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STRUCTURAL INVESTIGATION OF MASONRY STONE ARCH BRIDGES

SUMMARY

Turkey, with its ancient civilization history, has an invaluable inventory of structural
heritages inherited from the past eras. Existing structural reserves include historic
mosques, bridges, churches, viaducts, palaces, traditional baths, schools and
residential houses etc. Historical bridges have an important part within these heritages
in Turkey, and the structural system type is mostly stone arch masonry.

Protection of historic masonry bridges and their transition to next generations are
priority national and international goals. Historical masonry bridges, which are mostly
located far from urban areas, typically do not undergo sufficient maintenance and
repair. Recently, greater emphasis has been placed on maintaining the integrity of
existing stone masonry bridges as important heritage structures. Numerous restoration
projects have been undertaken by the General Directorate of Turkish Highways
(KGM) to preserve and protect historic bridges.

There are many studies in literature about modeling and structural evaluation of stone
arch bridges. Analysis and performance evaluation of historic stone arch bridges can
be performed using simplified analytical approaches as well as numerical approaches
using computer technology. In the latter, important aspects of modeling are the
determination of the materials properties and selection of a suitable modeling approach
that is sufficiently accurate yet computationally inexpensive. There are two ways to
assess these type of bridges; (a) simple and rapid assessment method which use linear
elastic and isotropic material model basis, (b) complex and detailed methods which
use nonlinear models that take into account the behavior of the material.

In this study, four historic stone arch bridges Dicle (On Gozlu), Malabadi, Papaz and
Sinanli-Alpullu, which were constructed in different periods and have different
geometric properties such as span, rise, and length, were selected for evaluation of
structural behavior.

The followed approach included performing analyses using two different modeling
approaches. 3D FE models of the bridges were created using FX+ DIANA software
using two different mesh sizes for each bridge. Linear static analysis, modal analysis
and response spectrum analysis were carried out for both models involving different
mesh sizes. The Specification for Buildings to be Built in Seismic Zones (Turkish
seismic code, 2007) was used to perform structural response spectrum analysis under
various load combinations. The obtained results for both models with two mesh sizes,
which are referred to as fine and coarse meshes, were compared and discussed for
selected bridges. Considering computation time and obtained minor differences
between results of fine and coarse meshes models, coarse mesh was used to perform
complex and detailed nonlinear static and dynamic analyses.
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Nonlinear static analyses of the studied bridges were performed using the incremental
lateral force method for coarse mesh models. According to the first mode shape, which
had the maximum mass participating ratio, gradually increased lateral force was
applied to the bridges until capacity is reached. The obtained results, in the form of
base shear force/weight (V/W) ratio corresponding to the drift ratio (d/h), were
discussed in relation to the geometric characteristics. It was concluded that, span, rise
and thickness of the arch is directly related with the ultimate drift capacity of the
studied bridges.

In the nonlinear dynamic analyses, ten earthquake ground motion records for site class
A were used in the analysis of the studied bridges. Maximum base shear corresponding
to the maximum displacement under ten ground motion records were assessed for each
selected bridge. The performance of the bridges was discussed according to the base
shear force/weight (V/W) ratio corresponding to the drift (d/h) ratio. Duzce, 1999
(Turkey) earthquake motion with a peak ground acceleration in the selected 10 ground
motion records, cause the maximum displacement for each bridge. It was observed
that for Duzce, 1999 (Turkey) ground motion, the capacity of Sinanli-Alpullu Bridge
was exceeded. In the case of nonsymmetrical geometry, the pushover analysis results.
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TARIHI YIGMA KEMERLi KOPRULERIN YAPISAL DAVRANISLARININ
INCELENMESI

OZET

Tarihi yapilar, kiiltiirel mirasimizin biiylik bir cogunlugunu olusturmaktadir. Tarihi
yapilar i¢in mevcut yapi stoku tarihi camiler, kopriiler, kiliseler, saraylar, tarihi
hamamlar, okullar ve konutlardan olusmaktadir. Tarihi kopriiler ise bu eserler
icerisinde 6nemli bir yere sahiptir ve bunlarin biiyiik bir cogunlugu tag yigma kemerli
kopriidiir. Bu eserlerin bir kismi giiniimiize kadar ulasamamis olsa da 6nemli bir kismi1
varligini stirdiirmektedir.

Oldukga zengin olan tarihi yigma koprii mirasimizin korunarak gelecek nesillere
aktarilmasi ulusal ve uluslararasi 6ncelikli hedefler arasindadir. Tarihi y1igma kopriiler
cogunlukla sehir merkezlerinden uzakta kalmis eserler olduklari i¢in yeterli bakim ve
onarim gérememistir. Son zamanlarda bu yapilarin 6nemlerine dikkat cekilerek, ¢ok
sayida restorasyon projesi Karayollar1 Genel Miidiirligii tarafindan ytriitiilmustiir.

Ulkemizdeki tarihi yigma kopriilerin biiyiik bir boliimii tas kemer kdprii olarak insa
edilmigstir ve ilgili literatiirde, bunlarin yapisal olarak degerlendirmeleri amaciyla
modellenmesi ve analizi ile ilgili yapilmis bir¢ok calisma mevcuttur. Tarihi tas
kopriilerin performans analizleri basitlestirilmis analitik yontemlerle yapilabilecegi
gibi, bilgisayar teknolojisi yardim ile sayisal yontemlerle de yapilabilir. Dogru sonug
alinabilen ve hesaplamasi masrafli olmayan dogru model yaklagimin secilmesi ve
malzeme Ozelliklerine karar verilmesi, modelleme asamasinin 6nemli adimlaridir.
Basit ve hizli degerlendirme yontemleri genellikle dogrusal elastik ve izotropik
malzeme modelini esas alirken; karmasik ve ayrintili yontemler, malzemenin dogrusal
olmayan elastik 6tesi davranisini dikkate alan modeller kullanmaktadir.

Tarihi kopriilerin yapisal analizi tarih boyunca gelistirilen bir¢ok yontem kullanilarak
yapilmis ve degerlendirilmistir. Gelistirilen sayisal yontemlerden biri olan sonlu
elemanlar yontemi, tarihi yapilarin yapisal analizinde oldukca yaygin bir sekilde
kullanilmaktadir. Sonlu elemanlar sayisal yonteminde 3 farkli modelleme yaklasimi
mevcuttur. Bu yontemler sirasiyla mikro modelleme, basitlestirilmis mikro modelleme
ve makro modellemedir.

Bu calismada, sonlu elemanlar yontemi ile makro modelleme yaklasimi kullanilarak
Artuklu ve Osmanli donemlerine tarihlenen, agiklik, yiikseklik ve uzunluk gibi farkli
geometrik Ozelliklere sahip Dicle (On Gozlu) kopriisii, Malabadi kopriisii, Papaz
kopriisti ve Sinanli-Alpullu kopriisii modellenmistir. Caligmada farkli boyutlarda ag
orglisii ile tasarlanmis koprii modellerinin sonuglar iizerindeki etkisini anlamak, kopri
geometrik 6zelliklerinin kopriilerin kapasitesi tizerindeki etkisini anlamak, ve dogrusal
olmayan analiz yontemlerinden gercekei olan yaklagimi belirlemek hedeflenmistir. Bu
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hedefler dogrultusunda da sonlu elemanlar yonteminin kullanimina imkan sunan FX+
DIANA programi kullanilmistir.

Calisma 3 asamadan meydana gelmektedir. Birinci asamada secilen koprii modelleri
FX+ DIANA programinda sonlu elemanlar yontemi ile her bir koprii i¢in farkli ag
boyutlarina sahip iki model hazirlanmistir. Yapinin dogrusal analizinde, dogrusal
statik, modal ve tepki spektrum analizleri yapilmistir. Tepki spektrum analizi i¢in
Deprem Bolgelerinde Yapilacak Binalar Hakkinda Yo6netmelik esas alinarak deprem
yiikleri tantmlanmustir. Farkli yiik kombinasyonlari altinda iki farkli ag 6rgiisiine sahip
modellerin 4 koprii i¢in de analizi gergeklestirilmistir.

Ag boyutunu degistirerek, azaltilan eleman sayisiyla islem yaptigimizda elde edilen
dogrusal sonuglar ile fazla eleman sayisina sahip modeller i¢in elde edilen sayisal
sonugclar tartigilmistir. Bu karsilastirma yapilirken lokal gerilme degerleri sonuglardan
cikartilmigtir. Sonrasinda elde edilen normal gerilme ve kayma gerilmesi degerleri
arasindaki farklar karsilastirillmis ve tartisitlmistir. Bu karsilastirma sonucunda,
kullanilan 2 farkli ag modeli icerisinden zaman kaybini aza indirgeyerek ayni zamanda
da analiz sonuglarinda da detayli ag modelinden farkli sonu¢ vermeyen kaba ag
boyutlu modelle, secilen tarihi tas kemerli kopriilerin dogrusal olmayan malzeme
yaklasimi ile statik ve dinamik analizleri yapilmistir.

Ikinci asamada dogrusal olmayan statik analiz artimsal esdeger deprem yiikii yontemi
ile kaba ag boyutuna sahip model se¢ilen tiim kdpriiler i¢in yapilmistir. Kiitle katilim
orani en fazla olan birinci titresim mod sekline gore, kopriilerin tasima kapasitesi
siirlart esas alinarak, segilen kopriilerin davranislari adim adim arttirilan esdeger
deprem ytiklerinin etkisi altinda incelenmistir. Elde edilen sonuglar, taban kesme
kuvveti/agirlik (V/W) oranina karsilik gelen deplasman limitleri (d/h), koprii
geometrik Ozelliklerine bakilarak karsilagtirllmistir. Kemer acikligi, yiiksekligi ve
kalinligr gibi koprii geometrik 6zelliklerinin, secilen kopriiler lizerinde uygulanan
dogrusal olmayan statik itme analizleri ile elde edilen koprii deplasman sinir degerleri
ile dogru orantili oldugu sonucuna varilmistir.

Ugiincii asamada ise, A smifina ait 10 ayr1 mevcut deprem yer hareket kayitlar ile,
secilen koprilerin zaman tanim alaninda dogrusal olmayan dinamik analizleri
yapilmustir. Her bir deprem kaydi i¢in ayri ayr1 maksimum yer degistirmeye karsilik
maksimum taban kesme kuvveti elde edilmistir. Ayn1 zamanda, segilen kopriilerin
yiikseklik ve agirliklart da dikkate alinarak, taban kesme kuvveti/agirlik oranlarina
karsilik gelen deplasman limitleri (d/h) tartigilmagtir.

Kullanilan 10 deprem kaydindan en biiyiik yer ivmesine sahip Duzce depreminin, her
koprii i¢in de en fazla deplasmana sebep oldugu ortaya konulmustur. Dogrusal
olmayan analizde verilen ¢ekme ve basing dayanimlar1 kullanilan 10 deprem verisi
icin de asilmamig olup, yalnizca Sinanli-Alpullu k&priisii i¢in Diizce depremi
analizinde 13.4 saniyede analiz durmustur. Sinanli- Alpullu kopriisiiniin diizce gibi bir
deprem etkisi altinda biiyiik hasar gorerek yikilabilecegi sonucuna varilmstir.

Dogrusal olmayan dinamik analizlerden elde edilen sonuglar ile dogrusal olmayan
statik analiz sonuclar1 karsilastirildiginda, elde edilen grafiklerin birbiri ile tam olarak
ortiismedigi sonucuna varimustir. Ozellikle koprii geometrisindeki boylamsal ve
enlemsel farkliliklar, simetrik olmama durumu s6z konusu ise, dogrusal olmayan statik
analiz sonuglart zaman tanim alaninda dinamik analiz  sonuglarindan
uzaklagilmaktadir. Dogrusal olmayan statik analizde kullanilan mod seklinin ve kiitle
katilim oranlarinin y1igma yapilarin yapisal analizinden elde edilen sonuglar tizerindeki
etkisi azimsanmayacak kadar Onemlidir. Geometrideki farkliliklar koprii mod
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sekillerini etkilemis ve dogrusal olmayan zaman tanim alaninda analiz sonuglarindan
uzaklasilmistir. Fakat, geometrisi daha simetrik ve dogrusal olmayan statik analizde
ele alinan 1. Mod katilim oran1 daha fazla olan Papaz Kopriisii i¢cin dogrusal olmayan
her iki analiz sonuglart arasinda bulunan farklilik oldukca azdir. Dogrusal olmayan
statik analizlerde kullanilan mod sayilar1 arttirilarak, analizlerin farkli mod birlesimleri
ile yapilmas1 daha gercekei sonuglar elde etmemizi saglayacaktir.
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1. INTRODUCTION

1.1 General Overview

Historic structures are important to understand the civilizations and their social and
economic progress. Because of their vulnerability, all external conditions such as
weather, earthquake, and vandalism can damage historic structures in part or as a
whole. Recently, heritage structures are paid greater attention due to their historic
significance. Protection, conservation and maintenance procedures are becoming
essential to ensure that possible intervention actions are ‘minimal, compatible, and
reversible’. Analysis, strengthening and repair are very important steps for these
structures. It is often a challenge for the practicing engineering to find the best
approach to understand the structural behavior of historical structures in order to take

precaution against existing or possible structural problems.

Assessment and evaluation of historic structures as a basis for proper remedial actions
require consideration of certain important parameters. Especially during the structural
assessment procedures, the material properties of the structures and existing damage
conditions should be taken into account. Seismic zone and soil conditions are other
important factors in structural analysis, which need to be considered to understand
structural behavior of historic structures accurately. However, analyses of historical
structures are complex due to the lack of knowledge about their materials and
geometrical properties. There are different approaches to determine these parameters.
Although, some of the in situ tests are an easy way to understand geometry and
materials of structure, there are some rules and regulations related with the historical
structures that restrict the destructive methods (International Council on Monuments
and Sites, 1964). Therefore, these structures should be investigated without inflicting

any damages.

Existing heritage structures in Turkey include historic mosques, bridges, churches,
viaducts, palaces, traditional baths and many others where historical bridges constitute

an important part due to their significance in transportation. The structural type of



historic bridges is mostly stone arch masonry (KGM, 2015). The Turkish Directorate
of Highways (KGM) is responsible for renovation and restoration of historical bridges
besides the inventory and localization of historical bridges. While registered bridges
are 1376 by 2008, with new records, it is currently at around 1900 for 2015 records
(KGM). KGM Historical Bridge Department has been renovating many bridges, but

there are numerous bridges still waiting for renovation, repair, retrofit or restoration.

1.2 Objective and Scope

In this thesis, four different masonry stone arc bridges were selected for investigation.

The main objectives of the study are:
e to investigate the influence of modelling approach on the analysis results,

e to investigate the significance of geometric properties on the load capacity of

bridges,

e to ascertain a realistic approach for nonlinear analyses of stone masonry arch

bridges.

With the obtained results, it is intended to find out main structural problems and

deficiencies in masonry arch bridges.

1.3 Procedure

The studies were carried out in three steps. In the first step, Finite Element (FE) models
of the studied bridges were built using coarse and fine meshes to understand their
structural behavior and load capacity. Selected bridges were Dicle, Malabadi, Papaz
and Sinanli-Alpullu stone arch bridges which are located in Turkey, constructed in
11 12 16" and 16" centuries, respectively. Dicle and Malabadi Bridges constructed
in Artugids period were rehabilitated recently. Papaz and Sinanli were built in the

Ottoman period.

In the second step, in light of the results obtained in the first stage, the mesh typology
was selected as coarse mesh. Nonlinear static analyses were carried out for the four
bridges using coarse mesh models. Cracking patterns and displacements were

determined to evaluate structural behavior. Selected bridges have different geometric



properties. Same nonlinear material model was used in the analyses of selected bridges

to discuss the geometric properties effectiveness on obtained results.

Finally, in the nonlinear dynamic analysis, ten earthquake ground motion records for
site class A were applied as ground motion to the studied bridges. Maximum base shear
corresponding to the maximum displacement under ten ground motion records were
assessed for each bridge. The performance of the bridges was discussed according to
the base shear force/weight (V/W) ratio corresponding to the drift (d/h) ratio.

1.4 Organization of Thesis

Chapter 1 gives a general introduction about masonry stone arch bridges as well as the
thesis objectives and aims. Chapter 2 summarizes thesis literature review, which
relates with numerical and experimental assessment methods for the structural
behavior of masonry bridges. Chapter 3 discusses the improvement of numerical
analysis methods, and describes FE method by using DIANA software. In Chapter 4,
selected bridges have been introduced with their geometric properties and material
properties, and the FE models with fine and coarse meshes of selected bridges were
given in this section. The predicted results from the FE are compared with each other
in Chapter 5. In the last chapter, all findings are discussed and the suggestions for the

further research are given.






2. LITERATURE REVIEW

Masonry stone arches have been used to build different kind of structures such as
churches, mosques for centuries. Historical bridges also were built with masonry stone
arches. Possible structural problems and deficiencies on the historical bridges can be
investigated to protect them for next generations. There are many methods such as
numerical and analytical. In this part, to understand the masonry arch structures and

their assessment methods properly, some research was deeply investigated.

Kishi et al. (2016) found out a simple solution to understand dynamic behavior of multi
span masonry arch bridges. They assessed two types of bridges; one of them was single
span arch bridge and the other one was multi span arch bridge. Single span bridge was
modelled by using FE with auto mesh tool, while multi span arch bridge was analyzed
with frame structure model. The comparison between the results obtained from models
showed the applicability of the auto mesh, which is easy way to assess dynamic
response of the bridge. Distribution was mainly localized in piers that led to collapse
in an earthquake. According to this research, piers were the most critical regions with
regard yielding distribution considering the results of both single and multi-span arch

bridges.

Jun et al. (2015) worked on a single span stone arch bridge, which was scaled in 1:10.
The bridge model was tested to determine ultimate load bearing capacity and
maximum displacement of the bridge, until reach up to the collapse mechanism. This
research also tracked the development of the crack patterns during the loading process.
The bridge was also assessed under Heyman theoretical approach (thrust line method)
to figure out the similarity between theoretic and experimental assessment methods.

The results of both methods showed agreement with each other.

Bergamo et al. (2015) performed destructive and non-destructive in situ tests on
masonry arch bridge. The research aimed to show advantages and disadvantages of in
situ test. They carried out FE analysis with three different modeling approaches. As a
result, they found; the georadar analysis which is a non-destructive method used to

model arch bridge was useful method to investigates bridge and vibrational test, flat
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jack test and static penetration test were not only useful to investigate damage causes
but also useful to calibrate the FE.

Srinivas et al. (2014) conducted experiments on an arch bridge to evaluate the
performance of the bridge under incremental axle loads; meanwhile the numerical
model was created in ANYSIS software. It was clearly seen that, the results of
numerical FE model, which was validated with the static test results obtained
experiments, were in good agreement with the results of the experiment. Also, this

research provided an approach to measure strains in the piers.

Raj et al. (2014) studied the structural behavior of masonry arch bridge by using
ATENA software in order to understand structural behavior and predict the failure of
a brick masonry arch under different kind of loads. As a result, stress distribution under

these loads and ultimate load bearing capacity of the bridge were evaluated.

Nagarajan et al. (2014) carried out experiments to investigate the material properties
of brick masonry with different mortar ratio. These experiments helped to get
knowledge about differences between individual and composite behavior of brick
masonry. This research gave recommendation abut Young’s modulus, Stress-strain

values and the flexural strength of bridge for brick masonry.

Nobile and Bartolomeo (2014) evaluated selected analytical methods: i) Thrust Line
Analysis Method; ii) Mechanism Method; iii) FE Method. According to the paper, FE
Method can assess the structure from different way sophisticatedly. This study
explains these assessment methods in detail by discussing their positive and negative
sides.

Xul et al. (2013) worked on a collapsed stone arch bridge by simulating 3D FE model
and performing a nonlinear analysis on the bridge. They figured out the potential
starting point of the collapse mechanism. This research described the importance of
different components of the stone arch bridge. Then, the most critical regions of the
bridge obtained from existing collapsed bridge were identified. The results of the
simulated progressive-collapse process were compatible with the behavior of the

existing collapsed bridge.

Costa et al. (2013) conducted research on both dynamic tests and numerical assessment
with FE method. After, the results of dynamic tests were discussed to identify modal

parameters of the bridge. Comparison between numerical and experimental
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frequencies and mode shapes helped to modify the FE changing parameters such as
material properties and boundary conditions.

Behnamfar and Afshari (2013) discussed the efficiency of FE Method and Discrete
Element Model (DEM) in linear and nonlinear material. Both approaches made good
prediction about the behavior of the bridge in linear region. However, DEM results
showed similarities with experimental findings in nonlinear region. They discussed the

efficiency of mesh set optimization.

Korkmaz et al. (2013) analyzed Timisvat Bridge with FEM by using SAP2000
software. Ten different earthquake acceleration records were used for time history
analysis. Seismic record and SAP2000 results were in a good agreement. The highest

earthquake acceleration record gave the highest results.

Scheibmeir (2012) studied on the influence of different constitutive material laws and
non-elastic parameters of masonry on the seismic performance level which was carried
out with DIANA FE software. Nonlinear static analysis (pushover) and nonlinear
dynamic analysis were conducted to acquire the aim of study. Nonlinear dynamic

analysis was applied to decide performance point of the bridge.

Tecchio et al. (2012) discussed seismic retrofit of three historical masonry arch
bridges. A seismic assessment was conducted with static analysis in non-linear by
using 3D FEM on arch bridge. It was also applied some in situ tests to understand
material properties of bridges. This research was concluded with suggestion of
appropriate decision for intervention techniques which was implemented according to
rise of the load bearing capacity.

The numerical analysis for Viaduc de Saint Ouen was performed by using a continuous
FEM in the ANSYS software by Stablon et al. (2011). Numerical damage model was
created and applied in FE Method. Core samples were also taken from bridges to get
material properties. It was indicated that the first crack occurs under the loading point.
As a result, this research assessed the failure behavior of the bridge considering the

realistic damage pattern.

Lubowiecka et al., (2011) studied a general method to assess masonry structures with
a complex geometry and unknown material properties. It was brought some
nondestructive methods together such as digital close range photogrammetry, ground-
probing radar (GPR) and FE Method to analyze a Carnedela masonry bridge. Taken
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information from photogrammetry and radar was used as a source of 3D model. After,
it was used for structural analysis process in FE Method. According to the findings,
digital close range photogrammetry is useful to document the historic bridge; GPR test
is useful to understand inner material properties of bridge. If these two methods come

together, the structural analysis with FEM gets easy.

Cai (2011) studied the structural behavior of masonry arch bridges by using firstly
Limit analysis to stimulate the bridge using RING 1.5 then FE model with DIANA
software taking account nonlinear behavior of masonry and infill. In addition,
experiment was conducted on masonry arch bridge in laboratory to get results of
material properties. In analysis procedure, plane stress model and 3D model were
analyzed to understand the effect of the infill material. These analyses were also
compared with experiment results. Moreover, in plane stress model, it was used steel
brace elements, and assessed the effect of the ultimate load bearing capacity. As a
result, three dimensional model has more stiffness comparing to the plane stress model.

However, 3D model is more complex to prepare and analyze.

Sayin et al. (2011) carried out linear and non-linear dynamic analyses on Uzunok
Bridge by using macro model approach. Bridge was modelled as a 3D model with the
FEM, and displacements in linear and nonlinear analyses were compared. By means
of the results of this research, the characteristic of earthquake ground motion affects

vibrational motion, which has significance on damage distribution on bridges.

Holmstrom (2010) discussed the different methods to calculate load bearing capacity.
RINGx2.0 and Archie-M commercial programs were chosen for parametric study
which was performed to identify material parameters for both long span and short span
bridges. It was concluded: the fill height was the most effective parameter on the load
capacity; the angle of friction for the backfill material played a significant role in
RING2.0 for the short span bridge and Archie-M gives a lower load capacity than
RING2.0 for the tested cases.

Sevim et al. (2010) conducted dynamic in situ tests and linear FE analysis on Mikron
arch bridge. Comparison of the results of dynamic and numerical analyses was used to
adjust FEM changing boundary conditions. This adjustment was done to coincide the
analytical predictions with ambient vibration test results. The calibrated linear FE



model extended non-linear model. Results of calibrated FE model and nonlinear
analysis matched reasonably with results of the experiment.

Bayraktar et al. (2010) performed numerical analysis by using FEM in the ANSYS
software and also carried out ambient vibration test on Ottoman masonry arch bridge.
It was aimed to minimize the differences between FEM and test results changing
boundary conditions. As a result, the mode shapes of the bridge in both analyses were
same, but there were little differences in frequency of modes. Changing of the

boundary conditions led to decrease of differences from 18% to 7%.

Cappini et al. (2010) studied on multi span stone masonry bridge experimentally and
numerically. In situ tests were carried out to analyze static and dynamic behavior of
bridge. In addition, “Gilbert” and FEM approaches were used as a numeric assessment
method. The material properties were obtained from experimental flat-jack test to use
in numeric analyses. According to the experimental investigations and numerical

analysis, this research suggested intervention methods for the bridge of Ribellasca.

Lourenco et al. (2010) assessed the static and dynamic performance of stone masonry
arches in three different ways: experiment on single span prototype bridge, advanced
non-linear analysis by using DIANA and simplified methods by using RING software.
As a result of the experiment, the deformation and force graph was obtained. The
influence of joint interface properties was addressed. It was concluded that the joint
stiffness parameters affect the results of the numerical analysis. Therefore, the
calibration of the numeric model was done by using results of experiment of the arch
with dry joint and mortar joint.

Dulinska (2010) conducted FE models for two different bridges. The models have all
part of structure such as spandrels, arch, fill and soil. Experiments were conducted on
bridges not only to determine natural frequencies of the bridge but also to determine
the damping. Consequently, the frequencies obtained from FEM were in a good
agreement with frequencies obtained from experiment. The obtained value for

damping was good agreement with literature.

Invernizzi et al. (2010) interpreted numerically the damage evolution by using
nonlinear FE analysis with the help of DIANA commercial software. The important
part of this research was that the definition of interface parameter at the pier for

evaluation of the actual contact area. Scaled masonry bridge model was built in



laboratory for the experimental analysis of the pier abrasion. The structural behavior
of the bridge was recorded under different settlement. Consequently, experimental and

numerical crack patterns were compared with each other.

The main purpose of Bjurstrom and Lasell (2009) was to investigate the load carrying
capacity considering the backfill of bridge. This research aimed to find the answer of
question that is if heavier vehicles can be allowed. The results of the analysis of 2D
model created in ABAQUS was compared the RING 2.0 software. It was seen that the
RIN2.0 commercial software gives four times higher ultimate load capacity than
ABAQUS. According to the study, the obtained load bearing capacity form RING 2.0

software was not realistic.

Pela et al. (2009) selected two particular case studies to apply pushover analysis and
structural response spectrum approaches. Pushover curves were obtained for different
compressive and tensile strength values. According to the selected compressive and
tensile strength values, the performance points were decided for all defined spectrum
in Italian Code. Besides, the research discussed the selection of control node for

pushover analysis.

Bayraktar et al. (2009) performed analytical model of Komurhan Highway Bridge by
using SAP2000 software. Dynamic characteristics were obtained by vibration tests, as
well. Analytical and experimental dynamic characteristic were compared with each
other and FE model of the bridge was updated by means of this comparison by
changing some unknown parameters such as material properties and boundary
conditions. This verification provided that changes parameters and boundary

conditions can be effective way to reflect real behavior of masonry bridges.

Kiyono et al. (2008) studied to forecast the dynamic behavior of a masonry structure
by using the DEM, and discussed the micro-modeling of individual components such
as bricks and mortars. In this paper, these components were modeled with simplified
micro model approach. Six different model approaches were created and analyzed by
using DEM. The seismic behavior was discussed. According to the findings, the
bridges with the backfill material have more resistance than the bridges without

backfill material against seismic loads.

Rafiee et al. (2008) assessed the influences of the input parameters on the mechanical

and dynamic behavior of the arch structure by using non smooth contact dynamic
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computational method for masonry structure simulations. When they compared the
effects of cohesive and non-cohesive contact on collapse mechanism of bridge, they
found that arches with cohesive foundations can better resist intensive dynamic

excitation.

Gencturk et al. (2007) assessed Titus Tunnel Bridge, Antalya, Turkey by using both
thrust line method and virtual work method. This assessment was done by staying
within preservation of historical structures laws. It was estimated the capacity of the
stone arches. According to this research, virtual work method, which is one of the
effortless way inside the analyses methods, gives accurate results when it applies cases
with concentrated loading on the key stone.

Leon, and Espejo (2007) operated in situ test on an existing bridge and carried out
ultimate strength calculation by using RING 1.5 software. According to the
comparison between in situ test and numerical analysis, load-bearing capacity of the
bridge was nearly as same as with the theory. Nevertheless, the failure mode was
different. As stated by Le6n and Espejo, the backfill effected the results of load bearing

capacity. In addition, the damage distribution was observed under the experiment.

Diaz et al. (2007) compared the results of linear and nonlinear FE analysis with the
results of limit analysis to find out load bearing capacity of the single span arch. These
methods were conducted on 2D plane-stress model and contact face at joints between
voussoirs was considered. Consequently, the results of nonlinear analysis with contact

interface were in good agreements with the limit analysis.

Aoki et al. (2007) studied the verification of the numerical modeling approaches by
comparing the results of analytical analysis with experiment, which were not only
applied to understand dynamic characteristic of the Rakanji stone arch bridge but also
applied to determine material properties that were used in FE analysis. They changed
some parameters on bridge model, updated it, so the results correspond the results of

in situ test.

Bayraktar et al. (2007) modeled 3D FE model of the bridge by SAP2000 software and
conducted modal analysis on bridge model. Operational Modal Analysis determined
dynamic characteristics of the bridge experimentally. FE model of the bridge was
updated to minimize the differences between theoretical and experimental results. As

a result, this verification showed that results nearly as same as the experiment. After
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the verification, before and after models were analyzed under Erzincan earthquake.
The compressive and tensile stresses, which was found by verified model with

experiment, were lower than the first created model.

Ural (2005) studied on FE of Cosandere bridge, Trabzon, Turkey by SAP2000
software. It was found that the bridge could support its own weight in safe. Then, the
bridge was exposed to a ground motion record to understand dynamic behavior of the
bridge. The vertical stress distribution under dead load and seismic record was
discussed. They suggest detailed model for the level of key stone. In addition, the
research recommended that these analyses should be conducted with nonlinear

material.

Boothby et al. (2005) proved that the application of 3D nonlinear FE model accurately
simulates the experimental test of masonry arch bridge. In addition, while testing or
modeling the bridge, the boundary conditions was very effective on the obtained
results from the FEM. According to the findings, 3D nonlinear FE analysis is very
useful method to assess the bridges. With the help of the nonlinear FE analysis, the

ultimate load bearing capacity and crack patterns can be observed.

Toker and Unay (2004) studied mathematical modeling approaches for a prototype of
arches. They observed changes on the stability of structure by defining cracks on
masonry arch and discussed the importance of the modeling typology by using FEM.
As claimed by Toker and Unay, nonlinear analysis approach may increase the risk of
any possible mistakes in the analyses of huge structures with complex geometries. It
was concluded that, the linear structural analysis should be done to understand critical

regions of the bridges and the complex models should be created.

Mabon (2002) summarized a strengthening method named Archtec and analyzed a
bridge by DEM before and after strengthening. The efficiency of the Archtec method
was shown. Both accuracy of the assessment technique and the efficiency of the

strengthening method were verified against full-scale tests.

Fanning et al. (2001) showed the importance of spandrel walls and fill to reflect the
transverse effect. Because, these components of the bridge contribute to the strength
and stiffness of the bridge. It was stated that neglecting 3D nature of masonry affects
the ultimate load bearing capacity. Service load test and ultimate strength test were

applied on bridge. In addition, according to the service load testing, the development
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of cracking and nonlinearity of materials led to understand the capacity of structure.
Besides, the restraint of the abutments has an important effect on the stability of

structure.

Frunzio et al. (2001) showed the results of a 3D FE Method analysis by using Anysys
software for a stone masonry arch bridge. The analysis was performed considering
nonlinear material behavior. It was noted that the findings of the analysis could be used

for restoration in future.

Fanning and Boothby (2001) modeled two historical bridges under truck load with the
help of computer software Anysys and then compared with the in situ test results. It
displayed that the results were compatible with the experimental test results. 3D non-
linear FE analysis enabled to make a good prediction about actual behavior of the

masonry arch bridge.

Karaveziroglou et al. (2001) discussed two numerical procedures for analysis of old
stone arch bridges in Greece. Numerical method was ran space frame approach with
FE model. The second one was based on the inequality numerical approach. They
compared four bridges. According to the results, both analysis approaches can be used
to understand the structural behavior of the historical stone bridges. Second approach

was more time consuming than the first approach.

Alfaiate and Gallardo (2001) took the results of experiment on full scale a single span
arch bridge as reference to compare the results of a FE model. The model of the
masonry arch created with interface elements with zero thickness. Four different
simulations were undertaken to assess the importance of the different components on
the collapse load. The numerical results were compared with the data acquired from

the experimental test.

Hatzigeorgiou et al. (1999) assessed the historical masonry structures by using FEM
under static or dynamic loadings. The material behavior was assessed both linear
elastic and inelastic. They reached a conclusion that the inelastic material modeling

was essential to obtain realistic response of bridge.

NG (1999) reviewed the current assessment methods and examined their deficiencies.
Then, it was developed a 2D FE model for structural analysis. A series of parametric

studies were performed to examine the influence of the arch material properties,
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geometric properties of the model and the load position on the ultimate load bearing

capacity.
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3. METHODOLOGY

3.1 History of Assessment Method of Masonry Arch Bridges

The science of arches developed slowly. Firstly, the Romans believed that semicircular
arches can only carry vertical loads. However, infill materials in arches can carry the
neglected horizontal forces (Harvey, 1986). Hooke was the first scientist who carried
out scientific studies on arches (NG, 1999). Thrust line and the mechanism methods,
which are analytical methods, have been developed after this Hooke’s studies.
Heyman, (1995) states that Hooke had concerned himself with “the true mathematical
and mechanical form of all manner of arches for building”. Then, Hooke published an
anagram which gives the statement: “As hangs the flexible line, so but inverted will

stand the rigid arch” in 1675 (Heyman, 1996).

Hooke used two types of model to show how arches work. Cables can support the same
load in the same positions. If the cable is pulled, it will turn back to its starting point.
This is named as stable. Unlike the cable, the structure of the jointed rods is unstable.
Once displaced, the pinned rods will collapse. The line of the chain or cable in Hooke’s
models show the thrust line (Figure 3.1) (Harvey, 1986).

Figure 3.1 : Hooke’s line of thrust models (Harvey, 1986).

After Hooke’s law, in 1770, Couplet found that arches collapse by cutting in four
pieces (Figure 3.2) (Heyman, 1982). It paved the way understanding of arch bridges

failure mechanism. In 1733, Coulomb developed Couplet’s method further (Heyman,
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1982). From his study, it was concluded that, it is only necessary to find one line of
thrust. This line of thrust stayed in the arch boundaries that fulfill the equilibrium
conditions to be sure the stability of arch under the given loading conditions (Heyman,
1982).

Figure 3.2 : Couplet four hinged model (Heyman, 1982).

Pippard demonstrated that the collapse of arch bridges was due to formation of hinges
as the result of cracking. This assumption led to the development of no-tension
criterion; however, Pippard did not take account the contribution of the infill between

spandrel walls to lateral resistance of arch bridge (Yan, 1991).

Heyman (1982) reviewed many of the old theories and developed a mechanism
analysis procedure using the plastic hinge method. According to the Heyman (1982)
analysis, it was assumed that, if the line of thrust touches the intrados or extrados, the
plactic hinge occurs. In addition, if four hinges are formed on the arch, the collapse
mechanism is assumed to occur. The failure mechanism of the arches does not occur
when the first crack is formed. Based on these assumptions, Heyman (1982) developed
a simplified approach for the collapse of an arch. The value of the plastic moment at

the hinges is obtained as follows;

_PL(A-X)(1+X)?
T4 (3-X)? (3.1)

Instantaneous Centre

M

Figure 3.3 : Plastic moment in an arch (Heyman, 1982).
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3.2 Finite Element Modeling for Masonry Arch Bridges

FEM is an alternative assessment method commonly used to understand structural
behavior of the masonry arch bridges. This approach is very different from the others.
Most recently, the FE analysis is a widely used technique to assess masonry structures
nowadays and various studies have been conducted to evolve FE models as mentioned
in literature review. Due to the characteristic of masonry, which contains isotropic and
anisotropic materials, has unquestionably made the analysis of its structural behavior
more complex. Because of this complexity of masonry structures, researchers need to
pay more attention to apply FEM (Nobile and Bartolomeo, 2014). Either two

dimensional or three dimensional models can be used in FE analyses.

3.2.1 Numerical modelling of masonry arch bridges with FEM

The modelling of masonry in a FE method can be done in different ways, which range
from modelling on a very detailed micro level to a composite macro level. The

components of masonry are given in figure 3.4.

P r .
et s
l_ head joint —

Bed
joint

Figure 3.4 : Components of the masonry.

There are three main ways, which are detailed micro-model (Figure 3.5), simplified
micro-model (Figure 3.6) and composite macro-model (Figure 3.7) (Lourenco, 1994)
to model the masonry. For the first approach, detailed micro model, units and mortars
in the joints are modeled with continuum elements separately and the unit/mortar
interface between these two components is created by discontinuous elements. This
enables to study deeply the combined behavior of unit, mortar and interface (Lourenco,
1994).
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Mortar Tini

Interface

Interface

Figure 3.5 : Micro modelling approach (adapted from Lourenco, 1994).

The behavior of the mortar joints and unit-mortar interface are created by
discontinuous elements with zero thickness and expended units are represented by
continuum elements in simplified micro model (Lourenco, 1994).

Joint Unit

Figure 3.6 : Simplified micro modelling approach (adapted from Lourenco, 1994).

The third approach does not make any distinctions between units and joints. Macro
modeling is more practical than the other two approaches (Lourenco, 1994).
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Composite

Figure 3.7 : Macro modelling approach (adapted from Lourenco, 1994).

For accurate micro or macro-modeling of masonry structures material properties
should be identified with experimental work (Lourenco, 1994). Micro-modeling
studies are necessary to give a better understanding about the local behavior of

masonry structures.

3.3 FX+ DIANA- Finite Element Method

The FE Method provides good representations of complex structures. FE Method
enables to mesh the structures into small sub domains and obtain deformation and
stress values of the whole sub structures (TNO DIANA, 2014). FX+ for DIANA is a
FE Method software, which uses displacement method. FX+ for DIANA does not only
led to define FE model under perfect mesh quality by controlling all mesh set, but also
controls the mesh sets to not cause any error at Mesh Editor tool. FX+ for DIANA has
wide range material library and used widely by researchers. It allows for a variety
analysis such as both linear and non-linear static and dynamic analyses (TNO DIANA,
2014)

The FE Method software FX+ for DIANA software and Mesh Editor tool have been
used in this research work. The workflow of the programme is given in figure 3.8 with
basic steps.
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Figure 3.8 : Software usage steps.

In the modelling process, the solid model was divided into sub domains by using create
mesh tool. There are two types of solid elements used in this research: first one is the
TP18L element (Figure 3.9) that has a six-node isoparametric solid wedge element.
Second one is the HX24L element (Figure 3.9) which has an eight-node isoparametric
solid brick element used widely in 3D modelling (TNO DIANA, 2014).

Figure 3.9 : HX24L and TP18L (TNO DIANA, 2014).

For solid elements, DIANA do not need special user input data to set up the element
axes. By default, the element X, Y and Z axes are set up parallel to the global X, Y
and Z axes, respectively (Figure 3.10) (TNO DIANA, 2014). DIANA software gives
tension stress as positive, and compression stress is negative. Default directions of

normal and shear stresses as well as displacements are shown in figure 3.11 (TNO
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DIANA, 2014). The highest and lowest values for results are represented by blue and
red colors respectively.

- I
AX' /r T )7 \:‘gﬁ_—'—ﬁ-_

Figure 3.11 : Cauchy stresses and deformations (TNO DIANA, 2014).
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4, STRUCTURAL INVESTIGATION OF SELECTED BRIDGES

4.1 General Information

3D modeling and analyses of historical Dicle, Malabadi, Papaz and Sinanli-Alpullu
Bridges were performed by using FX+ for DIANA software (TNO DIANA, 2014).
The selected bridges have important value with their history which dates back to
different selected periods. The bridges have same construction material which is
mainly limestone (KGM, 2015). Geometric features and some details about bridges
are given comparatively in table 4.1. Selected bridges have different geometric
properties. Dicle and Malabadi bridges belong to same period. The bridges have
different geometry. Papaz and Sinanli-Alpullu bridges belong to same period also, and

they have nearly same geometry.

Malabadi Bridge has the maximum span with 38.6m. Papaz Bridge has the minimum
span with 6.7m, and it is the shortest bridge within selected bridges. Dicle Bridge is
the longest bridge. Arch typologies of bridge are mostly pointed arch. Within selected
bridges, Papaz Bridge has been damaged. Malabadi and Dicle Bridges have been

rehabilitated recently.
4.2 Geometric Definition and 3D Modeling of the Bridges

4.2.1 Dicle (On Gozlu) Bridge

Dicle Bridge, located in Diyarbakir metropolitan, was built over the Dicle River in
between years of 1065-1067 during Artuqids ruling period in Anatolia. The architect
of the bridge is Sancaroglu Ubeydoglu Yusuf. The bridge which has 10 span and total
length is 172m in plan as shown in figure 4.1 and figure 4.2, mainly consists of pointed
arches, rectangular piers, spandrel walls and parapets (Figure 4.3). The width is ~11m
from east side to 5" span and then it decreases hereafter. The width varies in between
4m to 7m from 5™ span up to the west side as seen in figure 4.3 (KGM, 2015). The 3,
4" and 5" arches exceed longer bay span where 3" one has the maximum span of

13.91m. The spans of 4™ and 5" arches are 11.96m and 13.82m respectively.
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Table 4.1 : Geometric properties of the selected bridges (KGM, 2015).

. Total . . Rise of .
Bridge Location Construction Length Number of Arch Maximum  Thickness largest Width Restoration
Year Span Typology Span of Arch Background
(Plan) span
Dicle  Diyarbakir 11 172m 10 P;l'rnctﬁd 14m  0.40-0.70m  6.9m 11m -6m 2009
Pointed and
Malabadi  Diyarbakir 12" 150m 5 CisrirlTllar 38.6m 1.40-1.80m 22m 6.8m 2014
Arch
Papaz lstanbul 16 40m 3 Sem 67m  045-055m  4.8m 4.4m Unknown
Circular
Stnanli= 4 areli 16" 120m 9 Pointed 20m 0.60m 7m 6.8m 1987
Alpullu Arch
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Spans of remaining arches vary in between 8.00m to 8.74m. The thickness of main
load bearing arches range from 0.4m to 0.7m (Figure 4.1). Total height of the bridge
is 10m. Flood splitters having pyramidal coned and triangular prism forms exist as
attached to the bridge piers (Figures 4.3). Parapet walls exist through the sides of
bridge deck level having height of 0.55m~0.85 m (Figure 4.4) (KGM, 2015). The plan
dimensions of piers are 5m to 6m along with X direction and 11m along with Y
direction (KGM, 2015).

East West

Figure 4.1 : Upstream view of Dicle (On Gozlu) Bridge (Scale: 1/1000) (KGM,
2015).

West East

Figure 4.2 : Downstream view of Dicle (On Gozlu) Bridge (Scale: 1/1000) (KGM,
2015).
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Figure 4.4 : Cross section (A-A) of the Dicle (On Gozlu) Bridge (KGM,2015).
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In 2009, a restoration work was fulfilled by General Directorate of Highways and
required interventions were applied to the bridge. With this restoration, the slab, which
was paved with asphalt because of bringing into the road open to traffic, was altered

to original stone of pavement, and the bridge was closed to traffic (KGM, 2015).

Figure 4.5 : Upstream and downstream views of the Dicle (On Gozlu) Bridge (URL
1, 2016).

Dicle Bridge has seven different structural elements which are arch, spandrel wall,
infill, parapet, slab, flood splitter and pier. FE models of the bridge was modelled
considering the whole structural elements. Each length of the element that used in the
modelling process varies between 0,15m~0,5m for fine meshes. The dimensions of the
elements are in between 0,6m~2m for the coarse meshes. The dimensions of fine mesh
were approximately four times of the dimensions of coarse mesh. Details of both mesh
sets are given in table 4.2. The 3D model view from upstream and downstream, section
and the mesh quality of the model with fine and coarse meshes are given in figure 4.6
to figure 4.12.

Table 4.2 : Details of mesh sets used in 3D model of Dicle (On Gozlu) Bridge.

Total Total Total Total Total
Type of Mesh numbfer of Number of Number of Weight of Volume
Solid Element Node Bridge (md)
element Face (KN)

Fine Mesh 338,017 246,657 377,286 248,596 13,018.1

Coarse Mesh 11,318 18,613 14,810 233,155 12,184.5
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Figure 4.7 : 3D modeling of Dicle (On Gozlu) Bridge with coarse mesh-upstream.

Figure 4.8 : 3D modeling of Dicle (On Gozlu) Bridge with fine mesh-downstream.

o

Figure 4.9 : 3D modeling of Dicle (On Gozlu) Bridge with coarse mesh-
downstream.
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Figure 4.10 : Cross section of the Dicle (On Gozlu) Bridge 3D model.

Figure 4.11

Figure 4.12 :

: Mesh quality of 3D model
meshing.

Mesh quality of 3D model o
meshing.

28

LEGEND

Max: 1.000
Min: 0.000

| < 1000 24%
| @ <0933 32%
/M < 0867 24%
< 0800 28%
O <0733 28%
[ < 0667 30%
|0 <0800 7.1%
|B <0533 45%
B <0467 231%
0O < 0400 413%
[0 <0333 70%
[0 <0267 04%
[ <0200 02%
@ <0133 00%
M < 0067 00%
B o000 00%

of Dicle (On Gozlu) Bridge with fine

LEGEND

Max: 1.000
Min: 0000

W <1000 04%
|@ <0933 19%
| M <0887 62%
@ <0800 27%
B <0733 79%
10 <0867 34%
JE <0600 121%
BE <0533 138%
@ <0467 119%
|0 <0400 142%
0 <031 153%
0 <0267 19%
0 <0200 24%
@ <0138 00%
B <0067 00%
B o000 00%

f Dicle (On Gozlu) Bridge with coarse



4.2.2 Malabadi Bridge

Malabadi Bridge that extends over the Batman Creek is located in Silvan, Diyarbakir.
The masonry bridge was built in 12" century (in between 1147 and 1148). The
architect of the bridge is Timurtas Bin llgazi Bin Artuk. The bridge has two different
parts and these parts are in a nonlinear row. The middle mass part is supported by a
rocky ground and the largest span is located at this part as seen in figure 4.13. The span
of this arch is 38.6m and rise of the arch is approximately 24m (Figure 4.14). At the
second part of the bridge, there are two pointed arch spans those have 5.8m width and
approximately 9~10m height. The smallest span is close to the left side, its width is
about 2.5m and height is 1.2m. The thickness of the largest arch is about 2m (KGM,
2015). The bridge has five spans, the length of the bridge is 150m and the width is
approximately 7m as seen in figure 4.15 and figure 4.16. The structural system consists
of semi-circle and pointed vaults those are carried by variable-height rectangular piers.
The radius of the arches is variable. Cut stone blocks were used in the construction
(KGM, 2015).

There are two shelters at the both inner sides of the Malabadi Bridge. Passengers and
bridge guards used these shelters especially during the winter conditions in old times.
To control the traffic on the bridge, there is a 5m masonry door. Two stairs at the left
sides of the doors go down to the small rooms. These rooms were constructed by using
brick and they have large windows. Under the largest arch and two sides of one of the
small arches there are two flood splitters. One of them has triangle form, the other one
is hexagonal. During the restoration work that was completed in 2014 considered
necessary interventions were applied to improve the structural behavior and original
characteristics of the bridge (KGM, 2015).

Figure 4.13 : Upstream view of Malabadi Bridge (Scale: 1/1000) (KGM, 2015).
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- 1/1000) (KGM, 2015).
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Figure 4.15 : Layout plan of Malabadi Bridge (Scale: 1/1000) (KGM, 2015).
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Figure 4.16 : Cross section (A-A) of Malabadi Bridge (KGM, 2015).
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Figure 4.17 : Upstream and downstream views of Malabadi Bridge (URL 2, 2016).

In the modelling process of the Malabadi Bridge, six different types of structural
elements which are arch, spandrel wall, infill, parapet, slab, flood splitter were
modelled. Each length of the elements differs between 0.3m-0.5m and 0.4m-2m for
fine and coarse meshes, respectively. Detail features of the mesh sets are given in the
table 4.3. The 3D model details of the Malabadi Bridge and the mesh quality of the

model can be seen in figure 4.18 to figure 4.24.

Table 4.3 : Details of mesh sets used in 3D model of Malabadi Bridge.

Total Total

number of Number of Total Total Total
Type of Mesh . Number of Weightof  Volume
Solid Element . 3
Node Bridge (kN) (m?3)
element Face

Fine Mesh 231,321 138,912 256,883 244,879 13,075.6

Coarse Mesh 13,524 17,431 16,370 252,698 13,510.3

te

Figure 4.18 : 3D modeling of Malabadi Bridge with fine mesh-downstream.
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Figure 4.19 : 3D modeling of Malabadi Bridge with coarse mesh-downstream.

Figure 4.20 : 3D modeling of Malabadi Bridge with fine mesh-upstream.

-

Figure 4.21 : 3D modeling of Malabadi Bridge with coarse mesh-upstream.

Figure 4.22 : Cross section of the Malabadi Bridge.
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Figure 4.23 : Mesh quality of 3D model of Malabadi Bridge with fine meshing.
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Figure 4.24 : Mesh quality of 3D model of Malabadi Bridge with coarse meshing.

4.2.3 Papaz Bridge

Historical Papaz Bridge was built in 16" century over the Ayamama Creek. The bridge
that has three spans and the plan length of the bridge on upstream side is approximately
34m (Figure 4.25). Downside plan length is approximately 38.5m (Figure 4.26) and
the width of the bridge is 4.5m (Figure 4.28). The largest span that is in the middle of
the bridge has pointed arch shape and has 25 cut stone blocks. It geometrically consists
of 3.67m and 4.32m radius two arc segments. The radius values of the other short span
arches are different at the upstream and downstream side and those are approximately
1.90m~2.15m. The thicknesses of main support arches are varying between
0.45m~0.55m (Figure 4.28). These arches both have 14 cut stone blocks. The
maximum height of the bridge is about 5.5m (KGM, 2015). Load bearing system of
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the bridge that consists of three pointed vaults are carried by the different size
rectangular piers.

Figure 4.25 : Upstream view of Papaz Bridge (Scale: 1/200) (KGM, 2015).
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Figure 4.26 : Downstream view of Papaz Bridge (Scale: 1/200) (KGM, 2015).

% A4

Figure 4.27 : Layout plan of Papaz Bridge (Scale: 1/500) (KGM, 2015).
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Figure 4.28 : Cross section (A-A) of Papaz Bridge (KGM, 2015).
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Vaults consist cut stone blocks and brick units together. Stone block units used in the
masonry construction has different dimensions. Rubble stone was used as a infill
material between the spandrel walls. The bridge has several damages such as
deformation and deflection on the wall bonds, deterioration on the floor coating, and
loss of material in the joints. Interior backfill materials between the spandrel walls
appear on the ground floor level of the bridge due to the extinction of slab. Currently,

parapets and flood splitters of the bridge are considerably vanished (Figure 4.29).

Figure 4.29 : Upstream and downstream views of the Papaz Bridge.

In the modelling process, the bridge was modelled with four different types of
structural elements which are vault, spandrel, infill, buttress. The slab and parapet were
vanished. Flood splitter were demolished, as well. Papaz Bridge was modelled by
using TP18L and HX24L elements with coarse and fine mesh. Each length of the
elements differs between 0.1m~0.2m for fine mesh, and also the voussoirs were
modelled according to the current dimensions. The dimensions of the elements are
between 0.2m~0.7m for 3D model created with coarse mesh. The characteristics of the
mesh sets are given in table 4.4. The 3D models of the Papaz Bridge with the damages
are shown in between figure 4.30 and figure 4.34 from upstream to downstream. The
mesh quality of the models with fine and coarse meshes can be seen in figure 4.35 and
figure 4.36.
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Table 4.4 : Details of mesh sets used in 3D model of Papaz Bridge.

nu;ci)t(?rl of Nul-wot;[slr of Total Total Total
Type of Mesh . Number of Weightof  Volume
Solid — Element 040 Bridge (kN)  (md)
element Face 9
Fine Mesh 107,014 67,029 118,469 9,028.3 490.1
Coarse 8,496 9,742 10,590 9,011.9 488.6
Mesh

Figure 4.30 : 3D modeling of Papaz Bridge with fine mesh-upstream.
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Figure 4.31 : 3D modeling of Papaz Bridge with coarse mesh-upstream.

Figure 4.32 : 3D modeling of Papaz Bridge with fine mesh-downstream.

Figure 4.33 : 3D modeling of Papaz Bridge with coarse mesh-downstream.
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Buttress

Figure 4.34 : Cross section of the Papaz Bridge.
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Figure 4.35 : Mesh quality of 3D model of Papaz Bridge with fine meshing.

LEGEND

Max: 1.000
Min: 0.000

W <1000 05%
W <0933 08%
/M <0887 17%
I <0800 92%
H <0733 100%
N <0867 20.1%
N <0600 172%
BE <0533 194%
B <0467 143%
|0 < 0400 41%
O <0333 12%
[0 <0267 08%
[ <0200 03%
B <0133 00%
M <0087 00%
B o000 00%

Figure 4.36 : Mesh quality of 3D model of Papaz Bridge with coarse meshing.

4.2.4 Sinanh-Alpullu Bridge

Sinanli-Alpullu Bridge was built in 16" century (in between 1488 and 1587) and the
architect of the bridge is Architect Sinan. The bridge extends over the Ergene River

and it has totally nine spans with discharging cells as seen in figure 4.37 and figure
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4.38. The plan length of the bridge is approximately 120m (Figure 4.39) and the width
iIs 6m (Figure 4.40 and Figure 4.38). The largest span locates at the middle of the
bridge, the span of arch is 20m and rise is 5.9m. The dimensions of spans decrease
from the middle to the both left and right direction symmetrically. The smallest span
is located at the right side of the bridge from downstream with nearly 5m span (KGM,
2015).

There are four discharging cells of the bridge. Two of them are located at both of two
side of the middle arch and they have circular form. The other two discharging cells
have pointed arch form. Main arch form is pointed arch type. The thickness of cut
stone blocks used for main arch varies in between 1.4m-1.8m. The bridge that has

high-sloped floor was constructed by considering of features of the river.

Figure 4.37 : Upstream view of Sinanli-Alpullu Bridge (Scale: 1/1000) (KGM,
2015).
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Figure 4.39 : Layout plan of Sinanli-Alpullu Bridge, (Scale: 1/1000) (KGM, 2015).
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From top of the largest arch span toward the two sides, coping stone continues. The
maximum height of the parapet wall is 1.1m. Spandrel walls of the bridge were
constructed by using thin free stones and the joints between the stones are quite slim.
Cut stone blocks were used for the parapets and spandrel walls as well. The slab was

constructed with natural stone as seen in figure 4.40 (KGM, 2015).

Slab
Mortar
Rubble Stone
+820 844  LcytStone Arch
Cut Stone +7.43
Sitting Place——
Key stone

K TR

040,007 847 007,017 reAQUNRY TG
040 ] 631 047
6.88

Figure 4.40 : Cross section (A-A) of the Sinanli-Alpullu Bridge (KGM, 2015).

As a result of observations and site investigation (Figure 4.41 and Figure 4.42); it was
observed that there are some material problems, damages and environmental issues
(KGM, 2015).

Figure 4.42 : Detail views of the Sinanli-Alpullu Bridge.
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Sinanli-Alpullu Bridge was modelled through fine mesh and course mesh which
comprise of TP18L and HX24L elements. Each length of the elements for fine mesh
is approximately 0.25m. In the second model with coarse mesh, mesh dimension of

the arch is 0.4m, but the spandrel wall’s mesh dimensions vary in 0.3m to 2m.

The 3D model and section of the Sinanli-Alpullu Bridge are given in figure 4.43 and
in figure 4.45, and the mesh quality of the structure is shared in figure 4.46 and figure
4.47. Details of the 3D models created by using both fine and coarse meshes are given
in table 4.5.

Table 4.5 : Details of mesh sets used in 3D model of Sinanli-Alpullu Bridge.

Total Total Total Total Weight  Total
Number of Number of .
Type of Mesh . Number of  of Bridge  Volume
Solid Element 3
Node (kN) (m?3)
element Face
Fine Mesh 363,660 198,550 400,394 63,738.6 3,441.93
Coarse 11,272 16,500 14,062 56,626 3,187.96
Mesh

Figure 4.43 : 3D modeling of Sinanli-Alpullu Bridge with fine mesh.

Figure 4.44 : 3D modeling of Sinanli-Alpullu Bridge with coarse mesh.
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Figure 4.45 : Cross section of the Sinanli-Alpullu Bridge 3D Model.
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Figure 4.46 : Fine mesh quality of 3D modeling of Sinanli-Alpullu Bridge.
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Figure 4.47 : Coarse mesh quality of 3D modeling of Sinanli-Alpullu Bridge.
4.3 Analyses of the Bridges

In the first step of the analyses, to determine appropriate mesh type for nonlinear
analysis, structural linear analysis was applied on both model created by using course
and fine meshes. Then, in terms of the results obtained, nonlinear static and dynamic
analyses were conducted on coarse mesh. The point was to decrease the duration of
the analyses and the size of output files, which run out of space of computers, and need
of the high computational performance.
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4.3.1 Structural linear static and structural response spectrum analyses

Currently vehicle traffic is not allowed by the authority for the selected bridges.
Selected bridges were exposed to the load of traffic prior to this restriction. Thus, the
vertical load was assumed just 0,0049N/mm? per live load (Q) and the dead load (G)
was taken account. In structural linear static analysis process, the selected bridges were
analyzed with the combination self-weight and 0.0049N/mm? live load. In structural
response spectrum analysis, first 20 mode shapes of the bridges were assessed to reach
mass participating ratio defined as 90% in Turkish Seismic Code, 2007. However, in
masonry structures this ratio can be obtained with more than 20 mode shapes. It

increases the time of the analysis.

In the response spectrum analysis process, the seismic load was defined as a lateral
force in X and Y directions according to the Turkish Seismic Code, 2007 (Ex and Ey).
Two types of load cases were defined as G+Q+Ex and G+Q+Ey which are the
combinations of dead load, live load and seismic load in both X and Y directions.
Elastic Seismic load definition was applied according to the spectral acceleration
coefficient, which shows differences from one to another construction due to the
effective ground acceleration coefficient and building importance factor shown in

equation 4.1.

A(T)=Aol S(T) (4.1)

Table 4.6 : Effective ground acceleration coefficient (Turkish Seismic Code, 2007).

Seismic Zone 1 2 3 4

Ao 04 03 02 01

Elastic spectral acceleration Sae (T) is derived by multiplying Spectral Acceleration
Coefficient with accelaration of gravity (Equation 4.2).

Sae (T)=A(T) g (4.2)

The Spectrum Coefficient, appearing in equations 4.3, 4.4 and 4.5 are determined
depending on the local site conditions and the building natural period.
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T
S(T) =1+ 1.5%— (0 <T <Th) (4.3)

Ty

S(r) =25 (Ta< T<Te) (4.4)
0.8

S(T) = 2.5 * (%) (Te<T) (4.5)
ST
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S(N=25(Tw/T)"®

Figure 4.48 : The design spectra (Turkish Seismic Code, 2007).

Spectrum Characteristic Periods, Ta and Tg, appearing in equation 4.4 are specified,
depending on local site classes are defined in table 4.7. Table 4.8 gives the all-seismic
parameters for all bridges separately. The analyses were carried out by using these

parameters.

Table 4.7 : Spectrum characteristic periods (Turkish Seismic Code).

Local  T,(second)  Ta(second)
Site Class
z1 0.10 0.30
z2 0.15 0.40
z3 0.15 0.60
z4 0.20 0.90

Table 4.8 : Seismic assessment parameters for selected bridges.

Bridge Location  Seismic Soil Ao |
Dicle Diyarbakir 2 Z1 0.3 1.2
Malabadi Diyarbakir 1 Z1 0.4 1.2
Papaz Istanbul 1 Z1 0.4 1.2
Sinanhi-Alpullu Kirklareli 4 Z1 0.1 1.2
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Due to the historical value of bridges, the material properties cannot be obtained easily.
In this thesis, the KGM provided some information about the property of the materials.
Additional information about material properties was obtained from literature review
(Pela et al, 2009). The material properties were shown in the table 4.9. The most

appropriate properties were applied to analyze the structure.

Table 4.9 : Material properties used in analyses (adopted from Pela et al., 2009).

Tensile  Compression
Modulus of Mass
Material Elasticity Poisson Density Strefngth Strength (fc)
Ratio (p) (fy) (MPa)
(MPa) (N/mm?/g) (MPa)
Stone 5000 0.2 2.16*%10° 0.3 3
Brick 4000 0.2 1.76*10°° 0.2 2
Infill 500 0.2 1.76*10° 0.1 1

4.3.2 Nonlinear static analysis (NLSA)

In nonlinear analysis process for both static and dynamic analyses, Total Stain Crack
Rotating constitutive model was used. This model was determined according to the
study of Scheibmeir (2012) which discussed four different constitutive materials
which is found in DIANA library. This method is based on total strain where the stress
is described as a function of the strain (Scheibmeir, 2012). The total strain based crack
models follow a smeared crack approach. Selected compression and tension softening

for Total Strain crack model was given in figure 4.49 for selected bridges.

'fc

Figure 4.49 : Predefined ideal compression and tension softening for Total Strain
crack model (TNO DIANA, 2014).

The analysis processes were conducted in Mesh Edit program (TNO DIANA, 2014).
Two different load steps were applied in the analysis. First step was eigenvalue

analysis to determine mode shapes which are effective while running nonlinear static
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analysis named push over analysis. Then the second step was nonlinear analysis. The
structural model was subjected to gravitational load and then lateral forces according

to the mass distribution obtain from eigenvalue analysis in nonlinear analysis.
The assumptions in DIANA during analysis for the nonlinear static analysis are:

e Steps for self-weight was 0.2(5).

e Steps for push over load was 1(250).

e Arc length control was used in the second load step (push over).

e Physical nonlinearity of the model was taken into account.

e Maximum number of iterations was 100.

e Convergence tolerance for displacement and force were selected 0.0001.

e The iterative method used was Secant (Quasi-Newton).

4.3.3 Nonlinear dynamic analysis (NLDA)

Nonlinear Dynamic Analysis is the most powerful tool as for seismic assessment. But,
the definition of the parameters used in analysis is not easy and need complicated
knowledge. It is also named as time history analysis. Selected set of ground motion
records were applied to the bridges. For local soil class A which is defined as massive
volcanic rocks, unweathered sound metamorphic rocks, stiff cemented sedimentary
rocks, very dense sand, gravel and hard clay and silty clay according to the Turkish
Seismic Code, 2007, ten ground motion records obtained from Pasific Earthquake
Engineering Research (PEER) database were chosen to apply for time history analyses
(URL-3). Selected ground motions are given in table 4.10. The nonlinear material

properties used at the model were given in table 4.9, previously.

As for the nonlinear dynamic analysis, the assumptions in DIANA during analysis that

are:

e Damping ratio was given in eigenvalue analyses prior to structural nonlinear

analysis to introduce into the model.
e Load step for self-weight was entered before time steps.

¢ Physically nonlinear and transient effects were added as a nonlinear effect.
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e  Maximum number of iterations was 10.
e Convergence tolerance for displacement and force were selected 0.01.

e The iterative method was Newton-Raphson method.

Table 4.10 : Ground motion records for soil A.

. Peak
Magnitu Vs .
Earthquake Ground Rjb )
No Date de Record (cm/ ) Mechanism
Name Motion (km)
(Mw) s)
C))

1 Morgan Hill 24/04/1984 6.2 G01320 29 0.098 16.2  Strike Slip

2 Coyote Lake 06/08/1979 5.7 G01320 8.3 0.132 9.3  Strike Slip

3 Landers  28/06/1992 7.3 ABY090 20 0.146  69.2  Strike Slip
Reverse
4 Loma Prieta 18/10/1989 6.9 MCH000 35 0.073 4438 )
Oblique
Reverse
5 Lytle Creek 12/09/1970 5.9 CSM095 18 0.071 886 )
Oblique
N. Palm Reverse
6 ] 08/07/1986 6.0 AZF225 58 0.099 20.6 ]
Springs Oblique
Whittier Reverse
7 01/10/1987 5.3 MTWO000 40 0.123 204 ]
Narrows Oblique
8 Kocaeli  17/08/1999 7.5 1zT180 81 0.19 3.62  Strike Slip
9 Kocaeli ~ 17/08/1999 7.5 GBz270 7.9 0.19 7.57  Strike Slip
10 Duzce 12/10/1999 7.14 RSN8165 7.6 0.29 4.21  Strike Slip
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5. ANALYSES RESULTS

In this research, four bridges which have different geometric properties were selected

to assess these bridges in 3 different approaches which are:

e The selected bridges were modelled with two different mesh sizes. The
structural linear and structural response spectrum analyses were performed for
the selected bridges. Obtained results from modal analysis and structural
response spectrum analysis was compared for the model with fine and coarse
meshesing. The differences between the vertical stress, shear stress and
maximum displacements, which were obtained both model types, were

discussed in section 5.1.

e To carry out nonlinear analyses, which approximate give more realistic results
than structural response spectrum, but they are complex and time consuming.,
the 3D models of selected bridges with coarse meshing were chosen. Nonlinear
static analyses (pushover) were performed for selected bridges by using same
material properties. In this step, the geometric properties of the selected bridges
such as span, rise and thickness of the arches were compared in section 5.2

according to the obtained pushover curves for each selected bridges.

e Nonlinear dynamic analyses were performed for each bridge with ten ground

motion records for A soil class in section 5.3.

In the graphs, tension stress is positive given in red color, and compression stress is

negative given in blue color. The stress units are N/mm? (MPa).

5.1 Structural Linear Static and Structural Response Spectrum Analyses

5.1.1 Dicle (On gozlu) Bridge

To obtain modal characteristics of the bridge, free vibration analysis was carried out.
Frequencies of the bridge for the first eight modes are given in table 5.1. The mode

shapes for the first three modes of the bridge with fine and coarse meshes are shown
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in figure 5.1. Although the modal frequencies are the same for the model both with
fine and coarse meshes, mode shapes are different (Figure 5.1). The model with fine
mesh gives a complex vertical and longitudinal response in the first mode and mostly
transverse response of the bridge was observed for the second mode. However, the
model with coarse mesh gives transverse response only in the first mode. The third
and some higher mode shapes represent a complex torsional response of the structure
for both models. The natural period, in the first mode of the models with fine and

coarse meshes, are 7.1Hz and 6.9Hz, respectively.

FINE MESH COARSE MESH

oy

MODE 3 MODE 3

Figure 5.1 : Modal deformed shapes of Dicle (On gozlu) Bridge, the models with
fine and coarse meshes, respectively.

Table 5.1 : Modal frequencies of Dicle (On Gozlu) Bridge.

Mode shape 1 2 3 4 5 6 7 8

Fine Mesh-f (Hz) 7.1 7.2 8 8.4 8.5 8.7 9.3 9.7
Coarse Mesh-f (Hz) 6.9 7.7 7.8 8.4 8.8 8.9 9.2 9.6
Differences -2% 5% -2% 1% 3% 3% -1% -2%
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Analysis with G+Q combination gave the maximum vertical displacement (DtZ) value
of -1.5mm and the maximum compression stresses (SZZ) reached up to 0.8MPa for
both models created by using fine and coarse meshes. The vertical stress distribution
of the models with fine mesh and coarse mesh are given in figure 5.2 and figure 5.3,
respectively. Compression stresses (SZZ) were mainly localized around the piers and
flood splitters as well as springing levels of the arches.
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Figure 5.2 : Vertical stress distribution (SZZ) under G+Q load case (Scale: 0.12MPa
/-0.8MPa), model with fine mesh.

Figure 5.3 : Vertical stress distribution (SZZ) under G+Q load case (Scale: 0.12MPa
/-0.8MPa), model with coarse mesh.

Under G+Q+Ex load case along with longitudinal direction, 7.5mm and 6.8mm
maximum displacement were obtained at the region with sudden section change along
with X direction for both models (Figure 5.4 and Figure 5.5). The tension and
compression stresses (SZZ) were at around 1.5MPa and 0.5MPa for both models. In
figure 5.6 and figure 5.7, the range of the results of the models are matching up with
each other. In G+Q+EXx case, the shear stress SZX varies in between 0.7MPa to -
0.1MPa mostly on the spandrels (Figure 5.8 and Figure 5.9).
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Figure 5.4 : The transversal displacement (DtX) (mm) with G+Q+EX load case,
model with fine mesh.

Figure 5.5 : The transversal displacement (DtX) (mm) under G+Q+Ex load case,
model with coarse mesh.

Figure 5.6 : Vertical stress distribution (SZZ) under G+Q+Ex load case (Scale
1.5MPa /-0.5MPa), model with fine mesh.

Furthermore, the 6" span of the bridge from the west side shows the maximum values
for SZX shear stress. However, the shear stress of other spans varies from OMPa to
0.4MPa.
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Figure 5.7 : Vertical stress distribution (SZZ) under G+Q+EXx load case (Scale:
1.5MPa /-0.5MPa), model with coarse mesh.
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Figure 5.8 : SZX Shear stress distribution under G+Q+EXx load case, (Scale:
0.7MPa/ -0.1MPa), model with fine mesh.
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Figure 5.9 : SZX Shear distribution under G+Q+Ex load case, (Scale: 0.7MPa/ -
0.1MPa), model with coarse mesh.

Under G+Q+Ey load combination including seismic loading along transverse
direction, in terms of vertical normal stresses (SZZ), the tension stress of 1MPa and
compression stress of -0.5MPa were obtained. The maximum values were generally
observed around flood splitters attached piers between spans of 2-3 and 3-4 (Figure
5.10 and Figure 5.11).
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Figure 5.10 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale:
1.0MPa /-0.5MPa), model with fine mesh.

Figure 5.11 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale:
1.0MPa /-0.5MPa), model with coarse mesh.

Maximum tension stresses occurred at near downstream side of piers. 8.5mm and
9.2mm maximum displacements were investigated at the top of the parapet on the
maximum span in Y direction for both models as seen in figure 5.12 and figure 5.13
under G+Q+Ey load combination. Shear stresses are also evaluated. The shear stress
obtained for SYZ (oyz), reached up 0.8MPa (Figure 5.14 and Figure 5.15). Shear stress

of SYZ also mostly localized at inner surfaces of the arches.
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Figure 5.12 : The transversal displacement (DtY) (mm) under G+Q+Ey load case,
models with fine mesh.
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Figure 5.13 : The transversal displacement (DtY) (mm) under G+Q+Ey load case,
models with coarse mesh.

Figure 5.14 : SYZ Shear stress distribution under G+Q+Ey load case, (Scale:
0.8MPa/ OMPa), model with fine mesh.

Figure 5.15 : SYZ Shear stress distribution under G+Q+Ey load case, (Scale:
0.8MPa/ OMPa), model with fine mesh.

The global stress and shear distributions are given in table 5.2. Maximum
displacements in X and Y directions are given and compared for fine and coarse
meshes in table 5.3. The extreme and localized values for normal stress and shear stress
values obtained under two different load combinations were eliminated from results in
table 5.2.
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Table 5.2 : The differences between stress results of the models with fine and coarse meshes for Dicle Bridge.

Global maximum

stresses under 2
Normal

Global minimum stresses
under 2 different load

Percentage of stress
distribution under g+qg+ex load
case for 2 different model

Percentage of stress
distribution under g+q+ey load
case for 2 different model

different load cases cases
and approaches approaches
Shear
Stresses
(MPa) Under Under Under Under Fine Coarse Difference of Fine Coarse Difference
G+Q+Ex  G+Q+Ey  G+Q+Ex G+Q+Ey Mesh Mesh stress Mesh Mesh of stress
Load Case Load Case Load Case Load Case distribution distribution
SXX 0.80MPa 0.60MPa  -0.10MPa -0.20MPa 94.7 94.2 -1% 990.1 08.7 0%
SYY 0.20MPa 0.70MPa  -0.10MPa -0.20MPa 89.3 90.2 1% 99.7 99.6 0%
SzZZ 1.50MPa 1.00MPa  -0.50MPa -0.70MPa 99.2 98.9 0% 98.5 96.7 -2%
SXY 0.10MPa 0.70MPa OMPa OMPa 88.6 86.9 -2% 98.1 96.5 -2%
SYZ 0.20MPa 1.00MPa OMPa OMPa 83 84.3 2% 93.1 945 1%
SZX 0.40MPa 1.00MPa OMPa OMPa 83.1 83.2 0% 99.4 99.3 0%

54



Table 5.3 : The differences between displacement results of the models with fine and
coarse meshes for Dicle (On gozlu) Bridge.

Difference of

Displacements Fine Mesh Coarse Mesh Di Load Case
isplacements
DtX 7.47mm 6.87mm 9% G+Q+EX
Load Case
G+Q+EY
0
DtY 8.53mm 9.23mm 8% Load Case

5.1.2 Malabadi Bridge

Malabadi has the biggest span within the case study, and it has the second biggest span
in Turkey inside historical stone arch bridges. The increase of the span and height
result in the increase of the fragility. The natural frequency of the Malabadi Bridge
starts from 2.14Hz and 2.12Hz for the models with fine and coarse meshes. The modal
frequencies are given in table 5.4. The models with fine mesh show transverse
response in the first mode and mostly vertical and longitudinal response of the bridge

was observed for the second mode.

Table 5.4 : Modal frequencies of Malabadi Bridge.

Mode shape 1 2 3 4 5 6 7 8

Fine Mesh-f 214 355 46 506 56 599 653 686
(Hz)
Coars(il'xesr"f 212 347 447 506 56 58 65 673

Difference 1% -2% -3% 0% 0% -2% 0% -2%

The deformed shapes obtained from free vibration analysis also can be seen in figure
5.16. The higher values were recorded at west side of the bridge. Because there are
angular breaks which divide bridge into the two pieces, east and west; west side has
the biggest span from upstream. Deformation can be seen at the west side of the bridge.
Models with fine and coarse meshes show the same deformed shaped for first three

modes, and the frequencies are approximately the same.
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Figure 5.16 : Modal deformed shapes of Malabadi Bridge, the models with fine and
coarse meshes, respectively.

With G+Q+EXx load case, due to the shape of bridge, it showed important deflections
both in X and Y directions. The highest displacement in X direction, which can be

seen at the top of the gate of the bridge, was approximately 15mm for both models
(Figure 5.17 and Figure 5.18).

Figure 5.17 : The transversal displacement (DtX) (mm) under G+Q+EXx load case,
model with fine mesh.
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Figure 5.18 : The transversal displacement (DtX) (mm) under G+Q+EX load case,
model with coarse mesh.

In addition, meaningfully displacements around 14mm occurred at the east part of the
bridge which has two small span in Y direction (Figure 5.19 and Figure 5.20). As
shown in obtained results under G+Q+EXx load case, the results obtained from both

models have good agreement with each other.

Figure 5.19 : The longitudinal displacement (DtY) (mm) under G+Q+Ex load case,
model with fine mesh.

Figure 5.20 : The longitudinal displacement (DtY) (mm) under G+Q+Ex load case,
model with coarse mesh.

The tension and compression stresses (SZZ) were around 2MPa and 0.7MPa for both

models. The range of the tension and compression stresses were same for both models
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to determine differences between them. The highest tension stress occurred at the pier
which is located between two arches of east side of bridge as seen in figure 5.21 to
figure 5.23. In G+Q+EX case, the shear stress (SZX) fluctuated between 1MPa to -
0.1MPa mostly on the spandrels (Figure 5.24 and Figure 5.25). Furthermore, the
maximum span of the bridge from the west side gives the maximum values for SZX
shear stress. However, the shear stress of other spans varied from zero to 0.4MPa.

Figure 5.21 : Vertical stress distribution (SZZ) under G+Q+EX load case (Scale
2MPa /-0.7MPa), model with fine mesh, downstream.

Figure 5.22 : Vertical stress distribution (SZZ) under G+Q+EXx load case (Scale
2MPa /-0.7MPa), model with coarse mesh, downstream.

Figure 5.23 : Vertical stress distribution (SZZ) under G+Q+EXx load case(Scale
2MPa /-0.7MPa), the models with fine and coarse meshes, upstream.

58



Figure 5.24 : SZX Shear stress distribution under G+Q+Ex load case, (Scale: 1MPa/
0.1MPa), model with fine mesh.

Figure 5.25 : SZX Shear stress distribution under G+Q+EXx load case, (Scale:
1MPa/ 0.1Mpa), model with coarse mesh.

Under G+Q+Ey load case, the maximum longitudinal displacement (DtY), which was
around 96mm and 98mm for both models with fine and coarse meshes, respectively,
was at the top of the parapet upper maximum span. Both models have close
displacements in Y direction under G+Q+Ey load case as seen in figure 5.26 and figure

5.27.

Figure 5.26 : The longitidunal displacement (DtY) (mm) under G+Q+Ey load case,
model with fine mesh.
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Figure 5.27 : The longitidunal displacement (DtY) (mm) under G+Q+Ey load case,
model with coarse mesh.

The maximum tensile stress under G+Q+Ey load case was 3.0MPa. However,
according to the results, the majority part of the spandrel walls were exposed tensile

stresses which were higher than 0.3MPa as seen between in figure 5.28 to figure 5.31.

Figure 5.28 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale
3MPa /-0.8MPa), model with fine mesh, downstream.

Figure 5.29 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale
3MPa /-0.8MPa), model with coarse mesh, downstream.
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Figure 5.30 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale
3MPa /-0.8MPa), model with fine mesh, upstream.

Figure 5.31 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale
3MPa /-0.8MPa), model with coarse mesh, upstream.

The maximum tensile stress (SZZ) were located at the piers. The stresses accumulated
at that pier. The flood splitter also had the maximum tension stresses at the connection
point. The main arch had the peak compression stress as 0.8MPa on the both sides of
the arches bottom (Figure 5.32). SZX shear stress shown in figure 5.33 and figure 5.34

comes up to 2MPa level at the west side of the main arch.

Figure 5.32 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale
3MPa /-0.8MPa), model with fine and coarse meshes, maximum span of bridge.
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Figure 5.33 : SZX Shear stress distribution under G+Q+Ey load case, (Scale: 2MPa/
-0.4MPa), model with fine mesh.

Figure 5.34 : SZX Shear stress distribution under G+Q+Ey load case, (Scale: 2MPa/
-0.4MPa), model with coarse mesh.

The results obtained from two different models with different mesh sizes were
compared with each other. The distribution of the normal and shear stresses were
discussed for the same scale. The differences of the results within the same scale are
shown in table 5.5 and table 5.6.

Table 5.5 : The differences between displacement results of the models with fine and
coarse meshes for Malabadi Bridge.

Difference of

Displacements  Fine Mesh  Coarse Mesh o) oo ongs  L0ad Case
G+Q+EX

0,
DtX 14.93mm 14.9mm 0% Load Case
G+Q+EY

0,
DtY 95.71mm 97.58mm 2% Load Case
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Table 5.6 : The differences between stress results of the models with fine and coarse meshes for Malabadi Bridge.

Global maximum
stresses under 2

Global minimum stresses
under 2 different load

Percentage of stress

Percentage of stress

distribution under g+qg+ex load distribution under g+qg+ey load

case for 2 different model

case for 2 different model

Normal different load cases cases approaches approaches
and
Shear P R
Under Distribution Distribution
Stresses Gr01Ex Glig(féy Gggieéx Gggieéy Fine Coarse  offineand  Fine  Coarse  of fine and
Load Case | oad Case  Load Case  Load Case Mesh  Mesh coarse Mesh ~ Mesh coarse
meshes meshes
SXX 2.00MPa  4.00MPa -0.10MPa  -0.10MPa  98.7 96.1 -3% 98.5 94 -5%
SYY 0.50MPa  0.50MPa -0.10MPa  -0.10MPa  98.3 96 -2% 97.8 93.1 -5%
Szz 2.00MPa  2.50MPa -0.20MPa  -0.10MPa  94.4 90.6 -4% 99.4 97.1 -2%
SXY 0.50MPa  1.50MPa OMPa OMPa 97.1 94.2 -3% 98.3 96.2 -2%
Syz 0.70MPa  1.00MPa OMPa OMPa 94.7 93.2 -2% 97.2 95.7 -2%
SzX 1.00MPa  1.00MPa OMPa -0.20MPa  93.9 88.9 -6% 95.1 91.5 -4%
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5.1.3 Papaz Bridge

Papaz Bridge is the shortest one within the case studies. Hence, the obtained results
for natural frequency are logical when compare with the other bridge due to
resemblance of the material properties used in analysis process. The first frequencies
of the Papaz Bridge are 20.55Hz for the model with fine mesh and 20.84 Hz for the
model with coarse mesh. The modal frequencies belong to first eight modes are shown
in Table 5.7. The deformed shapes obtained from free vibration analysis can be seen

in figure 5.35.

FINE MESH COARSE MESH

MODE 1 MODE 1

MODE 2 MODE 2

MODE 3 MODE 3

Figure 5.35 : Modal deformed shapes of Papaz Bridge, the models with fine and
coarse meshes, respectively.
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Table 5.7 : Modal frequencies of Papaz Bridge.

Mode shape 1 2 3 4 5 6 7 8

Fine Mesh-f (Hz) 20.55 21.02 24.34 2658 273 289 321 369

Coarse Mesh-f

(H2) 20.84 2121 2454 26.8 27.58 29.14 32.47 37.29

Differences 1% -1% 1% -1% 1% -1%  -1% -1%

The displacement was 0.8mm in X direction at the top of the central arch under
G+Q+Ex load case for both models (Figure 5.36 and Figure 5.37). These results were
associated with the rigid structure in spite of the high deformation level on bridge. The

maximum tensile and compression stresses (SZZ) were around 0.2MPa.

Figure 5.36 : The transversal displacement (DtX) (mm) under G+Q+EX load case,
the models with fine mesh.

Figure 5.37 : The transversal displacement (DtX) (mm) under G+Q+EX load case,
the models coarse mesh.

The maximum tensile stress was mostly found at the level of springer stones and the
bottom of buttresses (Figure 5.38 and Figure 5.39).
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Figure 5.38 : Vertical stress distribution (SZZ) under G+Q+EXx load case (Scale
0.2MPa /-0.2MPa), model with fine mesh.

Figure 5.39 : Vertical stress distribution (SZZ) under G+Q+EXx load case (Scale
0.2MPa /-0.2MPa), model with coarse mesh.

Under G+Q+Ey load case, maximum longitudinal displacement (DtY) was 1mm at the
top of the key stone for both models (Figure 5.40 and Figure 5.41). The maximum
tensile stress (SZZ) located on the buttresses. Besides, the maximum compression
stress (SZZ) occurred at the bottom level of the vaults as seen in figure 5.42 and figure
5.43.

Figure 5.40 : The longitudinal displacement (DtY) (mm) under G+Q+Ey load case,
the models with fine mesh.
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Figure 5.41 : The longitudinal displacement (DtY) (mm) under G+Q+Ey load case,
the models with coarse mesh.

Figure 5.42 : Vertical stress distribution (SZZ) under G+Q+Ey load case(Scale
0.2MPa /-0.2MPa), model with fine mesh.

Figure 5.43 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale
0.2MPa /-0.2MPa), model with coarse mesh.

The shear stress reached up maximum 0.24MPa level. This peak level occurred at the
connection between buttress and spandrel wall. Especially, peak level can be seen at
the level of vanished flood splitter. The invisible part of the results given in figure 5.44
and figure 5.45 demonstrate the extracted part of shear stress which is bigger than
0.2MPa and smaller than OMPa. The differences of the results within the same scale
are shown in table 5.8 and table 5.9.
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Figure 5.44 : SZX Shear stress distribution under G+Q+Ey load case, (Scale:
0.2MPa/ 0.0MPa), model with fine mesh.

Figure 5.45 : SZX Shear stress distribution under G+Q+Ey load case, (Scale:
0.2MPa/ OMPa), model with coarse mesh.

Table 5.8 : The differences between displacement results of the models with fine and
coarse meshes for Papaz Bridge.

Displacements ~ '"®  Coarse Mesh D'Trerence of Load Case
Mesh Displacements
DtX 0.8mm 0.78mm -9% G+Q+EX Load
Case
DtY 1.06mm 1.03mm 8% G+Q+EY Load

Case

5.1.4 Sinanh-Alpullu Bridge

The natural frequencies of the Sinanli-Alpullu bridge models with fine and coarse
meshes are 7.8Hz and 8Hz. The deformed shapes obtained from free vibration analysis
can be seen in figure 5.46 for both models. The frequencies of first eight modes are
given in table 5.10. The difference of the modal frequencies of two models with fine
and coarse meshes does not exceed 10%. In addition, the deformed shapes of the

models are close to each other for first three modes.
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Table 5.9 : The differences between stress results of the models with fine and coarse meshes for Papaz Bridge.

Global minimum
stresses under 2

Global maximum
stresses under 2

Percentage of stress distribution
under g+g+ex load case for 2

Percentage of stress distribution
under g+g+ey load case for 2

NO”S"J" different load cases different load cases different model approaches different model approaches
an
Shear
Stresses
(MPa) Difference Difference
Under Under Under Under Fine Coarse between stress Fine Coarse between stress
G+Q+Ex G+Q+Ey  G+Q+Ex G+Q+Ey Mesh Mesh distribution of Mesh Mesh distribution of
Load Case Load Case Load Case Load Case fine and fine and
coarse meshes coarse meshes
SXX 0.40 0.10 -0.02 -0.05 96.3 92.9 -4% 98.8 97.8 -1%
SYY 0.10 0.50 -0.02 -0.02 97.9 95 -3% 990.1 98.6 -1%
SZZ 0.25 0.20 -0.10 -0.10 93.1 92.8 0% 95.2 93 -2%
SXY 0.04 0.50 -0.01 0 98.1 97.2 -1% 98.9 98.9 0%
SYZ 0.06 0.25 -0.01 0 96.3 98.1 2% 934 93.9 1%
SZX 0.20 0.25 -0.02 -0.03 96.5 95.4 -1% 97.8 96.6 -1%
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FINE MESH COARSE MESH

MODE 1 MODE 1

MODE 2 MODE 2

MODE 3 MODE 3
Figure 5.46 : Modal deformed shapes of Sinanli-Alpullu Bridge, respectively.

Table 5.10 : Modal frequencies of Sinanli-Alpullu Bridge.

Mode shape 1 2 3 4 5 6 7 8

Fine Mesh f (Hz) 7.8 99 102 108 133 139 148 155

Coarse Mesh f

80 107 110 114 139 149 153 169
(Hz)

Differences 3% 8% 8% 6% 5% -7% -4% -9%

The displacement of the bridge under the G+Q+Ex load case was obtained 1.36mm
and 1.12mm for the models created fine and coarse meshes (Figure 5.47 and Figure
5.48). After removed localized stress values, the most intense stress distribution (SZZ)
varies between OMPa/ -0.5MPa under G+Q+Ex load case (Figure 5.49 and Figure
5.50). According to this distribution, tensile stress had ignorable percentage within the
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vertical stress (SZZ). The bridge had compression stress which located mainly around

the bottom side of the spans.

Figure 5.47 : The transversal displacement (DtX) (mm) under G+Q+EX load case,
the models with fine mesh.

Figure 5.48 : The transversal displacement (DtX) (mm) under G+Q+EX load case,
the models with coarse mesh.

Figure 5.49 : Vertical stress distribution (SZZ) under G+Q+EXx load case (Scale
OMPa /-0.5MPa), model with fine mesh.

Figure 5.50 : Vertical stress distribution (SZZ) under G+Q+EX load case (Scale
OMPa /-0.5MPa), model with coarse mesh.

Under G+Q+Ey load case, obtained results were as expected. Maximum longitudinal
displacements (DtY) were 2.85mm and 2.55mm at the top of the maximum span for
both models (Figure 5.51 and 5.52). The vertical stress (SZZ) reached up maximum

0.5MPa compression stress as seen in figure 5.53 and figure 5.54.
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Figure 5.51 : The longitudinal displacement (DtY) (mm) under G+Q+Ey load case,
the models with fine mesh.

Figure 5.52 : The longitudinal displacement (DtY) (mm) under G+Q+Ey load case,
the models with coarse mesh.

Figure 5.53 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale
OMPa /-0.5MPa), model with fine mesh.

Figure 5.54 : Vertical stress distribution (SZZ) under G+Q+Ey load case (Scale
OMPa /-0.5MPa), model with coarse mesh.

The shear stress (SZX) reached the maximum 0.5MPa at the main arch (Figure 5.48
and Figure 5.49). The stress distribution of the west side and east side of the bridge
was the same due to its symmetric geometry. The differences of the results within the
same scale are shown in table 5.11 and table 5.12.
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Figure 5.55 : SZX Shear stress distribution under G+Q+Ey load case, (Scale:
0.2MPa/ OMPa), model with coarse mesh.

Figure 5.56 : SZX Shear stress distribution under G+Q+Ey load case, (Scale:
0.2MPa/ OMPa), model with coarse mesh.

Table 5.11 : The differences between displacement results of the models with fine
and coarse meshes for Sinanli-Alpullu Bridge.

Fine Coarse Difference of

Displacements Mesh Mesh Displacements L oad Case

DtX 136mm  1.12mm -21% G+Q+EX Load
Case

DtY 2.85mm  2.55mm -12% G+Q+EY Load

Case

5.2 Nonlinear Static Analysis

Nonlinear static analysis named as push over analysis was performed to estimate
structural behavior by applying a constant gravity load that was increased step by step.
According to the Turkish Seismic Code, 2007 before application of incremental load
pattern, a nonlinear static analysis should be conducted. The results of nonlinear static
analysis can be considered as the initial conditions of the push over analysis (Turkish
Seismic Code, 2007). Applied load should be proportional to the vibration mode type
of the primary (dominant in the seismic direction) (Turkish Seismic Code, 2007).
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Table 5.12 : The differences between stress results of the models with fine and coarse meshes for Sinanli-Alpullu Bridge.

Global maximum
stresses under 2

Global minimum
stresses under 2

Percentage of stress distribution
under g+g+ex load case for 2

Percentage of stress distribution
under g+g+ey load case for 2

Normal different load cases different load cases different model approaches different model approaches
and
Shear
Stresses . _
Difference Difference
Under Under Under Under Fine Coarse between stress Fine Coarse between stress
G+Q+Ex  G+Q+Ey G+Q+Ex  G+Q+Ey Mesh Mesh distribution of Mesh Mesh distribution of
Load Case Load Case Load Case Load Case fine and fine and
coarse meshes coarse meshes
SXX 0.20MPa 0.10MPa  -0.20MPa -0.30MPa 96.3 91.9 -5% 97.1 94.2 -3%
SYY 0.10MPa 0.50MPa  -0.10MPa -0.20MPa 97 93.1 -4% 99.9 99.7 0%
SZZ OMPa 0.10MPa  -0.80MPa -0.60MPa 94.3 83.7 -13% 99.7 99.3 0%
SXY 0.03MPa OMPa -0.03MPa  -0.10MPa 96.5 92.4 -4% 90.4 88.2 -2%
SYZ 0.02MPa 0.10MPa  -0.02MPa -0.02MPa 94.5 89.5 -6% 96 94.8 -1%
SZX 0.20MPa 0.10MPa  -0.20MPa  -0.30MPa 94.4 88.3 -7% 99.8 99.4 0%
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Within the scope of this study, pushover analyses were performed with the DIANA
nonlinear static algorithm on the selected bridges. Same material properties were
selected to determine the influence of the geometric properties on the results. The
influence of the geometric properties was determined according to the pushover curves
which was created for randomly selected control node which is located at the facade
on the top of the maximum span of the bridges. The pushover curves of selected
bridges obtained with the Total Strain Based Cracked material model for control nodes
of selected bridges as seen in Figure 5.57. The pushover curves were formed according
to the ratio of base shear to weight (V/W) versus the ratio of displacement to height
(d/h) of the selected nodes.

Figure 5.57 : Control nodes of nonlinear static analysis.

Dicle Bridge gave maximum drift ratio (d/h) as 0.003 under maximum base shear force
that is 13% of the weight of the bridge. Malabadi Bridge also gave the maximum drift
ratio as 0.012 with maximum base shear that is 9% of the weight of the Malabadi
Bridge. Papaz Bridge gave the maximum drift capacity as 0.0025 under base shear that
is the 62% of its weight.

The maximum drift ratio of Sinanli-Alpullu is 0.006 under maximum base shear,

which is 23% of its own weight. The pushover curves for all selected bridges discussed

as sketched in Figure 5.58. According to the sketched pushover curves, Papaz Bridge

Is more rigid comparing to the others. It gives smallest drift ratio against highest V/W

Ratio. At the drift ratio of 0.002 for each bridge, the V/W ratio of Papaz, Sinanli-

Alpullu, Dicle (On Gozlu) and Malabadi Bridge are 0.60, 0.19, 0.13 and 0.07,
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respectively. This means that to occur same drift ratio, Papaz Bridge needs more force
than the other bridges (Figure 5.58).

Pushover Curves

0,7
= Dicle Bridge
0,6
- Malabadi Bridge
0,5
Papaz Bridge
0,4
= Sinanli-Alpullu Bridge
S 03
>
0,2
0,1 @
0
0 0,002 0,004 0,006 0,008 0,01 0,012 0,014

Drift Ratio (d/h)

Figure 5.58 : Pushover curves with Total Strain Cracked Model.

Cracked elements were considered according to the principle tensile stress distribution.
The crack percentage of the bridges and vaults were discussed with the increase of
base shear force in figure 5.59 and figure 5.60.
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Figure 5.59 : % of cracked elements of the bridges in Y direction vs base shear.
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Figure 5.60 : % of cracked elements of the vaults in Y direction vs base shear.

The last convergence step which used to decide crack percentage finish the analysis
when the bridge pass the threshold of the bearing capacity of the bridge. According to
the obtained results, for approximately 5000kN base shear force, Dicle (On Gozlu),
Malabadi, and Sinanli-Alpullu bridges showed near-zero crack. However, Papaz
Bridge’s last convergence step was concluded under 5652kN. It showed maximum
cracking of 16% at this last step. The reason of that Papaz Bridge has the shortest
length and weight when compared the other three bridges. It gave the maximum
cracking with the force, which is 60% of its weight. The cracking percentage

increased exponentially by increasing of base shear.

To compare cracking of vaults, three spans of Papaz and Sinanli Alpullu Bridges were
investigated. However, Malabadi Bridge has the vaults with maximum span and its
first mode shape is mainly located at this span. Thus, the pushover analysis was
performed on transversal direction of bridge. This approach was also applied to Dicle
(On Gozlu) Bridge as well. Three spans of the Dicle Bridge were taken account to
understand cracking ratio of spans. As expected, Malabadi Bridge which has the
maximum span within selected bridges, it gave the maximum cracking percentage at
last convergence step of nonlinear static analysis. Although, the Dicle, Papaz and
Sinanli-Alpullu Bridges has different spans, they gave nearly same cracking at the last
step of pushover analysis. However, base shear force are very different from each other

to led to this cracking percentage which is shown in figure 5.60. By comparing
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cracking results versus V/W ratio, the effects of the geometry were taken into account.
The only assessment based on base shear force may lend to misevaluation. Malabadi,
Dicle, Sinanli-Alpullu and Papaz Bridges need the V/W ratio which are 0.09, 0.13,
0.20, and 0.58, respectively, to result in 15% cracking of bridge (Figure 5.61). The
rigidity of the bridges can be lined up bigger than the smaller as Papaz, Sinanli-
Alpullu, Dicle and Malabadi Bridges. Under same V/W ratio, the bridges vaults show
approximately 40% cracking on the vaults (Figure 5.62).
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Figure 5.61 : % of cracked elements of the bridges in Y direction vs V/W ratio.
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Figure 5.62 : % of cracked elements of the vaults in Y direction vs V/W ratio.
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Crack patterns were obtained by assessing the tensile strength. According to the last
convergence step, 13.6% of the Dicle (On Gozlu) Bridge was exceed the tensile
strength of 0.3MPa (Figure 5.63). The pushover force was effective on the weak part
of the bridge which has 6m width due to the first mode shape. Thus, the principle
tensile stress distribution was mainly localized around the vaults that have bigger span.
The main cracking occurred two sides of the three vaults, which have the bigger spans
within ten spans. These three vaults showed 42% cracking on these three vaults (Figure

5.64).

Figure 5.63 : Principle tensile stresses after last converged load-step (pink:
>0.3MPa, Grey:<0.3MPa), upstream.

Inner surface of vaults

Outer surface of vaults

Figure 5.64 : Principle tensile stresses of the vaults after last converged load-step
(pink: >0.3MPa, Grey:<0.3MPa).

At the last convergence step, 24.6% of the Malabadi Bridge was exceed the tensile
strength of 0.3MPa (Figure 5.65 and Figure 5.66).

Figure 5.65 : Principle tensile stresses after last converged load-step (pink:
>0.3MPa, Grey:<0.3MPa), downstream.
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Figure 5.66 : Principle tensile stresses after last converged load-step (pink:
>0.3MPa, Grey:<0.3MPa), upstream.

The main cracking occurred two sides of the part with maximum span. The gate of
bridge also was damaged. The maximum span showed 57% cracking on the maximum
span (Figure 5.67). At the level of key stone, almost all stones were passed the 0.3MPa
of tensile strength. Therefore, tensile cracking was occurred at the key stones (Figure
5.67). The bridge has not symmetric geometry so the principle stress distribution is not
completely symmetric. Papaz Bridge was cracked around 15.6% (Figure 5.68). The
main cracking was observed on the spandrel wall of upstream. The short span near the
both side of the middle maximum span cracked partially. The vault with brick was
passed the threshold for tensile strength merely as seen in figure 5.69. The bridge is

symmetric. Thus, observed principle stress distribution was symmetric.

Inner surface of the maximum span

t

Figure 5.67 : Principle tensile stresses of the vaults after last converged load-step
(pink:>0.3MPa, Grey:<0.3MPa).

Sinanli-Alpullu Bridge was cracked around 19.5% (Figure 5.70). The main cracking
was located around the spandrel wall both sides of middle span. The short span near
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the both side of the middle maximum span gave tensile crossed cracking. Main three

vaults showed 39.2% cracking. The possible locations of the cracking can be seen in
figure 5.71.

Figure 5.68 : Principle tensile stresses after last converged load-step (pink:
>0.3MPa, Grey :< 0.3MPa).

Inner surface of the vaults
. I ‘ Outer surface of the vaults
Figure 5.69 : Principle tensile stresses of the vaults after last converged load-step
(pink: >0.3MPa, Grey:< 0.3MPa).

Figure 5.70 : Principle tensile stresses after last converged load-step (pink:
>0.3MPa, Grey:<0.3MPa).

Obtained drift ratio from the last convergence step of pushover analysis was discussed
according to the geometric properties of bridge. The assessment of geometrical
properties was done with maximum capacity of drift ratio obtained from pushover
analysis versus geometric dimensions. In figure 5.72, span and rise dimensions of the
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maximum span of selected bridges were compared with the maximum capacity of drift

ratio.

@m-;nm

Inner surface of the vaults

A ey

Outer surface of the vaults

Figure 5.71 : Principle tensile stresses of the vaults after last converged load-step
(pink: >0.3MPa, Grey:<0.3MPa).
The span, rise and thickness of the arches are directly proportional to the maximum
drift ratio capacity (Figure 5.73). Span, rise and thickness parameters have been
considered simultaneously to design of the arch bridges. Rise and thickness of the arch
depend on the span. The width of the bridge also affects the drift ratio of selected
bridges.

Applied force was stable for selected bridges, and with the stable force, which is 0.14g,
drift ratios of selected bridges are given in figure 5.74. According to the obtained
results, the Malabadi Bridge, which has the biggest span dimensions within selected
bridges, gave the maximum drift ratio. Although the applied force was the same for
selected bridge, the results in good agreement with increase of span due to the different

weight of the selected bridges.
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Figure 5.72 : Drift ratio vs span and rise dimensions of maximum span at the last
convergence step of pushover analysis for selected bridges.
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Drift Ratio(d/h) ® Thickness of the arch (t)
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Figure 5.73 : Drift ratio vs thickness of the arch maximum span at the last
convergence step of pushover analysis for selected bridges.
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Figure 5.74 : Drift ratio vs span and rise dimensions of maximum span with same
loading for selected bridges.

5.3 Nonlinear Dynamic Analysis

The FE model and material properties are the same with the nonlinear static analysis.
Nonlinear dynamic analysis was conducted with real ground motion records.
Nonlinear dynamic analysis gives more accurate results comparing to other seismic
assessment methods (FEMA 440, 2005).
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Figure 5.75 : Selected ground motion records graph, vertical axis shows acceleration
(m/sec?), and horizontal axis shows time (second).
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According to the Turkish Seismic Code, in linear and nonlinear analysis, at least seven
ground motion records have to be assessed to use average of the response quantities as
the design value. Within the scope of the time history analyses, ten ground motion
records were applied on selected bridges. Ten ground motion records for soil class A
were given in figure 5.75. These ground motion records were applied in transversal
direction (Y) of selected bridges. Obtained ratio of maximum base shear force to
weight versus ratio of maximum displacement to height of the bridge were discussed.
The displacements-time curve with ten ground motions are given in between figure
5.76 to figure 5.79 for selected bridges. Within ten ground motions, Duzce, Turkey
earthquake has the maximum peak ground acceleration. The displacement obtained
with Duzce, Turkey earthquake is the maximum comparing to other earthquakes as
expected. The maximum displacement (top of the maximum span) obtained in
nonlinear analysis of Dicle Bridge is 48mm and the corresponding acceleration is
0.001g (Figure 5.76).

Dicle (On Gozlii) Bridge

50

GO01320
ABY090
—— CSMO095
— MCHO000
—GO01320
35 40 45 50 AzF2os
MTWO000
——RSN8165
—1ZT180
—GBZ270

Displacement (mm)

Time (Second)

Figure 5.76 : Time-history of displacement of Dicle Bridge for nonlinear dynamic
analyses of ten ground motion records.

The maximum displacement (top of the maximum span) obtained in nonlinear analysis
of Malabadi Bridge is 79.9mm and the corresponding acceleration is 0.01g in Duzce,

Turkey accelogram (Figure 5.77). The maximum displacement obtained in nonlinear
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analysis of Papaz Bridge is 3.8mm and the corresponding acceleration is 0.002g with
Lander accelerogram (Figure 5.78).
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Figure 5.77 : Time-history of displacement of Malabadi Bridge for nonlinear
dynamic analyses of ten ground motion records.
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Figure 5.78 : Time-history of displacement of Papaz Bridge for nonlinear dynamic
analyses of ten ground motion records.
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Figure 5.79 : Time-history of displacement of Sinanli-Alpullu Bridge for nonlinear
dynamic analyses of ten ground motion records.
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The nonlinear analysis of Sinanli-Alpullu Bridge along the transversal direction ()
stops after 13.24 seconds in Duzce, Turkey accelerogram (Figure 5.79). Duzce, Turkey
earthquake has significant increase of the acceleration from 4 seconds to 15 seconds
as shown in accelerogram. The maximum displacement of 42mm occurred at 12.4
seconds. The maximum base shear and displacement values are given in figure 5.80 to
5.83 for selected bridges. Dicle and Malabadi Bridges have similar weights. Dicle
Bridge is more rigid comparing to Malabadi Bridge. In figure 5.80, Dicle Bridge gave
the maximum displacement of 48 mm with Duzce earthquake with 200000kN base
shear, however; in figure 5.81, Malabadi Bridge gave the maximum displacement of
80mm with Duzce earthquake with 110000kN. The reason is that Dicle Bridge has

smaller spans than Malabadi Bridge. Besides, Dicle Bridge has stiff piers.
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Figure 5.80 : Results of nonlinear dynamic analyses of Dicle (On Gozlu) Bridge
under ten ground motion records.
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Figure 5.81 : Results of nonlinear dynamic analyses of Malabadi Bridge under ten
ground motion records.
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Behavior of the Papaz Bridge can be seen in figure 5.82. Papaz Bridge has the smallest
span and length within selected bridges. Thus, obtained displacements versus base
shear reached up to the maximum value of 3.8mm in Lander earthquake. Sinanli-
Alpullu bridges showed its maximum displacement of 41.3mm in Duzce accelerogram
as seen in Figure 5.83.
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Figure 5.82 : Results of nonlinear dynamic analyses of Papaz Bridge under ten
ground motion records.
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Figure 5.83 : Results of nonlinear dynamic analyses of Sinanli-Alpullu Bridge under
ten ground motion records.

Nonlinear dynamic analyses for selected ten ground motion records and nonlinear

static (pushover) analysis results were compared for selected bridges between in figure
5.84 to figure 5.87.
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Figure 5.86 : Comparison of nonlinear static and dynamic analyses of Papaz
Bridge.
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Figure 5.87 : Comparison of nonlinear static and dynamic analyses of Sinanli-
Alpullu Bridge.
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6. CONCLUSIONS

The research determines:

the influence of the modelling which were created by using fine and coarse
meshes. By increasing the mesh size and number of sub domain element for
3D models, the results of structural linear, modal and structural response
spectrum analyses were compared for both models and discussed. Geometries

of selected bridges were introduced in DIANA FX+ software.

the significance of geometric properties on the load capacity of bridges. With
same material and boundary conditions, selected bridges were analyzed under
same assumptions. Geometry was selected as only variable. Geometric
properties such as span, rise, and thickness of the arch were compared for

selected bridges to understand the effect on the obtained results.

the correspondence of the results obtained from nonlinear static and nonlinear

dynamic analyses.

The major findings are:

Obtained mode shapes of the selected bridges with 2 different modelling
approaches were the same.

Selected bridges gave the nearly same results for structural linear analysis
under G+Q load case for fine and coarse meshes. The decrease of the element

size mainly affected the time of analyses and computational effort.

The difference between mode frequencies of selected bridges with fine and
coarse meshes fluctuated between in 1% to 8%. The minimum difference was
obtained for Malabadi Bridge and the maximum difference was obtained for

Sinanli-Alpullu Bridge.

The difference of the stress distribution obtained from response spectrum
analyses, which were carried out according to the Turkish seismic code in X

and Y directions for selected bridges, was obtained no more than 5% for Dicle,
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Malabadi and Papaz Bridges. However, the Sinanli- Alpullu Bridge gave the
13% difference for vertical stress distribution (SZZ2).

The maximum displacements in X and Y directions under G+Q+Ex and
G+Q+Ey load cases were obtained nearly the same for both fine and coarse

meshes.

According to the obtained pushover curves, Papaz Bridge needs more force
than the other bridges to show same drift ratio with the other selected bridges.

The reason of that the effect of geometry of the Papaz Bridge.

The increase of the span, rise and thickness resulted in the increase of the drift
ratio. These all parameters are related with each other in analytical design in
past.

Under the same V/W ratio, the cracking of the selected bridges and vaults with
maximum and minimum span was maximum and minimum, respectively.
Papaz Bridge gave the minimum cracking, and Malabadi Bridge gave the
maximum cracking. Papaz Bridge has the smallest span in selected bridges
and Malabadi Bridge has the maximum span. The span dimensions are directly
related with the results obtained from nonlinear static analyses.

The width of the bridges causes to increase or decrease the rigidity in
transversal direction. This parameter has the influence on drift ratio of selected
bridges. However, the effect of width is not meaningful when it is taken into

account only. It should be associated with length and height of the bridge.

In nonlinear dynamic analyses, as expected, within ten ground motion records,
Duzce record which has maximum peak ground acceleration between selected

ground motion records, gave the maximum drift ratio for selected bridges.

Pushover curves and ground motion records did not match with each other.
Only Papaz Bridge gave the approximately same curves for both nonlinear
static and dynamic analysis. The main reason of that the mass participation of
the first mode shape, which was used for the static analysis, is more than the
other bridges. Obtained first mode shapes of selected bridges were localized
around some parts of the bridges due to their length. But, Papaz Bridge has

symmetric geometry and the distribution of the first mode shape also was
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symmetric for whole bridges. To conduct nonlinear static analysis, mode than
one mode shape should be taken account to obtain more accurate results for

masonry.

The suggestions for further research:

The Finite element model can be created by using interface elements between
different structural elements of the bridge to obtain results that are more

realistic.

Mesh dimensions should be investigated by creating different models with
different mesh sizes. Also, nonlinear material models and material properties
should be obtained from laboratory and in situ tests to decide the most accurate

models with appropriate nonlinear material model.

The nonlinear dynamic analyses can be performed under more ground motion

records for different soil classes.

Material model should be changed, and nonlinear analyses should be discussed

in detail with different models.

Nonlinear static analysis should be performed by using more than one mode

shape to take account into the higher mass participating ratio.
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