those times, the scientific deal was mainly on the
analysis of string -resembling the arch form- under
vertical forces. In 1826, Navier put forward that the
buildings should stand by means of calculations of the
stresses on its structural members rather than the
application of some geometric rules. After the structural
concept developed towards the “line of thrust”, there
appeared more scientific approaches such as the “middle
third rule”, which was stated by Pippard in 1936. In
1981, having analyzed many of the old theories, Heyman
developed a new collapse mechanism analysis, which
includes the concept of plastic hinges as well (3-6).

In recent years, by means of developing computer
technology and consequently the structural analysis
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yontemleri tamamen terk edilerek dogrusal olmayan

malzeme Ozelliklerinin de dikkate alindigi, tas bloklar

birbirine baglayan harcta olusan c¢atlaklarin neden
oldugu mafsal davranisinin gbéz Oniine alindigi plastik
analiz yaklasimi daha yaygin olmaya baslamistir.

Tas veya tugla tasiyici sisteme sahip tarihi yapilarin
yapisal analizi oldukca karmasik bir islemdir. Oncelikle
yapt elemanlarini olusturan malzemelerin  mekanik
ozellikleri ¢ok iyi bir gekilde tanimlanmalidir. Yigma tas
veya tugla teknigi ile yapilmis yapilarin analizi igin,
yapiin tarihine, kiiltiirel ve sanatsal degerine herhangi
bir zarar verilmeden tahribatsiz 6rnek alinmali ve
laboratuvar ortaminda 6zelliklerini incelemek amaciyla
deneyler yapilmalidir (2,6,7).

Tarihi yapilarin yapisal analizinde karsilagilan belli
basli sorunlar asagida siralanmistir:

Geometrik boyutlarla ilgili veri eksikligi,

Olduk¢a biiylik kesit boyutlarina sahip yap1

elemanlarinin disaridan goriinmeyen i¢ béliimlerinin

malzeme ozellikleri,

e Yapr malzemelerinin 6zelliklerinin belirlenmesindeki
giicliikler,

e Ayrintili laboratuvar analizlerinin yiiksek maliyeti,

Yapim tekniginden ve dogal malzeme kullanimindan

kaynaklanan veri ¢esitliligi,

e Yapim siiresinin ¢ok uzun olmasi nedeniyle ayni
eleman kesiti i¢inde bile degisebilen malzeme
ozellikleri,

e Yapim siirecinin ve sirasinin tam olarak bilinmemesi,

Yapidaki mevcut hasarin neden oldugu genel

stabilitenin ve dayamim siirekliliginin tam olarak

saptanamamas,

Cagdas yap1 malzemesi, yapisal analiz, tasarim ve yiik

sartnamelerinin uygulanamamasi.

Tarihi yapilarin korunmasi ve restorasyonu o6zel
egitim gerektiren bir disiplindir. Gelisen malzeme ve
yapim teknikleri, geleneksel yapim tekniklerinin g¢ok
cabuk unutulmasmna neden olmakta ve yapilarin
restorasyonunda modern yapim tekniklerinin
kullanilmasini 6zendirmektedir.

Tas veya tugla yigma yapim teknigi ile yapilmis
yapilar i¢in ¢esitli analiz yontemleri uygulanmaktadir.
Belli bagh yapisal analiz teknikleri, elastik analiz, plastik
deformasyonlarin da gz 6niine alindig1 dogrusal-elastik
olmayan analiz ve ¢okme mekanizmasinin incelendigi
limit analiz yontemleridir. Dogrusal-elastik olmayan
analiz ve limit analiz yontemleri hem karmasik olup hem
de malzemelerin gergek gerilme-birim deformasyon
ozelliklerinin ~ ¢ok iyi tamimlanmasini  zorunlu
kildiklarindan, hesap yonteminin uygulanmasinda ¢ok
dikkatli olunmasi gerekmektedir. Aksi halde ¢ok yanlis
sonuclar elde edilebilir. Bu tiir hesap ydntemlerinde
dogrusal olmayan malzeme &zelliklerinin yaninda
dogrusal olmayan geometrik bigimlerin de ¢ok iyi
tanimlanmas: gerekmektedir. Ornegin, yigma yapilarda
olusan bir c¢atlagin gelisimi ¢ok iyi tanimlanmalidir.
Ozellikle harg ile tugla ya da harg ile tas arasindaki
baglanti1 c¢ok degisik sekillerde modellenebilir. Bu
nedenle, ¢cok karmagsik geometrik formlara sahip olan
tarihi  yapilar, yiik aktarma  mekanizmalariin
belirlenebilmesi i¢in dncelikle elastik hesap yontemi ile
analiz edilmelidir (7).

methods, the classical routines were totally quitted and

plastic analysis approaches, in which nonlinear material

properties as well as the hinges due to the cracks of the
bonding material in between the construction units are
considered, started to be more widespread.

The structural analysis of historic stone and/or brick
masonry structures is a sophisticated process. Initially,
mechanical properties of the construction materials
should be defined exactly. Specimens should be taken
very carefully in order not to harm the structure and its
historic, artistic and cultural worth, and experiments
should be carried out in a laboratory to observe their
characteristics (2, 6, 7).

The main problems in the structural analysis of
historic buildings are given as follows:

o Lack of data about geometric dimensions,

e Material properties of the inner parts -that are not
visible exteriorly- of the structural members that are
huge in cross-sectional dimensions,

e Difficulties in identifying the -characteristics of
construction materials,

e Excessive cost of detailed laboratory analyses,

e Variety of the data due to construction techniques and
natural material utilization,

e Altering material properties even along the same
structural member due to long-lasting construction
process,

e Uncertainties in construction process and steps,

o Indefiniteness of general stability and strength
continuity due to the existing damage on the structure,

o Inability in the application of modern construction
materials, structural analysis and loading conditions.
Protection and restoration of historic structures is a

discipline that requires special education. Developing
materials and construction techniques lead to a very
quick discharge of conventional construction techniques
and encourage the utilization of those of the modern age
in the restoration processes.

Several analysis methods are applied for the analysis
of stone and brick masonry structures. Among them, the
principal methods are elastic analysis, nonlinear analysis,
in which plastic deformations are also considered, and
limit analysis that observes the collapse mechanism.
Considering the facts that nonlinear analysis and limit
analysis are very sophisticated and they require a full
description  of  the actual  stress-deformation
characteristics, special care should be taken in
application. Otherwise, misleading results might be
obtained. While using these analysis methods, besides
the nonlinear material properties, nonlinear geometric
configurations should be clearly defined. For example,
the development of a crack in a masonry structure should
be described properly. It is possible to identify especially
the joint between mortar and brick units or mortar and
stone blocks. Hence, in order to certify the load transfer
mechanism of historic structures, which are complex in
terms of geometric arrangement, elastic analysis methods
should be handled initially (7).

In linear elastic analysis methods, the construction
materials are assumed to display linear elastic behavior
under compressive and tensile stresses. For masonry
structural members, this approach gives acceptable
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Elastik hesap yonteminde, yapt malzemesinin basing
ve ¢cekme gerilmelerine karsi dogrusal-elastik davranis
ozellikleri gosterdikleri kabul edilmektedir. Yigma yap1
elemanlarinda, bu yaklagim basing gerilmeleri altinda
kabul edilebilir sonuglar verirken, hesap sonucunda elde
edilen ¢ekme gerilmeleri yapi elemaninin dayaniminin
hesaplanmasinda bazi sorunlar olusturabilmektedir.
Ancak, oOzellikle deprem gibi dinamik yiik etkileri
alinda  yapimin  ¢atlamaya  yatkin  yerlerinin
belirlenebilmesinde elastik hesap yontemi biiyiik 6nem
tagimaktadir.

Tarihi yapilarin korunmasi ve onarimi i¢in yapilacak
analizlerde, ilk olarak elastik hesap yapilmas: daha
uygundur. Dogrusal elastik analiz yapan bilgisayar
programlarinm kullanimi daha yaygim, sonuglarmin
yorumlanmasi daha kolay ve bu programlarda hata
yapma riski daha azdir. Ik analiz sonucunda belirlenen
zay1f bolgeler, daha sonra bu bolgeler i¢in hazirlanan,
dogrusal olmayan malzeme ozellikleri ve geometrik
diizensizliklerin goéz oniine alindig1 ayrintili modeller ile
tekrar analiz edilebilir. Ozellikle ¢atlaklarin ilerlemesini
gozlemek amaciyla, yigma yapi sistemini olusturan tas
veya tugla gibi birim elemanlarin1 birbirine baglayan
harg, bazi 6zel baglanti elemanlartyla modellenebilir.
Yalniz ¢ekme kuvveti alabilen “kanca”, yalniz basing
kuvveti alabilen “bosluk” ve belli bir limite kadar
deformasyona izin veren “damper” elemanlari sayesinde
geometrik diizensizliklerin yapinin striiktiirel
davranisinda neden oldugu degisiklikleri dogru bir
sekilde izlemek miimkiindiir. Sekil 1’de, bu baglanti
elemanlarinin ~ eksenel deformasyonlar igin  yik-
deformasyon iliskileri sematik bir sekilde gosterilmistir.
Bu baglant1 elemanlarindaki kuvvetler;

esitligiyle hesaplanmaktadir. Es 1’de, k harcin malzeme
ozellikleri kalinligina bagli olarak hesaplanan rijitlik
degerinin yay sabiti olarak tamimmlanmis hali, d ise
kullanilan elemanin 6zelligine gore izin verilen gatlak
genisligi ya da bosluk olarak tanimlanmaktadir.

Damper L_:] d

s

Bosluk
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outputs when the case is handled under compressive
stresses, whereas tensile stresses that are obtained in the
results of the analysis might create some problems in
determination of the strength of the structural member.
Nevertheless, especially for the determination of critical
sections to crack under dynamic forces such as
carthquakes, elastic analysis methods are of great
importance.

It is more convenient to perform elastic calculations
initially for the analyses before protection and restoration
of historic structures. Computer programs for elastic
analyses have a widespread utilization, their results are
rather easy to interpret and the risk for any possible
mistake is very low. The critical sections determined
according to the results of the initial analysis could be re-
analyzed by means of more detailed models that are
prepared for these parts and that takes the nonlinear
material properties and geometrical irregularities into
consideration. The mortar that bonds the stone or brick
units could be modeled by means of special springs
especially to observe the increase in cracks. It is possible
to observe the differences that result from geometric
irregularities on structural behavior correctly by means
of “hook” elements that could only take tensile stresses,
“space” elements that could only take compressive
stresses and “damper” elements that allow deformation
to a certain level. Load-deformation relationships of
these connection elements for axial deformation are
given in Figure 1. Forces in these connection elements
are calculated by the equation;

kd (1]

In Eq 1, k is defined as the constant for the rigidity value
that is calculated according to thickness of material
characteristics of the mortar, and d as the allowable width
of crack or space according to the feature of the material
in use.
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Figure 1. Special connection elements that are used in structural masonry elements

Sekil 1.

Y1gma yapi elemanlarinda kullanilan 6zel baglanti elemanlart
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3. YIGMA YAPILAR iCiN MATEMATIK
MODELLEME TEKNIKLERI
Yigma yapilarin  ayrintili  yapisal analizlerinde

genellikle sonlu elemanlar analizi yontemi kullanilir.
Yapisal analiz, yapinin tamami ya da belirli bir elemaninin
matematiksel modelinin hazirlanmastyla baslar. Bu isleme
yapinin ayristirilmast denir. Yapi, ayristirma sirasinda,
analizin amacina uygun bir sekilde ve sayida sonlu
elemanlara ayrilir. Yapiyr olusturan striiktiirel elemanlar,
yapinin geometrik boyutlari, yapi tizerine etki eden yiikler,
mesnetlerin ve elemanlarin birlesim noktalarinin hareket
yetenekleri ve serbestlik derecesi goz Oniline almarak
model igerisinde tanimlanir.

Matematiksel modellemenin amaci, yapinin tamaminin,
belli bir boliimiiniin ya da striiktiirel elemanlarinin g¢esitli
yiikler veya fiziksel etkiler altinda gergek davraniginin
gozlenmesini saglamaktir. Yapmnin gercek davranisi
genellikle ¢ok karmagiktir.  Bu nedenle, yapiy1
modellemek igin bircok sadelestirmenin yapilmasi
zorunludur. Yalin ve basit bir model elde etmek i¢in, yap1
elemanlarini olusturan malzemenin mekanik 6zelliklerinin
de uygun bir sekilde tanimlanmasi gereklidir (2).

Yapilarin ¢esitli yiik ve gevresel etkilerden dolay1
gosterecegi  davranisi,  deformasyonlart  ve  yapi
elemanlarinda olusan kuvvetleri dogru bir sekilde elde
etmek icin yapilacak olan matematiksel modellemenin
temel prensipleri sunlardir:

e En iyi sonucu veren model her zaman en basit
olanidir. Analizin amacinin ve kapsaminin disina
cikan daha ayrintili ve karmagik modeller hata riskini
artirir.

e  Matematiksel modeli olugturan elemanlarin boyutlari
secilirken, analiz i¢in gerekli olan biitiin striiktiirel
etkiler gdz oniinde bulundurulmahdir. Ornegin, bir
kemerin analizinde eger burulma momentinden
dolay1 olugan deformasyon hesaplanacaksa, modelde
kemeri tanimlayan eleman, eksenel kuvvet, kesme
kuvveti, egilme momenti ve burulma momenti
degerlerini verecek sekilde boyutlandirilmali ve kesit
ozellikleri bu degerlerin sonuclarint verecek sekilde
tanimlanmalidir.

e  Yapinin tamamini tanimlayan biiyiik bir modelin bir
boliimiinii ayirarak yapilan model, o bdliimiin ya da
elemanin ayrintili davranigini incelemek igin yeterli
degildir. Ayrmtili davranig i¢in simir kosullarini ve
baglant1 sekillerini dogru bir sekilde tanimlayan
modeller gereklidir.

Bir yapmim matematiksel modelini olusturmak igin
asagida belirtilen temel agamalar izlemek gerekmektedir:
1. Malzeme davranis1 ile ilgili olarak yapilan kabuller,

diferansiyel eleman olarak da bilinen, malzemenin ¢ok

kiigiik bir parcasinin davranigina gore belirlenir.

Diferansiyel eleman malzeme modelini olusturur.

Malzeme modelinde, malzemenin gerilme-birim

deformasyon ozellikleri gbz 6niine alinir.

2. Yapmin sinirlari belirlenmis bir béliimiinii tanimlayan
ve sonlu eleman olarak adlandirilan elemanlarin
davranisint  sergilemesi i¢in diferansiyel elemanlar
biitiinlestirilir.

3.Bir sonraki asama, yapmin tamaminin davranigini
yansitmast  i¢in  sonlu elemanlarin  bir araya
getirilmesidir.

4. Son asamada ise, sinir kosullari, mesnetlerin ve diigiim

3. MATHEMATICAL MODELING TECHNIQUES

FOR MASONRY STRUCTURES

Finite element method is the most commonly used
analysis method for a detailed structural analysis of
masonry structures. Structural analysis starts with
preparation of the model of the overall structure or its
components. This process is called the discretization of the
structure. The structure is discretizated into a finite
number of elements according to the intent of the analysis.
The structural members are defined within the model
according to some aspects such as the geometrical
dimensions of the structure, loads acting upon the
structure, retsraints and the degree of freedom of hinges
and connections of structural members.

The aim of mathematical modeling is to provide
observation of actual behavior of a structure, or a specific
part of the structure or its structural members under
various loads or physical conditions. Actual behavior of a
structure is generally very sophisticated. Thus, many
simplifications are necessary while modeling the structure.
In order to obtain a simple model, the mechanical
properties of the structural materials should clearly be
defined (2).

The basic principles of mathematical modeling for a
correct observation of the behavior, deformations and
internal forces in the members of a structure under various
loads and environmental effects are as follows:

e The model that gives the best results is always the
simplest one. More detailed and sophisticated models,
which go beyond the content and scope of the analysis,
increase the risk of getting wrong and misleading
results.

e While determining the dimensions of the members of
the mathematical model, all structural effects and
conditions that are necessary for the analysis should be
taken into consideration. For example, if the case is to
calculate deformation due to torsional moment in the
analysis of an arch, the element that defines the arch in
the model should be dimensioned so that it could
display axial forces, shear forces, bending moments
and torsional moments and the cross-sectional features
should be defined in a manner that they could display
the results of these values.

e The model that is obtained by dividing the model of
the entire structure into its parts may not be sufficient
or effective to observe the behavior of that specific
part or that of the element. The models that accurately
define the boundary conditions and connections are
required to obtain the actual and detailed behavior.

The basic steps that are given below should be followed
to form the mathematical model of a structure:

1. The assumptions about material behavior are
determined according to that of a very small part,
which is also known as the differential element, of the
material. The differential element forms the material
model. In material model, stress-deformation stress-
strain relationship is taken into consideration.

2. The differential elements are assembled in order to
provide the behavior of the elements, which define a
specific part of the model and are known as finite
elements.

3. The next step is to assemble finite elements to make
them reflect the behavior of the entire structure.



noktalarinin hareket yetenekleri ve model iizerine etki

edecek olan yiikler belirlenir.

Sonlu elemanlar analizinde oncelikle modeli olusturan
elemanlarin bireysel davranisi, sonra da matematiksel
modelin tamaminin davranist Onemlidir. Kusursuz bir
model olusturmak i¢in malzeme davranigi ve elemanlarin
bireysel davranisinin ¢ok iyi incelenmesi gereklidir (2).

4, PROTOTIP TAS KEMERLI KOPRUNUN
SONLU ELEMANLAR ANALIZi iLE
YAPISAL DAVRANISININ INCELENMESI

Kemer formunun ilk 6rnekleri M.O. 3000 yillarinda
Mezopotamya’da Siimerlere ait yeraltt mezarlarinda
goriilmiistiir. Misirlilara ait olan drnekler, bu uygarligin da
aynt donemlerde kemer formunun yapisal potansiyeli
hakkinda bilgi sahibi olduklarin1 géstermektedir. Ancak,
kemer formunu bulanlar her ne kadar Stimerler ya da
Muisirlilar olsa da, en etkin ve goz alict sekilde kullanmay1
basaranlar Romalilar olmustur. Milattan 6nceki son
ylizyillarda  kemer, cephelerde, portik  girislerin
izerlerinde ve kent giris kapilarinda yaygm bir sekilde
kullanilarak bu uygarligin geleneksel yapisal formu haline
gelmistir. Genis ve dik vadilerden sehirlere su getirmek
amactyla insa edilen Roma sukemerleri, kemer formunun
kamu mimarisindeki kullaniminda 6nemli bir devrim
olmustur. {1k érnekleri yeralt1 yapilari olarak insa edilen
sukemerlerinin en iyi korunmus ve bilinen &rnekleri
Segiova’daki iki katlh su kemeri ve ii¢c farkli kemer
konfigiirasyonundan olugan Pont du Gard’dir (8).

Daha kiigiik Olgekte ve yayalara yonelik yapilmig
olsalar da kopriiler de sukemerleriyle karsilastirilabilir
niteliktedirler. Suyun akis siddetine gore yonlendirilen
kemerleri ve ayaklarda yer alan miikemmel hesaplanmis
su kesicileriyle, 2. yilizyilin baglarinda insa edilen Mulvian
Kopriisii en 6nemli 6rneklerden biridir. 6. yiizyilda insa
edilen Ponte Vecchio Romalilarin, karakteristik yuvarlak
kemerlerinden sonra basik kemer formuyla yaptiklari iyi
korunmus  Onemli  Orneklerdendir. Ancak Roma
Imparatorlugu’nun  ¢okiisiinden sonra uzun yiizyillar
boyunca kopriilerde 6nemli bir gelisme olmamustir (1).

Tirkiye’”de  Cender Suyu Kopriisii, Karamagara
Kopriisii ve Justinianus Kopriisii Roma devrinden kalan
yapitlar arasindadir. Kesme tas isciligindeki incelikleri,
cogunlugu sivri kemerli olan Selguklu kopriilerinin 6ne
cikmasini  saglamaktadir. Ancak yine de, koprii
mimarisinin iilkemizdeki en giizel 6rnekleri 16. yiizyilda
insa edilen Mimar Sinan eserleridir. Eserlerinin iizerine
admi yazmamas: birtakim karisikliklara neden olsa da,
mimari ve yapisal benzerlikler iizerinde yapilan ¢aligmalar
biiylik ustanin 11 koprii insa ettigini gostermektedir.
Silivri Kopriisii disinda biitiin kopriilerinde sivri kemeri
tercih eden Sinan, ayak formlari igin ise suyun siddetini
dikkate alarak degisik uygulamalar yapmistir (9).

Tas kemerli kopriiler kullanilan malzemenin dayanim
sinirlarindan dolay1 karakteristik  geometrik formlara
sahiptirler. Ozellikle agiklik ve kemer kalinligi arasinda
cok belirgin bir oran vardir. Daha 6nce de soz edildigi
gibi, tas veya tugla yigma yapim teknigi ile insa edilmis
yapilarin yapisal analizi ¢ok karmasik ve Ozenle
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4. In the final step, the boundary conditions, the
movement capacity of the nodes and hinges and the
loads that are supposed to act upon the structure are
determined.

In the finite element analyses, the importance is upon,
initially, the individual behavior of the elements that
constitute the model and, consequently, the behavior of the
overall mathematical model. So as to compose a perfect
model, it is strictly necessary to observe the behaviors of
both the material and the individual elements (2).

4. OBSERVATIONS ON STRUCTURAL
BEHAVIOR OF THE PROTOTYPE
MASONRY ARCH BRIDGE BY FINITE
ELEMENT ANALYSIS

The first examples of arches were seen in the
underground tombs of the Sumerians in Mesopotamia
around the years 3000 BC. The arches that belong to the
Egyptians clearly demonstrate that this civilization had
also been aware of structural capabilities of this structural
form. However, no matter whether the Sumerians or the
Egyptians discovered the arch form; it was the Romans
who managed to utilize it in the most efficient and in the
most amazing way. In the last centuries BC, arch had
become the traditional form of this civilization due to its
widespread use at the facades, above the entrances to the
porticos and at city gates. The aqueducts -built to transfer
water from the steep and wide valleys to the settlement
zones- had been the great revolutions that the arch form
brought to utilitarian architecture. =~ The most well
preserved and well known examples of aqueducts, the very
initials of which are subterranean, are the double arched
ones in Segiova and the Pont du Gard that constitutes of
three different arch configurations (8).

Although they are much smaller in scale and are built
mainly for pedestrians, bridges are also comparable to the
aqueducts. The Mulvian Bridge, which was built at the
beginning of 2™ century, is one of the most important
examples of arch bridges with its perfectly calculated
cutwaters and inclined arches accordingly to the water
flow. The Ponte Vecchio, which has shallow arches
instead of the characteristic round arches of the Romans, is
one of the most well preserved examples of the 6™ century.
However there had been no improvements worth recording
in bridges for long centuries after the collapse of the
Roman Empire (1).

The Cender Suyu Bridge, Karamagara Bridge and the
Justinianus Bridge are the examples of Roman bridges in
Turkey. The perfect workmanship in the construction of
the cut stones put the beauty of the Seljouk bridges
forward; however, the best examples of bridge architecture
in Turkey are the works -constructed in the 16™ century-
of Master Builder Sinan. Although the lack of his sign on
his works leads to some confusion, studies upon the
architectural and structural features demonstrate that the
master builder constructed 11 bridges. Preferring pointed
form of arch for all of his bridges except the Silivri Bridge,
Sinan applied several pier forms depending on the
intensity of the water flow (9).

Because of the limit of strength features of construction
materials, historical masonry bridges have characteristic
geometric forms. Especially, the ratio between the span
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yiiriitiilmesi gereken bir islemdir. Ozellikle bu tiir
yapilarin restorasyon ve yapisal onarim isleri i¢in yapilan
hesaplarda, dogrusal olmayan malzeme 6zelliklerinin, tag
veya tuglanin 6rgili deseninin, har¢ veya diger baglayici
malzemelerin mekanik 6zelliklerinin ¢ok iyi bir sekilde
tanimlanmas: gereklidir. Bu bilgilerin tam olarak elde
edilememesi ya da goz ardi edilmesi yapilan analizlerin
dogrulugu ve giivenilirligi hakkinda siipheler olusturabilir.
Bu nedenle, yapmn striiktiirel davraniginin belirlenmesi
ve tasityict sistemin zayif oldugu yerlerinin saptanmasi
amaciyla, oncelikle yapimin geometrik boyutlar1 dogru bir
sekilde gdz Oniine alinarak elastik analiz yapilmalidir (10).

Bu ¢alismada, tag kemerli kopriiler i¢in kolay ve hatasiz
yapisal analiz teknikleri gelistirmek amacryla, agiklik-
yiikseklik-kemer kalinlig1 oranlarma gore, tipik bir tas
kemerli koprii formu olusturulmustur. Kemer davranigini
en iyi yansitan 6rneklerden biri Mostar Kopriisiidiir. Bu
nedenle, hazirlanan prototip model Mostar Kopriisii'ne
geometrik oranlar bakimindan biiyiikk benzerlikler
gostermektedir. Hazirlanan prototip kemerin agikligi 30
metre, yiiksekligi 13 metre ve genisligi ise 4.5 metredir.
Sonlu elemanlar modelinde, bu tiir yap: drneklerinde ¢ok
sik olarak kullanilan tagin malzeme Ozellikleri dikkate
alinarak, elastisite modiilii E=20000 MPa kabul edilmistir.

Prototip modelde kemer ve yan duvarlar genel kabuk
(SHELL) elemanlar1 ile modellenmistir. Yan duvarlar
arasindaki dolgu malzemesi ise 3-boyutlu (SOLID)
elemanlarla modellenmistir. Dolgu malzemesinin, yapinin
yik tasima mekanizmasina aktif olarak herhangi bir
katkis1 yoktur. Ancak, kopriiniin genel stabilitesi ve
kullanom  gereksinimlerinden  dolayr bu  dolgu
malzemesinin tag kemer kopriilerin yapisal davranisini
etkileyen 6nemli bir fonksiyonu vardir. Dolgu malzemesi
kesinlikle  elastik ve katt  malzeme  Ozelligi
gostermediginden, bu malzemenin mekanik o6zellikleri,
elastik analiz yoOnteminin ve kullanilan bilgisayar
programinin kabul ettigi minimum sinirlar icerisinde ¢ok
kiigiik bir elastisite modiilii ile tanimlanmustir. Bu yiizden,
dolgu malzemesi, kiitle ve agirlik etkisinin yanisira basing
gerilmelerini de ileterek kopriniin cesitli boéliimlerine
yiikleri dogru aktarmak amaciyla kullanilmigtir. Dogrusal-
elastik olmayan malzeme ozelliklerinin de
tanimlanabildigi daha gelismis bilgisayar programlarinda,
bu tiir malzemeler sadece basing gerilmelerini alacak
sekilde tanimlanabilmektedir.

and the arch thickness is very specific. As mentioned
before, structural analysis of brick or stone masonry
structures is very complicated work and requires special
care. Especially in the calculations that were done for the
restoration of these structures, nonlinear material
properties of construction materials, pattern of the brick
and stone courses and mechanical characteristics of mortar
or other bonding materials should be very well defined.
Any lack or ignorance in obtaining the related data might
cause some doubts on the accuracy and reliability of the
performed analyses. Thus, with an accurate consideration
of the geometrical dimensions of the structure, elastic
analysis is required initially in order to observe the
structural behavior and to determine the critical sections of
the structure (10).

In this study, in order to develop easy and accurate
analysis techniques for stone masonry bridges a typical
arch is formed according to the ratio between span-height-
thickness of the arch. One of the best examples that clearly
represent the characteristic arch behavior is the Mostar
Bridge. Hence, the prototype model is very similar with
the Mostar Bridge in terms of geometric ratios. The span
of the prototype arch model is 30 meters; the height is 13
meters and the width is 5 meters. Taking the material
properties of stone, which is very commonly used in these
types of structures, into consideration, the modulus of
elasticity is considered as 20000 MPa in the finite element
analysis.

The arch and the sidewalls of the prototype model are
modeled by means of SHELL elements, whereas 3-
dimensional SOLID elements are used in the modeling of
the infill material in between the side walls. The infill
material does not actively contribute to the load bearing
mechanism of the structure. However, it has a significant
effect upon the structural behavior of the masonry arch
bridges in terms of overall stability and serviceability
requirements. Due to the fact that the infill material never
displays the behavior of elastic and solid materials, the
mechanical properties of this material are defined with a
very small modulus of elasticity within the minimum
limits of the elastic analysis methods and the computer
programs. Hence, the infill material is used for the
purposes of obtaining the effects of mass and weight
simultaneously with compressive stresses for an accurate
transfer of loads to various parts of the bridge. More
developed computer programs, in which also the nonlinear
material properties could be defined, allow defining the
materials in a way that they would resist only the
compressive stresses.
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3D View

Figure 2. Mathematical model of the prototype bridge
Sekil 2.  Prototip kopriniin matematiksel modeli

Sekil 2°de gosterilen ilk model, yapinin kendi agirlig
altinda olusan disey yikler ve tepki spektrumu
yontemiyle elde edilen deprem kuvvetleri altinda
SAP2000 programi ile ¢ozilmiistir. Dogrusal-elastik
analiz yontemi kullanilarak yapilan bu hesap sonucunda,
diisey yiikler altinda ana kemer 0.06 MPa ile 1.02 MPa
arasinda degisen basing gerilmeleri etkisi altinda kalmistir.
Deprem analizinde ise, Sekil 3’te goriildiigii gibi, dzellikle
kemer yiiksekliginin orta bdlgesinde, yan duvarlarin
biiytik rijitlik olusturdugu yerlerde en biiyiik gerilme
degerleri elde edilmistir. Dogrusal-elastik analiz yontemi
ile en biiyiik gerilmelerin bu bolgelerde olugsmasi ¢ok
normaldir. Ancak deprem ya da baska bir yatay etkiden
dolay1 zorlanan bu boliimlerin ¢atlayarak rijitligi
azaltacagl g6z Oniine alinmalidir. Plastik analiz veya
dogrusal-elastik olmayan malzeme Ozelliklerinin dikkate
alindigi hesap yontemlerinde, asama asama g¢atlagin
ilerlemesine ve buna bagli olarak degisen rijitlik
ozelliklerine gore, yapida olusan gercek kuvvetler ve
gerilmeler elde edilebilir (11).

Using SAP2000 programme, the first model shown in
the Figure 2 is analyzed under gravity forces due to the
self-weight of the structure and under dynamic loads by
response spectrum method. The results of linear-elastic
analyses claim that the entire arch is subjected to
compressive stresses, the values of which differ from 0.06
MPa and 1.02 MPa. According to the outputs of the
response spectrum analysis, the highest tensile stresses are
especially at the mid-height of the arch, where the
sidewalls have the maximum rigidity as seen in the Figure
3. In the elastic analyses it is very usual that the maximum
tensile stresses occur in these zones. Nevertheless, it
should be considered that vulnerability of these zones in
case of an earthquake or any other lateral effect would
decrease rigidity by cracking. In plastic analyses, or in the
analyses where the nonlinear elastic material properties
are taken into consideration, the actual forces and stresses
on the structure according to the effects of step-by-step
proceeding cracks and altering rigidity characteristics
could be observed (11).
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'l:‘f Resultant F11 Diagram (1)
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Figure 3. Compressive stresses due to dynamic analysis

Sekil 3.  Deprem analizi sonucunda olusan ¢ekme gerilmeleri
Bu tiir yapilarin genel koruma ve restorasyon
stratejilerinin  belirlenmesi amaciyla, dogrusal-elastik

hesap yontemleriyle, yigma yapi sistemlerinde c¢atlak
ilerlemesi ve genel stabilite analizleri yapilabilir. Bu
analizler sonucunda yapmin zayif noktalar1 belirlenerek,
sadece bu bolgeler icin dogrusal olmayan malzeme
ozelliklerinin de dikkate alindig1 daha ayrintili analizler
yapilmalidir. Cok biiyiik ve karmasik geometrik boyutlara
sahip olan tarihi yapilarda, yapimin tamamimin dogrusal
elastik olmayan analiz ydntemleriyle ¢oziilmesi hata
riskini artiracagindan, burada Onerilen bolgesel analiz
yontemi daha saglikli sonuclar verecektir.

Bu nedenle, ilk analizler sonucunda ¢ekme
gerilmelerinin -~ yogunlastifi  bu  olas1  catlama
bolgelerindeki sonlu elemanlarm  birbirinden, ayni
koordinatlarda  bulunan  farkli  diigiim  noktalarn

kullanilarak ayrilmasiyla elastik bir ¢atlak modeli
olusturulmus ve analizler tekrarlanmistir. Dogrusal-elastik
hesap yapabilen bir ¢ok bilgisayar programi sadece basing
kuvvetlerini dikkate alan baglanti (LINK) elemanlarinin
kullanilmasima izin vermektedir. Béylece yapinin basing
gerilmeleriyle yiik aktardigi andaki siireklilik de
saglanmaktadir. Ard arda yapilan analizler sonucunda,
sadece basmg yiikleri alabilen baglanti elemanlari
kullanilarak ¢atlagin ilerlemesi belli bir noktaya kadar
izlenmistir. Ilk analizden itibaren, 7 diigiim noktasinda
adim adim sonlu elemanlarmn birbirinden ayrilmasi
suretiyle 06zel catlak modeli tanimlanarak ¢atlagin
ilerlemesi izlenmis ve bunun sonucunda elde edilen
gerilme dagiliminin degisimi Sekil 4’te gdsterilmistir.

In order to determine the protection and restoration
strategies for these structures, it is possible to perform
analyses on progressive cracks and overall stability by
means of elastic analysis methods on masonry structures.
After specifying the weak sections according to results of
these analyses, more detailed analyses, in which the
nonlinear material properties are considered as well,
should be performed. Since the application of nonlinear
analysis would increase the risk of any possible mistakes
in the analyses of huge structures with complex
geometries, the method suggested in this study would
result more accurately.

Hence, in these probable crack zones where the tensile
stresses occurred according to the results of the first
analysis group, the analyses are performed once more by
constituting an elastic crack model with separation of the
units from one another by using different nodes on the
same coordinates. Many of the computer programs that
could perform elastic analysis allow the use of LINK
elements, which could only be subjected to compressive
stresses. This provides to obtain continuity at the moment
that the structure transfers the loads under compressive
stresses. In the performed analyses following one another,
utilization of link elements enables the observation of the
cracks up to a certain level. Beginning from the first
analysis, progress of crack has been observed through a
special crack model defined by means of separating the
finite elements step by step on 7 nodes; and the variation
in the distribution of resulting tensile stresses is shown in
the Figure 4.
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Figure 4. Variation in tensile stresses beginning from the first analysis until the last stage of crack

Sekil 4.

Matematiksel modelde gatlaklarin da tanimlanmasiyla
yapilan analizler sonucunda yapmin dogal periyotu
Ty =0,1059 saniyeden T,= 0,1188 saniyeye yiikselmistir.

5. SONUC

Tas veya tugla yigma yapi teknigi ile insa edilmis tarihi
yapilarin korunmasi veya restorasyonu i¢in yapisal
davraniginin belirlenmesi ve ¢esitli yiik etkileri altinda
olusan gerilme ve kuvvetlerin hesaplanmasi amaciyla
yapisal analizlerinin dogru bir sekilde yapilmasi g¢ok
onemlidir. Cok karmagsik geometrik &zelliklere ve
malzeme ¢esidine sahip bu tlir yapilarin matematiksel
modelleri i¢in 6zel yontemler kullanilmalidir. Betonarme,
celik ve ahsap yapilar i¢in uygulanan modelleme
teknikleri yigma yapilar i¢in gegerli degildir. Bu tiir
yapilarin ger¢ek davranigini anlayabilmek ic¢in dogrusal-
elastik olmayan malzeme ve geometrik Ozelliklerini
dikkate alan hesap yontemleri gereklidir. Ancak, ¢ok
karmasik ve Ozel bilgisayar programlart gerektiren bu
hesap yontemleri i¢in ¢ok dikkatli bir sekilde hazirlanmast
gereken ayrintili matematiksel modellere gereksinim
vardir.

Yigma yapim teknigi ile insa edilmis tarihi yapilarm
striiktiirel davranigini incelemek igin, anlasilmasi kolay ve
cok belirgin bir yiik aktarma mekanizmasina sahip olan
kemerli tas kopriiler en uygun yap: tipidir. Kemerli
yapilarin genel stabilitesi ve ¢esitli yilikler altinda
olusabilecek olast hasarlar igin kritik bdlgelerin
belirlenmesi amaciyla ilk Once dogrusal-elastik analiz
yapilabilir. Daha sonra 6zel modelleme teknikleriyle
geometrik diizensizler gboz Oniine alinarak, ozellikle
deprem gibi belirli bir zaman diliminde tanimlanabilen
degisken yiikler altindaki davranisi incelenebilir.

ilk analizinden catlagin son asamasina kadar gerilmelerin degisimi

Changes in rigidity of the structure are observed by
means of defining the cracks as well. The time period of
the structure changed from T, = 0.1059 sec to T,= 0.1188
sec according to the results of the analyses following one
another.

5. CONCLUSIONS

It is very important to perform the structural analyses to
understand the structural behavior and to determine
internal forces and stresses resulting from various load
conditions for conservation and restoration of historic
masonry structures. Special methods should be carried out
to model these structures analytically since they have
sophisticated geometric features and material types.
Modeling techniques that are used for reinforced concrete,
steel and timber structures are not convenient for masonry
structures. Analysis methods that consider nonlinear-
elastic material and geometric features are necessary in
order to understand actual behavior of these types of
structures. Nevertheless, detailed mathematical models
that should very carefully be prepared are required for
these analysis methods, which need very complex and
special computer programs.

Stone masonry arch bridges, which have a very definite
and easy to understand load transfer mechanism, are the
most convenient structures to observe the structural
behavior of historic masonry structures. Linear-elastic
analysis could be performed initially so as to specify
critical parts that could exist due to various load effects
and to determine overall stability of the structure.
Afterwards, considering geometric irregularities by means
of special modeling techniques, behavior under especially
dynamic loads that could be defined for a certain period of
time, such as earthquakes, could be observed.
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