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ABSTRACT

AN INVESTIGATION OF STRENGTHENING OF HISTORICAL MASNRY
CONSTRUCTIONS BY STEEL SKELETON

KUCUKDO AN, Bilge
M.S., Department of Architecture

Supervisor: Assoc. Prof. Alhsan Unay

August 2007, 114 pages

Historical masonry structures are important cultumasets which reveal the social,
archaeological, aesthetic, economical, politicath#ectural and technical features of
their times. Within the course of the time, theustures have been exposed to the
destructive effects of the nature and the man. Smasebeen able to survive somehow and
others were totally ruined. Most of the remainaddures are in vulnerable condition to
upcoming effects and for the continuity of theiregence, structural strengthening
applications are needed. A variety of applicatiaresused with different levels of respect
to original fabric and different extents of intemti@n within the principles of international

charters that regulate the intervention on hisébreconuments.

In this study, a method of strengthening for thetdrical masonry constructions is
developed in a general sense by the use of stedttek systems. In the proposed
methodology, it is aimed to approach the intaaicitiral conditions as much as possible
in the strengthened structure. For the study a 3@lahis created to compare the



behaviors of the intact and the modified structimethe modified model some structural
elements are replaced by the steel skeleton syasgem strengthening application. The
behavioral investigation of the two models is perfed in the finite element platform.
Finally, it is certified that this methodology sessfully efficient in approaching the
original intact condition of the structure undemcern as well as complying with the

restoration principles.

Keywords: Historical constructions, Masonry, Strreging of historical masonry, Steel
skeleton, Structural analysis of monuments
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TAR H Yl MA YAPILARIN CEL K SKELET SSTEMLER LE
GUGCLENDR LMES UZERNE BR NCELEME

KUCUKDO AN, Bilge
Yuksek Lisans, Mimarl k Bolimii
Tez Yoneticisi: Dog. Dr. Alihsan Unay

A ustos 2007, 114 sayfa

Tarihi y ma yap lar, yap Id klar donemin sosyal, arkeolpgstetik, ekonomik, politik,
mimari ve teknik 6zelliklerini yans tan dnemli kiitt varl klar d r. Zaman icerisinde bu
yap lar doal ve insan kaynakl c#li afetlere maruz kalm, bir k sm bir ekilde ayakta
kalabilmi ken blyik counlu u ise tamamen y k Imt r. Ayakta kalan yap lar n dar dan
gelebilecek bir etkiye kar oldukga savunmas z ve gli¢gsiz durumda oldmalatemgle
ayakata kalabilmeleri icin bir tak m guclendirméemlerine gerek duyulmaktad r. Orjinal
dokunun korunmas ve mudahalenin kapsam gibi fild ansur Uzerinde tarihi yap lara
uygulanacak midahaleleri diizenleyen ve uluslardrakiimlere uygunluk gésteren ¢ok

geni bir yelpaze de giclendirmdemleri yap Imaktad r.

Bu cal mada, celik iskelet sistemlerini kullanma esas agatl bir giiclendirme yéntemi
geli tirilmi tir. Bu yodntemde, gulglendirilen yap nn, orjinal rdmundaki davran na
yak nlatrimas amaclanmtr. Cal ma dahilinde davran 6zelliklerini gbzlemlemek
Uzere U¢ boyutlu bir yma yap model haz rlanmve ikinci bir model olarak baz ty c

Vi



elemanlar celik iskelet sistemleri ile ddirilmi tir. Davran belirlemek lzere yap lan
analizler sonlu elemanlar platformunda gerceldémi tir. Sonu¢ olarak, bu yéntemin
restorasyon prensiplerine uyarak yapnn orjinavrda na yak nlama da baar |
sonugclar verdii gozlemlenmitir.

Anahtar Kelimeler: Tarihi Yaplar, Yma Yap Sistemleri, Tarihi Yma Yap larn

Guclendirilmesi, Celikskelet Sistemleri, Tarihi Yap lar n Analizi
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PREFACE

“Turk Gencj devrimlerin ve cumhuriyetin sahibi ve bekgisidirurBar n gereine, do rulu una herkesten ¢ok inanrhr.
Ydnetim bigimini ve devrimleri benimsentir. Bunlar gli¢gsiiz diiirecek en kiiclik ya da en biyilk bir k p rt ve lavichn
duydu mu, “Bu ulkenin polisi vard r, jandarmas day ordusu vard r, adalet érgiti vard r” demeydiceklle, tala, sopa
ve silahla; nesi varsa onunla kendi yap t n kooajd r.Polis gelecek, as | suglular b rak p, sugive onu yakalayacakt r.
Geng, “Polis heniiz devrim ve cumhuriyetin polisiittir” diye di iinecek, ama hi¢ bir zaman yalvarmayacakt r. Mahkeme
onu yarg layacaktr. Yine diinecek, “demek adalet 6rgitiini de diizeltmek, yoneéitimine gore dizenlemek gerek”
Onu hapse atacaklar. Yasal yollarla kayk larda bulunmakla birlikte bana, akana ve meclise telgraflar yhr p,
haks z ve sugsuz oldu igin sal verilmesine ¢allmas n, kayr Imas n istemeyecek. Diyecek ki, fbi@ang ve kanaatimin
gere ini yapt m. Araya giriimde ve eylemimde hakly m. Er buraya haks z olarak gelrsém, bu haks z| ortaya koyan
neden ve etkenleri dizeltmek de benim gérevimdie benim anlad m Turk Genci ve Tirk Gengli'”

Mustafa Keman ATATURK, 5 ubat 1933
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officially not long ago started journey to the tand years of history which is in
the form of architectural beings. | believe thatthwihis study my somehow
suppressed interest to architectural history argheasology and my desire to
engineering have melted in the same pot for thg fiest time. The outcome was a

resonance from which | have realized that | amlfffran the right track.

The study definitely would not have been possibléhout the support,
encouragement supports, patience, love, appreciatiod friendship of the
precious people around me from whom | learned #suty and the importance of

the sharing.

First a very special thank you to my supervisoro&sBrof .Dr. Ali hsan Unay for
his invaluable guidance, never-ending patience agpport, his great
contributions, his relieving sessions at the tinheglt overwhelmed and lost,
kindness and his smiles that | will always rememiigh a gratitude . | strongly
believe that you, my professor, are the main reasbich made this study

enjoyable, pleasing and satisfying not the subjecevery session that we met to



work together, there were absolutely no stressamdety, no counting of the
minutes and no anger but a calming music, smilaxe$, creative solutions and

memories of the good old travels. Thank you..

| would like to say few words to try to thank Engind Erhan Karaesmen whom |
am indebted and speechless of telling my gratitideas not expecting anything
unusual when | took the course named “CE 480-Desigd Construction of
Special Structures” in undergraduate and | wasam@tre that this selection was
the milestone that changed the course of my futtineas in that course that the
very first spark took place in my mind on this ®dbj But more than that my hope
for life flourished for the first time after toughepressing months following my
family tragedy when | had the chance to know theee precious people more
closely. It is hard to tell that how | relieved bglking and even seeing these
people. They gave me the courage and support ledetedgo on. It was not only
courage and support that they gave generously Isat their knowledge and
experience on life, on technical subjects and s @olitics and on anything that
you might imagine broadening my mind in even sntak on the phone. They
became a sincere father and a humorous and coasdgster with whom | could
share and talk anything. | really do not know hawtéll my gratitude and
indebtness to this family. A talkative person like is speechless right now. Yes,
speechless for the first time. Thank you for lgttime in your world of joy,

intellectuality and love “Engin and Erhan Hocam”.

| offer my sincere thanks to my beloved family; mpther Emel Kigukdan, my
grandfather Adem Hablemittu, my sister dil Belgin Kug¢ikdoan and my dear
aunt Efser Kogakdu for their unique love and support throughout lifgy and
their endless faith in me. | am really sorry thablld not spend much time with
you for the last few years because of the thedesvé but your existence have
always given me the support to overcome the difiesi in life. My dear father
Alaettin Kiigikdoan and my dear uncle Necip Hablemitoto whom | dedicated

this study, you were a bit in hurry to leave thierld. But in any case what |



learned from you and the things we shared stiligatén my life. Your
determination in pursuing your belief and your sl@all be an endless courage for

me to follow the path | want without any hesitateomd any slightest fear.

Sincere thanks to all my friends whom | found beside whenever | needed and
felt blue for their refreshing energy, their enaming and calming words and their

love. Many thanks to:

Chorists of J.S.Bach Choir, Gokcen, Derya, Onciia,ESucli, Moldiyar, Janar,
Hamdi, Can, Bulent and many others for their alistydimitless joy and energy,
for the times we sang in the streets, in the cafenywhere on earth during days
and nights; Duygu Kuguk, for her true and pure nigighip, her intellectual
capability to discuss any single object with a draew point of view, her musical
taste and her breathtaking singing; Ozgénl for being the only one that shares
and understands the my events of mischance, cameles and weirdness without

any questioning and her amazement towards life

The members of the Arinna Sailing Team, Tayfun,h&ey Koray, Ouz and
Semih for their willingness to share the mysterytted deep blue with me, the
moments we spent on the boat with the biggest digbrdf the Mediterranean. A
special thanks to Pelin and Utku, it was a fun arfidntastic experience to be with
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his sincere friendship and sense of humor, mangrdtiings of the last 5 years ;
Semih Demirer, to whom | can never tell enough Haam grateful to him, for
being always with me starting from the onset of tetudy with his valuable
advices, courage, patience and emotional suppisrerdless faith in me and all

the beauties he brings to my life and all the hibyae¢ lighten my world.
My colleagues: Ozge Gobelez, Sami Demiroluk andriZeArd ¢ Eminaa for

their courage, support in every single step of #tigly, the more than hundred

lunches that we had together with pleasure ofniglkiheir patience in listening to

Xi



me and their sincere friendship: Gizide Atasoyhvittr her positive energy and
smiles, her invaluable advices and her encouragioigls; Haz m Y Imaz, with
whom we have a sinusoidal relationship, for hisiealy, his fun, dancing sessions
in the office, tough discussions and laughs we hddiba Erolu for the last
minute emergency help in technical matters ; @il Koyuncu and Ozgecan
Canarslan for their encouraging friendship and eupjn my studies at the

Department of Architecture.
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CHAPTER 1

INTRODUCTION

1.1 Architectural Heritage and Conservation in Geneal

Sheltering has been one of the basic instinctshef man starting from its
existence. The search for protection has blossamadway that the concepts of
creativity, functionality, uniqueness, variety, regity and identity have melted in
tangible architectural beings. From the very fisgitlement areas to today’s
modern high technology structures, each has its sty and conveys invaluable
information from its time. The tracks of the devmieent of civilization have been
reflected to architectural preferences in strucuwvhich are, in a way, witnesses of
the history.

The phrase “architectural heritage” defines thecstres which reveal cultural,
social, archaeological, aesthetic, economicaltipali architectural and technical
features of their time. The concepts of identityntuity, spiritual and symbolic
attributes have been assigned to these monumetiis aslf definition of societies
or even nations. Building the present on the cdaci@undations of the past has

become of primary importance for the countrieshef developing world.

The past in the form of architectural beings haanlygartially or entirely worn out
on the course of time. The natural and man-mad®radasten the process of
deterioration threatening the existence of thecstine. Several conventions have
been issued especially after 1950s to protect arsfotv down the destruction of
monuments with heritage value. The conventions coniyn underline the
importance of the continuity of the presence of thenuments not only for the

country they belong but also for the collectivetdrg of the humanity.



Conservation and restoration of the historical nments necessitate a
multidisciplinary approach enveloping a wide ramfgrofessions as engineering,
architecture, history, archaeology and chemistryftaglamental sciences. The
coordination and communication among the varietytled professionals and
organizations are of primary importance. A systétnamvestigation of the

monument of concern, called condition assessmeialystis applied before any
intervention on historical monuments. The study ludes the historical,

architectural and structural survey of the monumeith field research and

laboratory testing, diagnosis and safety evaluadieps. Based on the outcome of
the assessment study, necessary strengthening emtdration proposals are
prepared complying with the international chart@itse degree of intervention and
the preservation of the authenticity are two aspeleat should be considered

before any intervention on historical monuments.

1.2 Argument

Historic buildings especially masonry ones thatvsed from the destructive
effects of natural/man-made disasters still renmajpartially standing with perfect
load transfer mechanisms. However, their stabditypresent does not guarantee
their survival from any upcoming expected / unexpecevent. These buildings
should be strengthened with specific methods inciwhihe material used is
compatible with the original fabric in terms of laefor and the method is
compliant with the Conservation Charters underlyimg importance of respect to
authentic fabric while being differentiated by tbaginal material. Within this
framework, the strengthening of the partially co#lad buildings by using steel
skeleton can be proposed as a method complying thithabove mentioned

criteria of the strengthening applications.



1.3 Objectives

The study aims to propose a structural strengtigemiethod for partially collapsed
historical masonry structures with steel skeletgstesm in which steel skeleton
functions as a load carrying member as well as d¢eting the physical

appearance. One of the main objectives of this ystigd to evaluate the
effectiveness and validity of the method in refiegtthe original behavior of the

intact model.

The study points out the characteristics of masosinyictural analysis methods
and the important evaluation steps before anyvatdion to historical masonry
structures as well as proposing the method. Theniin of the study is not to
define the method comprehensively and in a detaiey considering the
evaluation steps but rather to give a general petsg and outline for the use of
the method. The study aims to contribute to theeg®nunderstanding and
perception of the inner structure of the historiwasonry buildings and to provide

helpful and useful basis for the restoration aribfiting of those structures.

1.4 Methodology

In this study for the evaluation of the effectiveseand the validity of
strengthening application with steel skeleton,dtractural behaviors are aimed to

be observed. Two different models are considerethfoevaluation.

The first model, a conceptual model, is developespired by the existing
historical masonry domed structures. From this rhed# the removal of some
structural elements, a partially collapsed modelokgained. This partially
collapsed model is strengthened by the steel skeldthe strengthened model is
taken as the second model. Then, the two modeés;timodel and strengthened
model, respectively, are analyzed under verticagh\ity) and lateral (response
spectrum) loading cases. The behaviors are compaaedd on the deformed

shape, modal time period, and stress and displatteragations.



1.5 Disposition

This study consists of seven chapters. The intiolucgives the general
information about the architectural heritage comcapd the importance of the
conservation applications. The objectives of thedgtas well as the brief

information about the methodology are provided.

Chapter 2 focuses on the general characteristidstlaen damage agents of the
masonry. Types, material characteristics and mechlaproperties of stone and

brick masonry are summarized as well as failuréepaé. Damage types and the
factors that alter the physical and chemical prisgeof the masonry are discussed

in this chapter.

Chapter 3 is a review of the structural analysisgiples and methods of analysis
in general. Structural loads and the behavior dfidatructural elements are
explained to provide a basis for the analysis icceading chapters. The features

of the analytical modeling are covered within thee of the chapter.

Strengthening of the masonry is discussed in Chaptfom a wide range of
aspects. Structural intervention types, internatiorestoration principles for
historical constructions and methodologies usedindurthe strengthening
applications are briefly considered. The importan€dhe condition assessment

and its steps and techniques of structural inteéiwes are elucidated.

A proposed method for the strengthening of histdrimasonry structures is
introduced in Chapter 5. The conceptual backgrairie proposed strengthening

method by steel skeleton is provided.

Chapter 6 has the finite element analyses of theri®dels on which the method
explained in Chapter 5 is applied. Finite elemerdlygses are conducted for both

the intact model and the strengthened model in lwkame structural elements are



replaced by steel skeleton. Analysis results aowiged in graphical and tabular

forms to question the validity of the proposed rodth

Final chapter consists of the summary of the stthdy conclusions drawn from the

analysis and recommendations for future studies.



CHAPTER 2

MASONRY IN GENERAL: CHARACTERISTICS, AGENTS OF DAMA GE
AND DECAY

2.1 Masonry in Historical Perspective

The history of civilization has witnessed a contins progress in construction
activities of the man starting from prehistoric eadwelling times. The very first
activities were the protection of entrance with somubbles, bush, pieces of
stones, the earth etc and the enlargement of teganby the use of hard stones
and bones. Sedentariness accelerated the constrtiivities of sheltering and
created the fertile base for the development ardutiiization of new materials.
The primitive and the easiest technique was toulayhe pieces of stones or the
earth in an order and create an enclosed spaceveyicg the top with branches
and similar organic materials, which can be consideas very early masonry. At

that point, stone and the earth were the primangnads of construction [1].

The first artificial construction material, the ¢kj has a long past more than 8000
years on the lands of Mesopotamia where the sowtasones were scarce. It
passed through an evaluation process in which esdeag moulded mud and then
strengthened by the use of clay as a materialma, tduring handling of clay the
significance of temperature was realized and bpdithe clay got considerable
strength. Around 3000 B.C, big cities, towers armnplicated infrastructure
systems were achieved from the different typesrafkbby Sumerians [2]. The
remained brick architectural heritage is limitednmamber and mostly date backs
medieval times. However, brick masonry is still ameonly encountered

construction material in traditional constructiaiagtice of rural areas.



Masonry, especially stone masonry, was the predamhigonstruction material
until the emergence of steel and concrete. In othends, the use of stone in
masonry is old as the very first construction ati&g. The inherit properties of
stone and the advancement on the working of stétee the introduction of the
metals has lead wide use of the stone in antigdystated by Sevqili et al [1], a
symbolic meaning was attributed to stone masonrg amany prestigious
monuments and structures were built by stone toeypthe idea of prosperity and
the eternality as in the case of Memphis and Ghiramids in Egypt. In later
periods, large prehistoric monuments in Mexico, gheat walls of China, Roman,
Byzantium structures, and fortresses are amongett@mples of masonry in
monumental scale [1]. It must be underlined tha ahd historic in structural
sense is described by the symbolic concept correlipg to the word “stone”.
Therefore, in this study main emphasize will beegivo the stone masonry and its

structural features in the succeeding chapters.

2.2 Types and Material Properties of Masonry

Masonry is a heterogeneous material which is coeghad masonry units and
binding mortar. Its characteristics are dependenthat of units and the unit/
mortar interface. Since masonry covers a wide rasfgmaterials from mud to
natural building stone, material properties andabvedr greatly changes among
different masonries which, in turn, makes it impblesto reach a generalization

on the features of masonry.

Durability, workability, absorption capability, fdress, sensitivity to temperature,
color, texture, porosity are among the significamaterial properties that are
inherit in each material and altered later by ptgisiand chemical conditions.
Durability is the ability of material to resist exhal effects such as environmental
and chemical effects. Water absorption capacity@mdpressive strength are two
parameters for the evaluation of durability [3].ardness and workability of the
material are the two conversely related propertiether words, the higher the

hardness, the less workable is the material [4].



The types of masonry and their brief definitiong @roposed by Croci [5] as

follows:

Brickwork — Regular alternating layers of brick amdrtar

Stonework — Natural stone elements (various kinded shapes) held
together by mortar

Sack Masonry— At external faces, two thin wallstie or brick and internal
fill of loose or cemented aggregates

Mixed Masonry — Alternating layers of brick andrso

Dry stone Masonry — Perfectly cut stone withouttao

Adobe — Sun dried mud

Two main masonry types namely brick and stone m@gsamd the binding
material, mortar, will be covered in a detailed wsince they are the basic

constituents of masonry construction.

2.2.1 Brick Masonry

Brick has been one of the widely used materiateénconstruction activities of the
man starting from the very first settlements in Mb@ period. The use of mud to
cover the branches and between the stone piecedsuh®d into a construction
material which was molded and roughly shaped ameddunder the sun. The
hardened material is called sun dried brick or adehich is still widely used in
rural areas where the clay deposits are availdbker, the molded earth was burnt
to accelerate the drying process which, in facts aabrilliant attempt since the
strength of the clay mud was positively correlatatth the temperature at which it
was treated. Moreover, the burning process picketha pace of the production
rate of the brick which, in turn, triggered the stiaction activities [2], [4], [6].
Brick is generally used in the construction of waih curvilinear elements such as
vaults, domes and arches. Its lightness solvesviight problem in the covering

of an enclosure.



The fundamental constituent of the brick, clay, sase certain characteristics as
being easily formed into any shape when mixed witter, retaining its shape
when dried and hardening when burned. Clays ara@lynaomposed of hydrated
silicates of alumina and small amounts of otherarats called impurities as iron
oxide, calcium oxide, magnesia, potassa, soda and. Clays used for brick

production are classified under two groups [7]:

Surface clays — found in the deposits at the ditaeorock from which they
are formed (Residual clays), deposited by sediatemt after the
transportation by water (Sedimentary clays) or fdmby the

pressurization of sedimentary clays (Shales)

Fire clays — Found at deeper levels. High resistanctemperature and

uniform in character

The strength of brick masonry has a wide range alies due to fact that it
depends on the composition, drying process of pribk baking temperature,
quality of the brick, the kind of mortar used ahd pattern of laying of brick. [3],
[5], [8]. The porosity and absorption are also Bigant factors affecting the

strength features of the brick as well as its dilitgb

2.2.2 Stone Masonry

Stone has always been a part of architectural gyuafi the human being although
its use is considerably declined with the introcutbf concrete and steel after the
industrial revolution. The meaning attributed t@r& as well as its material

characteristics make it an indispensable matesiaténturies [1].

Stone, a concretion of mineral matter, is the printauilding material taken from
the crust. Geological factors have been importater@a for the use of stone since

the extraction, transportation, working of the st@md the construction technique



is dependent on those. Stones are divided intcetlgreups according to their

geological origin as igneous, sedimentary and metphic rocks [7], [9].

Igneous rockgesult from the crystallization of magma or thewulation and
consolidation of volcanic ejecta. As magma cool#erals crystallize and the
resulting rock is characterized by interlocking era gains. Magma that cools
slowly beneath the surface produces intrusive igaeocks which are fine grained
and relatively hard. On the other hand, magmaabats at the surface produces
extrusive igneous rocks the grains of which arebleswithout magnification.
Igneous rocks are relatively hard when comparedh wiher types of stones.
Granite, basalt, gabbro, obsidian and andasitebeatisted as examples of this
type [10], [11].

Sedimentary rocksriginate by consolidation of rock fragments, mpéation of

mineral matter from solution, or compaction of glan animal remains. In other
words, they are composed of materials derived byhaeical and chemical
weathering that disintegrate and decomposed pteexigcks. The properties of
the rocks depend on the weathering agents and wihyn a wide range of
hardness from very soft to medium. Sandstone, oomglate, limestone,
limestone and siltstone are commonly observed ebkesmpn historical

constructions [7], [12].

Metamorphic rockgesult from the alteration of other rocks, usudigneath the
surface, by heat, pressure and the chemical actofitthe fluids. Marble is a
metamorphic rock produced when the agents of metamsm are applied to
sedimentary rocks limestone and dolostone. Ottger tharble, quartize, schist and

slate are among this group of rocks found in hisébiconstructions [7], [13].
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2.2.3 Mortar

Mortar has been used as a binding material betwsemasonry units for more
than 7000 years. Although its composition grea#lyies between different periods
and different regions, basically it is composeddfinder, a mixture of inorganic
compounds (aggregates) and water. The proportibrisgredients are the key
factor in the strength of the mortar [14].

The types of mortar used in construction activiges listed by Croci [5] along
below lines:

Plaster mortars- contain no aggregates and harden quickly in iwate
without shrinking

Aerial lime mortars- composed of slaked lime, sand and water and harde

with the presence of GQcarbon dioxide) in the air.

Hydraulic lime mortars- composed of specially heat treated aerial lime,

sand and water and harden under water in the absddr

Pozzolonic mortars- composed of slaked lime, pozzolona and water.

Widely used by Romans

Cement mortars composed of cement which is hydraulic bindedpoad

by burning of calcareous and clayey materials \pithverized gypsum in
high temperature and water. It is the most redistemd recent type of
mortar.

Bastard mortars obtained my mixing lime and cement

The binding role of mortar makes it considerablgngicant especially for the
shear and flexural strengths of masonry. The barehgth is affected from the

content of cementitious material, water content sunfiace texture of the masonry

3],
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2.3 Mechanical Properties of Masonry and Failure Pierns

The heterogeneous character of masonry makedituliifto precisely determine
the strength and stiffness characteristics of aomgsstructure which, in turn,
hinders the assessment of the behavior. The inlpedperties of individual
elements namely masonry unit and mortar have dfisignt share in the overall
strength beside the state of the interface betwbhenmaterials. However, the

bonded behavior differs from the individual behasiof elements.

Masonry in historical constructions generally wankder compression or at least
designed to work under compression therefore thgpeessive strength features of
elements are important inputs for the assessmamdiest Figure 2.1 [3]

demonstrates the stress strain relationships obmmgsunit, mortar and masonry
prism. As seen, the compressive strength of magomsyn is smaller than that of
masonry unit. On the other hand, mortar has thesbvwtrength value from which
it can be concluded that the increase in mortangth is reflected directly to the

strength of the prism [3]

, Stress
A

e A\
/; 1\ N Mortar

bed

/ e ~. = > Mgsonry
P Units
A
JLApe—
/
> , Strain
Masonry Unit ~ ------ Masonry Prism =~ se=reseees Mortar

Figure 2.1 Stress- strain relationship of single elements@igin of masonry.
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As for the brick masonry, the compressive strengtlue for a good quality clay
brick varies between 10 MPa to 30 MPa. On the offaed, that of stone varies
significantly among the different types within trenge of 5 MPa to 70 MPa in
which igneous rocks have the highest values. Furtbes, the thickness of mortar

is considerably influential in the compressive sith of the masonry [3], [5], [7].

The most distinctive characteristic of the masasrniys low tensile strength which,
in fact, is one of the main damage sources. Thsilterstrength of masonry
depends on the bond between masonry unit and nmsinize the tensile strength of
the masonry elements is higher than that of thedbof good bond is achieved
when the balance between retentivity of the matat the suction of the masonry
units. The resistance of mortar is in a way dictdtes failure pattern among the
masonry. In the case of brick, tensile strengthpgproximately 5 to 8 % of the
compressive strength, i.e., 0.5 MPa - 2.5 MPa. dsniatural building stones,
depending on the type tensile strength varies btvweMPa to 45 MPa. However,
in analysis of masonry structures the tensile gtrercontribution is totally

neglected and the structure is assumed to be utmbWhstand tension [3], [7],

[9], [15]. Flexural tensile resistance of masorwyhe indicator of the load bearing
capacity of the structure in which it is used aarmeand is referred much more

than the direct tensile strength [4].

The shear resistance is provided by the bond betwestar and masonry units in
usual masonry and for the dry masonry by the @ictbetween the units. The
movements along the parallel plane to the join®iltein shear stresses which
triggers the initiation and propagation of cracksjoints. Shear strength values
changes within the range of 2- 45 MPa for natuwalding stones and 10- 20 MPa
for bricks [3], [16].

Modulus of elasticity is the value that indicatee honlinear relationship between

the stress and strain. It is determined by theesldpapproximately linear part of

stress strain curve. A typical stress strain curae be seen in Figure 2.1. The
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value has a range for stone between 10000 MPa @@a07MPa and for bricks
5000 MPa to 10000 MPa [3], [15].

The complexity and uncertainty of the behavior leé unit and mortar interface,
the geometry of the structure, strength charatiesiof the material and load
propagation through the structure are the key facito the failure mechanism
investigations. Failure type is important in these that the accurate assessment
of the vulnerability depends on the probable pat¢B8].

Mortar joints are the planes of weakness sincentiraogeneity is not present in
the joints and as a result failure may occur omlyjaints or as a combined
mechanism including both the unit and the mortay.tlBe consideration of the
abovementioned key factors critical failure mechkaniis determined. Critical
failure mechanism is defined as the lowest bouter afhich the failure initiates.
Failure can be classified according to the typ#efforces that cause the problem
as follows: Failure under tension forces, failurder shear forces and failure

under compression forces [17].

Failure caused by tensile forces has mainly imtlaalong with the bond between
units and mortar. Fracture patterns change withbthaiding plane which defines
the angle between the vertical axis and the doradf the laying of the masonry
units. A masonry unit has two joints, bed and heats respectively that, indeed,
behave differently under tension. Bed joint is tharizontal layer on which a

masonry unit is laid while head joint is the veatienortar between two adjacent
masonry units. The strength of the head joint aedijbint as well as the masonry
unit are superimposed when the direction of stiegsrallel to bed joints. On the
other hand, when the direction of stress is pdradidéead joints, the resistance is
dependent on the strength of the bond unless ts®mma unit has higher tensile
strength than the applied stress. Figure 2.2 [2,sh@ws the fracture patterns in
uniaxial tension at different angles (0°, 45 ° 86@) [2], [3], [17], [18].
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Figure 2.2 Sketches showing the fracture patterns in uniagiadion stressed at 0°, 45 ° and 90 °
angles to the bedding plane

The distinct variance in strain characteristicanairtar and masonry units is the
main reason of the compression failure. Moreovéingiomechanical properties
such as shear and tensile strength, coefficiefticifon of the bond, modulus of

elasticity and Poisson’s ratio are related to kivisl of failure. The development of
cracks parallel to load direction is generally atsed in horizontally laid bedding

plane. In Figure 2.3, fracture patterns occurredeununiaxial compression is
presented [2], [17].

Compression as explained above can be uniaxiakedisaw biaxial. In the case of
biaxial compression, the plane of compression deters the direction of masonry
cracks. In the biaxial case, which is the comboraf tensile and compression
forces, the cracks are parallel to the compregsiane while perpendicular to that
of tension [17].

Figure 2.4 [17] shows the two different combinasiasf biaxial stress situation.
Shear in masonry result in two fundamental fornfiadtire in masonry depending
on the resistance of mortar, diagonal shear anihglishear failure respectively.
Diagonal failure occurs when the combination ofnpiple tensile stresses and
compressive stresses is present at the same tintkeomasonry. On the other
hand, sliding (joint) shear is the relative movetmainmasonry units in a parallel

direction to the mortar joint. Both failures aredanway prevented by the use of
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mortar with sufficient cohesive characteristics.eT$ketches of the failures are
exhibited in Figure 2.5 [3], [18], [19].

Figure 2.3 Sketches showing the fracture patterns in uniacaaipression stressed at 0°, 45 © and
90 ° angles to the bedding plane.

(@) (b)

Figure 2.4 Sketches showing the fracture patterns in biaxdelgression (a) and biaxial tension
and compression stressed at 0°, 45 © and 90 %aagiee bedding plane.

() (b)

Figure 2.5 Sketches showing the fracture patterns in shelaréaj (a) sliding (joint failure) (b)
diagonal failure
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2.4 Damage and Decay in Masonry Structures

Historical masonry structures have been exposethdodestructive effects of
nature and man within the course of time. Theseceffhave caused a variety of
damages from tiny cracks to total disintegratiddbamage and decay, in general
comprehension, may originate from the inherit cbimastics of buildings such as
imperfections in design, natural phenomenon asstiiss, environmental factors or
a combination of both. Regardless of the sourds,atfact that damage and decay

alter the structural behavior of structures [5].

2.4.1 Damage and Damage Agents

Damage is defined as the change in the structuehl\bor as a result of
mechanical actions or the decrease in the strdatfreiency. Mechanical actions
causing damage can be classified under two catsg@s$ static and dynamic
actions. Static actions are those that are alwegsept on structures such as dead
and live loads and those that are resulted frondéfermations or strains imposed
on the structures. On the other hand, dynamic r&tare the ones involving
movement produced by earthquakes, wind, vibratiragchimes, explosions etc.
The decrease of the efficiency, however, is relatitd the strength- stress ratio of
structures. External effects as well as aging, crete. cause a decrease in the
bearing capacity of a structure, which, in turmuee the strength - stress ratio. As

a result, structures become more susceptible tpatgntial effect [5], [20].

The level of damage depends on the type of thectsiel and the type and the
intensity of the actions. However, the visible sigrtan be grouped under two

classes: cracks and crushing [5].
Cracks are commonly encountered signs of damadpsiarical masonry with a

variety of forms. Cracks in masonry generally ocduring the adaptation of the

structural system to newly altered situation. Tlgtwith any change in load
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transfer mechanism, as a reaction cracks are iddude previously stated,
masonry is weak in tension and there observed sraldkg the tension zones. The
evaluation of crack patterns provides clues for deéermination of the cause.
Especially, long term investigation of the cracksignificant in the sense that the
progressive alterations in cracks can be followpdand necessary measures be
taken accordingly. Cracks exhibit different pattemm different structural elements
depending on the dimensions and material charatiteyiof the element [5], [21],
[22].

Crushing is a phenomenon that occurs when the a®wjmn stress on the
masonry goes beyond the strength of the matetisiaits with tiny cracks parallel
to loading direction and after a certain time detaent of the flakes is observed.
The final state, crumbling, suddenly occurs and meaylt in even collapse if other

structural elements do not compensate the alteratidoad transfer mechanism

[5].

The widening of head joints, masonry slackenindjt s blocks, detachment of
walls in a corner and similar occurrences are dasagbserved in historical

masonry.

There are some alterations which result in damagedsonry structures. First of
all, indirect actions as soil settlement and eardkgs are major causes of damage
in historical constructions. Soil settles most lué time nonlinearly and creates a
significant change in pressure distribution bendhéhfoundations. As a result of
this differential settlement, inward, outward armlibontal movement can occur

above the foundation level.

On the other hand, the risk imposed by the seisittion is of primary importance
for the integrity of historical constructions. h$ibeen known from the history that
many monuments and structures from the ancientdesstoyed by the devastating

effects of earthquakes. As Croci states, most daraad collapse are generated by

18



the horizontal components of movements during #lease of energy. Since
historic buildings are not designed to resist Etérces as the contemporary ones.
Earthquake hits with hundreds of shocks and in kvbigilding becomes more and
more disconnected resulting in decrease in ovesalfness. The length of
earthquake and frequency content are importanbracaffecting the level of
damage. Elimination of structural elements, modiiuns in supports, structural
elements, additional loading imposed on the strectaxcavations or any other
activities affecting the foundations may be countaehong the alterations

damaging the masonry structures [1], [5], [23],][24

Creep is another source of problem in any mateviath is defined by the time
dependent deformation of the material under susthioads. The age of masonry,
the level of sustained loads, the humidity and erajure and the time are some of
the factors that creep depends on. Creep by enfpstress redistribution, may
result in excessive deformation and as a resultad tollapse may be observed as
seen in sudden collapse of Civic Tower of Pavialylin 1989. For the detailed
information about the creep behavior, the refereogzani et al and Ferretti et al
can be referred [25], [26], [27], [28].

2.4.2 Decay

By Croci, decay is defined as the detrimental clkarfga material’s characteristics
as a result of environmental conditions. Decay mesult from physical and
chemical factors as well as biological nature. Tin@in causes of deterioration

which involve the loss of substance can be listetbbows [5], [29]:

Crystallization of salts
Air
Frost action

Biodeterioration
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Crystallization of salts is one of the most damggilecay agents in masonry. By
the penetration of moisture inside the masonryugihowater vapour, rain leaking
or ground water absorption, soluble salts presentanstruction materials are
dispersed throughout the material. The fluctuatimnsnoisture content by wind

and temperature activate these salts. Under doongditions, with the evaporation
of the water, salts are deposited on the surfack within the pores of the

masonry. The growth of salty crystals on the swfé& called efflorescence.

Sufficient cycles of wetting and drying triggerpm@cess of disintegration near the
surface [5], [29], [30].

The changes in the composition of the atmosphetie the advancement in the
industrial activities as well as natural weatherimgents have accelerated the
deterioration process of stone in last millennidhaman activity in dense urban
areas results in emissions of different pollutasftavhich sulphure compounds,
ozone, nitrogen oxides and carbon dioxide are kntiawbe responsible from the
decay of stone. The rainwater is acidified by tldlupants in the air and this
acidified rainwater constitutes the main sourcelarhage on surface of masonry.
The acid in water attack on metals and various miseresent in the composition
of stones. However, chemical attack is not the pnbcess occurred on the surface
due to environmental conditions. Besides chemictibcks, physical and
mechanical agents are always active without depgnalin the presence of acidic
components. They lead mechanical break up which, r@sult, increases the area
of the mineral surface to be exposed to moistuckvaeathering agents. The two
photographs of same sculpture taken 60 years bpbl illustrates the dramatic
effect of air pollution and weathering on stonefates (Figure 2.6), [15], [29],
[31], [32], [33].

Water as a substance has the salient property loimebric expansion upon
freezing. This feature of water makes it highly tdestive within pores and
fissures of masonry in cold weather. The expaneionater in pores and fissures

create internal tensions and hydraulic pressurdsmihe stone. The pressures and
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tensions result in the formation of cracks to rtehie stress imposed. Depending
on the mechanical properties of masonry, the sasist and the rate of weakening
process varies. It has been observed that for resto show visible signs of
damage it must be exposed to several cycles dfifrgend thawing. The severity
of the frost damage is directly related with theepsize distribution, moisture
content of masonry and intensity, rate and duratiénfreezing as well as
mechanical properties of masonry [15], [29], [33]].

Biologic agents as certain plants, microorganisfasgi, lichen and algae are
known to be affecting stones in historical condinms in a way that they have
contributed the decay processes of the materialddgerioration is considered to
be the succeeding stage of the initial deterionatimused by inorganic agents. The
increase in the content of pollutants in the atrhesp and deteriorated surface has
lead to a condition suitable for the proliferatioh microorganisms with the
presence of water. These organisms may changedloe of stone, alter the
chemical and mechanical properties, and weakensthiength characteristics
resulting in desquamation, chipping and exfoliati@iher than microorganisms,
trees, climbers and creepers are also agents oaglrand deterioration in
materials of historical constructions. Figure 2<Ribits examples for deterioration
caused by microorganisms and plants [36], [37]],[E®].
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Figure 2.6 A dramatic example of stone decay in 60 yearsnoé tin the industrial atmosphere of
the Rhein-Ruhr Area.

Figure 2.7 Examples of biodeterioration on masonf36], [40]
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CHAPTER 3

STRUCTURAL ANALYSIS OF MASONRY STRUCTURES

3.1 General

Historic buildings are considered to be the livimiinesses of the civilization

progress of the man and accepted as the primameels reflecting the facts about
art, architecture and engineering of their timdseil conservation and perpetuity
are of primary importance which necessitates aigpecaluation of their current

physical, aesthetic and cultural states. In thesdskof evaluations, knowledge
from a variety of fields as archeology, civil enggming, history of architecture,

archaeometry, chemistry, urban planning, computEmses, ethics, is needed to
be integrated [41].

The underlying motivation for structural analysis tio observe a structure’s
capability to resist any action within the limit$ stability, in other words, the
comparison of the resistance of a structure witle #ffects of actions.
Contemporary structures are designed to react mwitldrtain safety margins
however; in the case of historical structures gafeairgins are not as clear as
contemporary ones. Indeed, masonry heritage inrgeige massive in character
and most of the time overdesigned. However, thissmaness and overdesign do
not ensure their stability. Analysis methods do eamto picture at this point to
evaluate reaction to the action. Observation argeeence of failures were the
main methods for structural design and analysii eatly 19" century. After then,
new methods were developed for structural anabsia result of advancement in
mathematics and graphic statistics. The followingntary witnessed a

considerable development in numerical methods l@dntroduction of computers
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and their use in calculations has increased thabikty and accuracy of results
and brought a new dimension to the studies on rdgsiomasonry. Analysis

processes has become easier and more accuratevtramefore [43].

Structural analysis of historic built heritage diff from that of modern buildings
and has some salient aspects that make it a contpgkx These aspects are
categorized as follows: missing geometric data,lraeical properties of materials,

current damage state and inapplicability of regoihet and codes [42].

Geometric features of a building are essentialaf@momplete and precise
analysis. Current non intactness of historic buoddi results in the use of
assumptions in place of missing parts which in & ingpede to understand
the original behavior. Since masonry constructiares massive in nature
the geometry of inner elements are almost impasdsiblbe determined

without harming the structure.

Masonry in nature is a complex heterogeneous nahteend
characterization of mechanical properties of materis a tedious and
complicated task. Although experimental studiesnoaterial properties
provide valuable information of the properties, doeworkmanship and
use of natural materials there exist large vaiigbiin mechanical
properties. Besides, long construction periodslrésiwchanges in the core

and constitution of structural elements.

Historic buildings are suffered from different kisndf damages during their
life time that affect their load transfer mecharssi@amage in a structure
can be known to a certain extent however the levednowledge might
stay well behind in defining the actual state. Theclusion in structural

analysis introducing new loads, deformations cooapéis the model.
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Regulations and codes for the analysis of moderiidihgs are not
applicable for historic buildings. Each historicgtructure has its own
features of materials, damage state, geometry amngttwral elements
necessitating a unique study that has to be planmdthe consideration

of historical, structural and architectural aspects

Today, sophisticated simulations that take intooaot above complications are
adopted in structural analysis with the expenseoofputational time. Analytical

models in those simulations that exhibit the omdjistate contribute to detect the
sequences and agents of damage that structuresesiifby comparing with the
present condition besides their function as detangithe vulnerable parts and
estimating the limits [5].

3.2 Structural Loads and Load Combinations

Structural behavior studies evaluate the performaricstructures and the level of
performance is dependent on the ability of stradtetements to safely carry and
transfer loads. Therefore, expected loads and loadhbinations are key

parameters at the onset of behavioral studies.

Structural loads can be classified in many differgays. However, classification
according to source as natural and service loadsdaection of application as
vertical and horizontal loads is commonly used [48} the name implies source
based classification takes into account the startiasis of loads. Gravity,
earthquake, wind, snow, hydrostatic and soil pmessoads are among nature
based loads. Of these, gravity and earthquakes laael the most essential ones.
Gravity loads in other words, the self weight ofusture involve structural,
architectural, nonstructural partitions and covgiiemponents of a building. They
are important in the sense that the structure shioeilable to carry its own weight
to be called as stable and standing and any asaiysstructures is obliged to start

with the estimation of gravity loads. Gravity loaal® permanent and static loads
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which are imposed on structures during their lifeet Loads on structures due to
earthquake constitute the significant threat to Mi&toric buildings since the
amount energy emitted from ground shaking has tdibsipated by building.
Earthquake loads are dynamic loads and serioudbctabverall stability of
buildings. The amount of knowledge on structurelitand seismicity of the
region where it is located is two important ingesds in the calculation of
earthquakes loads therefore the exact values aslaae impossible to be
determined. Service loads are the loads resuftiogp the usage of structure.
Furniture, temporary structural components and mspeioduce service loads. As
for the classification by the direction of applicat, it considers the way that loads
are applied on structures. Gravity, snow, moviragiare defined as vertical loads
while earthquake, wind, soil and water pressureaagepted as horizontal loads.
Historic buildings generally are not designed tsigehorizontal components of
forces therefore destructive effect of structucdds imposing lateral actions is

considerably high.

Besides aforementioned loads, loads result fromiréot actions as soil
settlements, creep, thermal effects, shrinkage aferirals and etc. have to be
considered in structural analysis of historic cangions [5]. Differential support
settlements due to soil deformation are one ofntlagor causes of damage to the
buildings and their inclusion in modeling and as#éystages increases the

accuracy and reliability of results.

Load combination is the superposition of loadsracthn a structure. In modern
design codes, different factors are assigned féerdint loads to simulate probable
conditions by load combinations. However, in theecaf historic buildings the
recommended factors in the codes are not direpiiieable due to their material,
constructional and existing damage features. Thezehistoric buildings have to
be evaluated within their own framework and loadnbmations have to be
assigned by considering the past of building wibnitified current decay and

damage state and by past experiences combinedengimeering judgment. It
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should be underlined that load combinations invajvearthquake and support
settlement loads constitute the most critical situnasince both loads alter the
original load transfer mechanisms resulting in ego& stress concentrations in
some parts leading to failure [5], [43].

3.3 Basic Structural Elements and Their Features

A clear understanding of some basic structural efgmand their way of reaction
to actions is essential in investigation of gendéethavior. Proper functioning of
each element in a way ensures the stability of strecture. Herein some
fundamental elements used in historical masonrgtrocations are listed and their

specific features are provided.

Beams and columns

One of the elementary forms of building is achievsdpost and lintel,
columns and beams systems untii Roman times byestoasonry.
Extraction of long units was a great challengettiat time therefore beams
spanning between columns were short when compaithdcantemporary
buildings. As previously mentioned, main insuffieay of masonry is its
low tensile strength capacity. In Figure 3.1, aesghtic representation of a
beam is provided with gray lines showing the exaafgel deformed state.
In a simple supported beam bending action is oleseoreating tension
zones at bottom and compression zones at the tapk€due to weakness
in tension are commonly encountered in flat linteéBhear may also

constitute a source of failure in beams construbiesoft stones [44].

S T S T T
. |

tension

Figure 3.1 A modal beam with deformed shape under loading.
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As for columns, they are vertical supporting eletsewhich transfer loads
to the foundations. Columns work in compressiomefoge they are able to
carry vertical loads up to the limit strength of soary used. However,
horizontal loads that produce shear stresses jdigeahese elements. This
threat differs among masonry types —presented aptehn 2- from slight

displacement between blocks to complete disintagrat

Arches

The form of arches has lots of advantages as a tmadying and
transferring element and has been widely used perfect solution of
architectural and engineering necessities stanog fRoman times. The
way the form acts amplifies the benefit gained frbra use of masonry
since loads on arches compress the blocks forrhmautch and solidify the
form. The curvature of arch affects its reactiono@ding and pointed and
parabolic arches have known to be stronger as w@tref less trust on
abutments [5]. Lateral thrust exerted on abutmémtarches is seen in
Figure 3.2 [44] and resistance of abutments isashmount importance for
the stability of the arch. Depth of voussoirs isother point to be
underlined in the concerns of stability. As statgd Feilden [44], the
deeper the voussoirs, the stronger the arch. Cratkarch form are
precursor of abutment problems,-spreading, setti¢mie. - while those in

voussoirs indicate thermal movements or exceses@imhgs.

(a) (b

Figure 3.2 General arch form : (a) Intact arch ; (b) arch vaithcks due to lateral thrust.
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Vaults

Vault form is created by the use of series of asdbecover a space. There
are different types of vaults used in gothic anddiexal Islamic
architecture. Abutments are also important in thsecof vaults as in
arches. There have been introduced various sotutionincrease the
resistance of abutments in vaulted structures.Kialls constructed for
continuous vaults and buttresses for intersectiaglts are commonly
encountered structural features supporting the .foRibs in certain vault
types act as separating members for the webs dfsvaod outline the

shape as well as carrying loads [5], [44].

Domes

Domes are spatial form of arch formed by rotatirground a vertical axis.

It is known that the achievement of stable masdmye had not been easy
mainly due to self weight. As seen in Figure 3.8][4veight and other

vertical loads on domes are spread uniformly orcitved edge supports
and push the supports vertically and horizontallyward. This thrust

action results in tension in the perimeter, whiah turn generates

circumferential cracks and at the limit state le&nlscollapse of dome.

There used some supporting elements as buttrepsesiantives and

cupolas to stabilize the dome against thrust adtienefore domes should

be investigated as a whole with their supportirgrants [45].

Figure 3.3 Single dome and thrust actions on its planarly edrsupports.
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Walls

Wall characteristics change from geographic regioa period in history and it
is not possible to provide a generalization of dezd for masonry walls [44].
Existence of binding material, type of masonry amaterial used, pattern of
bonding are among the sources of differences. Imymaf historic

constructions, walls have load carrying functiord aepending on the loads
imposed various types of behavior are observedestiigation of cracks and
failures in walls reveals actual sources of distade which should be

considered with materialistic characteristics.

There exist some other structural elements likerspigrusses, frames and
foundations however in here only the ones thattaremon in almost all of stone
masonry are taken into account. In the case of dations, generalization in
behavior is almost impossible since each buildires fspecific system of

foundations.

3.4 Methods of Analysis According to Behavior of Maonry Structures

In structural analysis, regardless of constructioaterial used, behavior of
structures is idealized to simulate the actual querhnce with different

assumptions on stress-strain relationships of thetemal. Stress — strain
relationship is the characterization of the behawb material and as seen in
Figure 3.4 (a) has some certain points importanmizking the assumptions.
Yielding point in a stress strain curve represémslimit stress level before which
the material is capable to return its original shapon the removal of loading.
After that point material do not return its originendeformed shape, i.e. there
observed some permanent deformations. Behavier gi¢lding point is called

plastic behavior in general. Ultimate point showe maximum stress that the
material can withstand before fracture. For simlipurposes, stress — strain

curve is used in idealized linear form (Figure @&)).
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Figure 3.4 Stress-strain curve : (a) a general curve; (b)ealiized curve.

Based on above mentioned stress- strain diagraeg tommon idealizations are
used for analysis as elastic behavior, plastic Wehaand nonlinear behavior.
Figure 3.5 [47] illustrates the applications ofdbedealizations.

Linear Elastic
----------- Plastic

Nonlinear

v

Figure 3. 5 Three different types of behaviors
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3.4.1 Linear Elastic Behavior

Linear elastic model considers the behavior ofrttagerial within the recoverable
limits of deformation. The model is not as compéexthe other two models and
acceptable for the masonry provided that loadirgh@t term and tensile cracking
does not exist. Its easiness in computation anditsain wide range of materials
make the linear elasticity most common model irudtiral engineering. The

fundamental assumptions of the model are expldiyedacleod [46] as follows:

1. As stress increases the resulting strain increases linear
proportion.

2. As stress decreases the resulting strain decreasies same linear
proportion.

3. Strain perpendicular to an applied strain is liheproportional to
the applied strain (Poisson'’s ratio effect)

4. The material is homogeneous and continuous.

Although the linear elastic analysis method is ficat to apply, beyond the
beginning of cracking it is not able to represéwt behavior of historical masonry
construction. Furthermore, the assumption of homeig and continuity of
material seems not a correct characterization csomg which is a composite
material. However, salient approaches of homogépizaaim to combine the
different actions of units and mortar and reacheprasentative values for the

overall behavior of masonry [42], [47], [48].

3.4.2 Plastic Behavior (Limit Behavior)

Plastic models are based on the evaluation of tnectaral loads, stress
distributions and collapse mechanisms at failurbe Thodel is used for the
verification of ultimate limit states and its efteeness and accuracy is directly
related with the tensile stresses present. Theréway bounds for plastic analysis

as lower bound (static) and upper bound (kinem#§di2). Identification of tension
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zones and their contribution to bearing capacigy significant steps in the limit
analysis and the behavior of compression zoneshghé&tremains in elastic range
or plastic range changes the methods to be uséeé. static approach distributes
the stresses which are statically admissible anatdnsidering the equilibrium
conditions a lower bound for the limit load is detéed [5]. An example of static
approach is thrust line analysis in which plastitgls is developed when the line
of thrust passes outside the entire cross-secwading failure [3]. As for
kinematic approach, as stated by Croci [5], thecstrre is transformed into a
“mechanism” by creating a certain number of plagboes at which stresses are

thought to reach the limit values.

These limit values represents the upper boundhdrrhechanism. The mechanism
approach assumes masonry with no tensile strength irfinite compressive
strength, perfect fit of the blocks, negligibleastis and no sliding between
adjacent masonry units [49]. The assumptions babgut valid results for dry
masonry blocks, masonry with deteriorated mortar rmaterials with finite tensile
capacity since the mortar contributes to tensilength and ignorance of strength

would lead erroneous results [4].

3.4.3 Non-linear Behavior

Non-linear behavior aims at evaluating the compieponse of a structure from
the elastic range, cracking and crushing, up tddfere and therefore non-linear
analysis is accepted as the most powerful analysthod. Non-linear analysis
necessitates the comprehensive mechanical charatien of the materials and a
keen detailing in modeling for the best represémadf the reality. Nonlinearity in
the model can be in physical properties of the raeoint of application of the

loads or contact of bodies [42].
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3.5 Analytical Modeling in General

Analytical modeling is the definition of the struot by adequate number, size and
type of materials considering the geometrical fe=gtpjoint restraints, connection
states and load conditions applied on structurg |48 an important stage in the
evaluation of structures since the behavior ofracstiral component or the whole
structure is obtained through analysis of this nho@eior to computer-aided
methods, analysis carried out by hand calculateomd models had to be simple
enough to get through many equilibrium equationghwmnany unknowns.
Computer based environment accelerates the progestiequations and enables
the model be more complicated and detailed witheygense of computational

time which is still shorter than the time necesdarytraditional methods [46].

Structural system of historical constructions isnptex in nature and a special
care should be given in the modeling stage. In dmoglestructural components are
divided into discrete elements with idealizationggeometry. The structure under
concern can be made of linear elements, two dimaatkielements or three
dimensional elements. The nature of the problertattis the type of elements to
be used. Reflectivity of the model to the realigpdnds on some fundamental
assumptions on material characteristics, geoméatures and the number and
type of elements. Definition of joint restraintsdaconnection of elements should
be taken into consideration.

Discontinuous nature of masonry necessitates diftemodeling strategies for the
appropriate constitutive description of its anisptc behavior. Computational
modeling frameworks are categorized by Lourencd [B€erring to the study of

Rots as follows (Figure 3.6, [50]):

Detailed micro-modeling— Continuum elements define units and mortar
in the joints and discontinuous elements repretseninterface of units and

mortar.
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Simplified micro-modeling- Continuum elements represent expanded
units while discontinuous elements cover the beiravi mortar joints and
unit-mortar interface.

Macro-modeling — units, mortar and the interface defined by &tiows

homogeneous continuum.

Unit Mortar  Unit/Mortar  Expanded Joint Homogeneous
¥ interface Unit / continuum
| |

i ) ] i v ‘:/ 14

I L] =

| N [ |

| I |

| [ ] I

Figure 3. 6 Modeling of masonry: (a) detailed micro-modelinig) §implified micro-modeling;
(c) macro-modeling

The choice of modeling strategy is based on thélpro requirements. In other
words, application fields of micro and macro modgliare different. Micro-
modeling is preferred when the local behavior oksamy structures are sought.
On the other hand, macro modeling gives bettertefor the global behavior of
an entire structure. For low stress levels homogesenodel is acceptable for the
prediction of deformations. However, for high strésvels, nonlinear behavior of

mortar and its local failures should be includethwi the model [3], [50].

The principles of analytical modeling can be sumpeat as follows [43], [46]:

Model should be simple as well as satisfactory éfiring the structure.
Complex models, unless necessary, do not ensurerdhebility of
approximations of the actual state of structure.

The sizing of elements should be determined withdbnsideration of its

structural affects.
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Detailed behavior of a specific part should noektzacted from the model
of the complete structure. A refined model withresponding boundary

and connection conditions should be created.

3.6 Structural Analysis of Masonry Constructions wih Finite Element
Method

The Finite Element Method is a promising numericethod for the analysis of
continua and structures with capability of geneg&nd solving several algebraic
equations simultaneously on computer based envieohnThe method aims to
calculate the stresses and deflections in a steibtiydividing it in a finite number
of elements and calculating each element and timaractions entirely to

approximate the general behavior [51].

Finite element method was first proposed in 1949Hbennikoff and Courant

separately concentrating on different aspects ofith a common thought of

discretizing the continuum to a set of sub-domalnsthe method, a model is
created by small elements which have simple gegnmaid assemblage of the
elements with proper joints.. Elements-lines, 2D3@r elements are separated
from each other by fictitious cuts representedibgd. Triangle as finite element
type was the first type used in this method by ®oungl960’s since construction
of any shape with triangles was convenient. Tridangelement approach was
based on the stiffness method which required trectsolution of equations. On
the other hand, a method called “dynamic relaxatmnOtter in 1965 based on
mesh system formulated the equations of motion It to a static solution. A

combination of two methods is used as finite elemeagthod today [4].

Finite Element Method has some certain steps irchwvhi clear sequence of the
system is observed. The very first step is tolideahe design structure so that it
is detailed enough to represent the actual streictrd at the same time not

complicated. The idealized structure and succegsoreated meshed model are
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highly crucial in the accuracy and efficiency oé tanalysis. In the design material
properties-failure domains etc, definition of eladimits and boundary conditions
should also be stored. Then, with the inclusionthef definition of number of
increments and intensity of loading a solution niaslgorepared. The next step is
the numerical solution of the model to determine displacements and stresses.
The results of analysis are processed by the camnmrd state of stress and
deformation is provided for each element by evatggit within failure domain.
The results are presented in tabular and grapfocal with the characteristics of
model. Finally the results are interpreted with domsideration of mathematical
model and the relation between nodes, elementdslaad restraints. However,
taking into account the hundreds of outputs ané,dasing graphical form of
outputs make it easy to interpret the behaviotef structure under concern. The
interpretation of deformations, especially the defed shape provides significant

information about the behavior [52], [53].

Structural analysis of masonry constructions withité element methods has
gained attention within the engineering, architextand restoration circles during
the last decades with the increase in the concemrahitectural heritage. The
method enables the analysis of complex structusdsstorical constructions with
arbitrary shapes, load and support conditions. af&e in material characteristics
and geometric features of a structure can easihgtected in the mesh generation

stage which in turn increases the reflectivity ledfethe reality of the model [51].
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CHAPTER 4

STRENGTHENING OF HISTORICAL MASONRY IN GENERAL

4.1 Vulnerability of Masonry Structures

Vulnerability is defined as the susceptibility thysical attack or damage [54]. It
has become a key concern in the assessment stidigssting building stock and
architectural heritage and aims to define the acliade of weaknesses at present.
The case of historical heritage has a special pthee to their significance as

surviving representatives of the past [55].

Historical masonry structures have been subjeateexternal actions of natural
and man-made disasters throughout their life tintéckv has lead to structural
weakness, deformations, failures and collapsedDdinage agents as lateral loads
due to earthquakes, strong wind effects, suppoiirés due to soil structure
interaction, excessive loading and concentratedsi@s a result of any change in
load transfer mechanisms have affected the irstr@ngth and safety level of the
structures. Furthermore, climatic and environmeeféécts has resulted in the
decay of the material used and altered the phyaméichemical properties. These
damages and decays in the structure make thewsuatinerable to any further
external and internal action which accelerates de¢erioration process and
threatens the stability. Besides natural occurrenae structures and its
surroundings, man made factors are among the reasbrsusceptibility of
architectural heritage. Overconcentration in popoa with complex
infrastructure and systems, economic activities@estruction as a result of public
unconsciousness have contributed in an unpleasan{56].
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Although masonry is a durable and strong matetsaktrength mostly comes from
its ability to resist compression. Any action imjmas tension in the structure
generally results in damage. To increase the eggistto lateral actions is one of
the primary concerns to eliminate the vulnerability this respect. Seismic
vulnerability, within this framework, is a signifiat step in the evaluation of
historical buildings since earthquakes are the ndestructive occurrences not

only causing cracks and partial failures but atsedtening the integrity [57].

Before any intervention to improve the current estaf historical buildings, a
complete investigation to determine the sourcegutrierability should be carried
out by considering the stability, capacity, safetyshort/long term, climatic and

environmental conditions as well as inherit projsrof construction material.
4.2 Structural Intervention in General

The concerns towards the protection of architettiuesitage has accepted to be
started during 19 century with Viollet-le-Duc and hastened in"™@entury.
Historical structures that had been used like pulslssembly buildings had
undergone certain repair works and more or lesgedtatanding. However, the
ones that remained from ancient past and abandiontw course of time were
destructed by natural and man-made actions. Masyro€tures in latter definition
are now in vulnerable condition and their integrityd stability are under peril

even due to self weight.

Structural interventions on architectural heritag® to decrease the vulnerability
against certain actions and to sustain their existéor the future generations. The
establishment of independent international higlggcsalized legal organizations
initiated by UNESCO as ICOMOS (International Colimmn Monuments and
Sites), ICCROM (International Centre for the Studfy the Preservation and
Restoration of Cultural Property), ICOM (Internai@d Council on Museums),

IUCN (World Conservation Union) and etc has outlirregood framework for the
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study, conservation and presentation of culturadperty. There have been
proposed some criteria by the organizations fagcden of degree of intervention

which has been issued as international chartets [58

4.2.1 Principals of Intervention

The Athens Charter adopted at the First Internati@ongress of Architects and
Technicians of Historic Monuments in 1931 is acedpas the first attempt to
regulate the restoration applications which latenstituted the base for Venice
Charter. International cooperation for the welfafethe monuments, the use of
modern techniques and materials in restoration syopkeservation of sites and

structures by legislative measures were underlgwmigts of the congress [59].

International Charter for the Conservation and &asion of Monuments and
Sites issued after the congress in Venice in 186ddf which was held in 1931 in
Athens, i.e. The Venice Charter is important in 8ense that it defines the
fundamental principles for the conservation of tktural heritage. There are 14
articles in the charter to define monuments, theiues and conservation ethics to
set the rules for restoration and excavation d@sii Key points of articles related

to structural intervention are listed below [5%0].

The aesthetic and historic value of the monumenstrbe preserved and

revealed by respecting for the original material anthentic documents
Modern techniques can be used provided that ttaemsacy of traditional
techniques is proved and the efficacy of moderhnepies is verified by

scientific data;

Unity of style is not the aim of the restorationerfore the valid

contributions of all periods must be respected,;
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Replacement of missing parts must integrate harousty with the whole,

but at the same time must be distinguishable flwroriginal;

Additions cannot be allowed except in so far ay ttie not detract from
the interesting parts of the building, its tradi@b setting, the balance of its

composition and its relation with its surroundings.

There exist several other charters on specificccasgarticular parts of restoration
applications as underwater heritage, timber strastuand wall paintings etc. or
recommendations on analysis, guidelines on edutati@ so on. However, the
Venice Charter conveys the general attitude towatts conservation and

restoration of cultural heritage.

4.2.2 Levels of Intervention

The purpose of intervention is to increase thetlifee of structure by considering
the aesthetic and authentic nature. Thereforetailel@ investigation and decision
process is needed to intervene historical strustaseminimum as possible. The

interventions vary according to the nature andevalithe structure or site.

As seen in Figure 4.1 [61], heritage conservatiotiviies have some certain
levels. The increase in the extent of interventilmtreases respect for historic
fabric. Preservation, stabilization, consolidatioestoration and rehabilitation are
considered as the interventions with maximum resfchistoric character. On

the other hand, renovation and modernization ddgviare the least respectful
ones in terms of intactness of historic fabric. $deanbly, replication,

reconstruction, moving and fragmentation have categd as the interventions
with moderate respect to historic texture and matgelevel of intervention [61].

Although it is not possible to describe all intemiens in detail, a brief summary
of each will provide a general understanding abthet intervention activities

[44],[61].
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Preservation — Keeping a structure or a site imxtsting state. It composes
of repairs and stabilizations to prevent furthecaje deterioration and

damage.

Stabilization — It is to safeguard a structure wattminimum amount of

work involving temporary emergency reinforcing, f@aive coverings.

Consolidation — To ensure the durability and intggof cultural property
it is the physical addition or application of adiesor supportive materials
into actual fabric. It is undertaken when the suied elements lose their

strength and the integrity of the structure is urdsnger.

Restoration — It aims to revive the original cortcapd appearance of a
structure by removing later material and by replganissing elements and

details.

Rehabilitation — It is defined as the keeping e in use. It is possible
to use it for contemporary needs while preserviadgdatures. The original
use is the best way of preserving the structurssthc, architectural and
cultural values. On the other hand, adaptive rerebabilitation may need

some modifications to serve for new usage purpbeecstructure.

Reassembly — It is called anastylosis and prefewhén justified by
archeological evidence and when it makes a ruinentamprehensible.
Reassembly may also be undertaken by the strucneaéssity like

repairing a deteriorated part or observing histodostruction techniques.
Replication / reproduction —It is the making of #wact copy of a structure

or an artifact in order to replace some missindewayed parts to maintain

the unity. If a cultural property is threatened ity environment, it is
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moved to a safer place and a reproduction is gutesti to maintain the

unity of site or building.

Reconstruction — It is the reproduction of a buitgisite feature or artifact
that no longer exists. The authenticity of the restonuction depends on

sufficient documentary information.

Moving — It is the relocation of a structure or fpai site to another site. It
is preferred when no other measure to sustaingh@nuity of structure or
site is left. There is high potential of damagehistoric fabric during

moving.

Fragmentation — It is the retaining of the portionfsa structure and

reassembling on the original site or elsewhere.

Renovation — It is the process of extensive chaagegor additions made
to an existing building internally and externallyrenew. The conservation

of historic fabric is not the first priority in thintervention.

Modernization — It is the conscious attempt to hiale alter the old

appearance of heritage features to achieve a miaddrappearance.

The determination of the level of intervention e tmost critical stage of the
heritage conservation activities. The process shdug based on historical
research, site and analytical analysis and docuatientto identify and safeguard

the architectural heritage.
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HERITAGE CONSERVATION
LEVELS OF INTERVENTION

A

Maximum Respect
for Historic Fabric

Preservation
Stabilization
Consolidation
Restoration
Rehabilitation

UOTIUDAIDIUT JO JUI2]XH

Moderate Respect
for Historic Fabric

Reassembly
Replication
Reconstruction
Moving
Fragmentation

Limited Respect for
Historic Fabric

Renovation
Modernization \J

Respect for Historic Fabric

Figure 4. 1 Levels of Intervention and their sequence accortbritpe extent of intervention and
respect for historic fabric.
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4.3 Condition Assessment Methodology

Condition assessment is the task of evaluating dlwent condition of the
component based on observed or reported chardicerifs2]. Condition
assessment has started to be widely used in reberddes in the field of
earthquake engineering to strengthen building stagjainst destructive effects of
earthquakes. Unlike contemporary ordinary strusturdeistorical constructions
need a special treatment in the assessment precgessany intervention on this
kind of constructions bases on not only the resafithe present state evaluation —
scientific insight- but also based on the histdriaad cultural context of the
structure. The inherit complexity of material chteristics, structural features
and uncertain past histories of changes and danmgkss the assessment of the

heritage a demanding task.

The investigation of historic structures goes belyosimple technical
considerations and requires multidisciplinary appto The assessment of
historical constructions has some certain stepschwlare recommended by
ICOMOS and many experts in the field of conservatd cultural heritage. The
steps are listed below and then explained in dnoedde way in next sections [1],
[41], [63], [65]:

Acquisition of data: Historical, structural and laitectural investigations
and information

Survey of the structure

Field research and laboratory testing

Diagnosis

Safety evaluation
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4.3.1 Acquisition of Data: Historical, Structural and Architectural

Investigations

A historic structure is a representative of anieatradition that no longer exists
and definition and understanding of its culturadl dmstoric significance provide a

fundamental starting point and orient further atiags.

Historical survey aims to clarify the techniquds|ls used in its construction and
to determine changes in the structure and its enment. It covers the reading
and the interpretation of historical documentstings, drawings and photographs
related to the structure of concern. The historgwnts of the structure enables to
correlate the causes and effects in a way thateatribute to diagnosis stage [63].
Any recorded earthquakes, failures, reconstructicadditions and structural
modifications can be invaluable sources of infoiorafor the evaluation of the

structure provided that their reliability is assiire

4.3.2 Survey of the Structure

The survey of structure involves the direct obséowaof the structure of concern
and creating its detailed drawings if not availabl&is process necessitates a
gualified team to reveal the whole geometry andlitsensioning and to identify

the damage and ongoing environmental effects osttieture.

Mapping of visible damage gives an idea of the ipbessstructure behavior and
helps to identify the critic parts that need detiéxamination. The determination
of zones of crashing and cracking/ the separatia@iements can be useful in the
detection of the changes in load transfer mechanisns survey also observes the
material characterization and pattern of changemiaterials throughout the
building. The improvement of the knowledge of sugvey is then achieved by in-

situ and laboratory tests [41], [63].
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4.3.3 Field Research and Laboratory Testing

This step involves the test, measurement and fitaiton of materials and

deformations both in the field and laboratory. Antioned previously, the

characteristics of the used material are not thmesahroughout a structure
therefore a generalization of the characteristitsnasonry is not effective in

explaining the reality. Therefore, to identify thmechanical, physical and
chemical properties of masonry some tests are abedwyrouped under two major
headings as laboratory and in-situ tests and utwdeisubheadings as destructive
and nondestructive.

Mechanical tests determine the behavior of mateaal resistance, deformability
etc and are generally conducted in laboratories. tke tests to be conducted
samples are needed with varying diameters anceyf #re block in various sizes
according to the type of the masonry to be tesibd.fundamental tests applied in
this category are the axial compression test tosoreathe resistance and obtain
the stress-strain curve, triaxial compression testneasure the effect of lateral
expansion and indirect tensile strength test tosmeashear and tensile strength
Mechanical tests can be on blocks, bricks, modawvell as actual portions of the
wall. However, transportation of large elements may be feasible and carrying

out the tests directly in situ is preferred in testing of masonry walls [5], [63].

Physio-chemical tests aim to get physical parammetsrspecific weight, porosity
and pore size distribution, freeze-thaw resistangater absorption and salt
crystallization, chemical characteristics as presemf water soluble salts,
sulphates, chlorides, petrographic composition,tyipe type of binder, the type of
aggregates and their relative proportions. Merquuyosimetry for porosity and
pore size distribution, electron microscopy for tealuation of decay, X-ray
diffraction for the detection of the presence diibte salts, optical and petrologic
analysis for the classification of bricks in ternfsorigin, burning temperature etc,

and for the classification of stones and mortaesjstance test for the particle
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abrasion are among the tests applied on samples thkm the structure of
concern and conducted in laboratories. There averakin situ tests some of
which are destructive and some are nondestrudimeoscopic examination, for
instance, necessitates the drilling of small di@nébles and uses optic fibres to
reveal the morphological variations in masonryetinal cavities and cracks etc.
On the other hand, sonic and ultrasound testsféeetige in the determination of
decayed layers and nondestructive to historic éabpplicable at the site. There
exist several other tests enhanced by the develagsniretechnology as Infra Red
Thermography, Fibre optics microscopy, Digital IreaBrocessing or advanced
ultrasound measurements etc. The studies betwégraf@l [73] can be referred

for detailed information about tests and their pohaes.

Monitoring, which consists of a network of sensqssitioned to measure,
periodically or continually cracks, deformationfesses etc connected to a feed
unit and recording unit, is the another field apgiion that is widely used in the
evaluation of historical constructions. The advgataof the use of monitoring is
underline by Croci [5] as follows: the recordingaditive of active phenomena like
settlement etc by easing the determination of treapeed and risk situations,
control of the structural improvements during repdo strengthen or restore, in
order to check its conformity to the design andtamnof structural behavior,
where there is movement in nearby zones (for icgtaexcavations, drilling etc.)
It provides an accurate knowledge of the behavidhe structure. There are two
types of monitors used in the investigation of dristal constructions: Static and
dynamic. Static monitor records the evaluation efodmation in structural
elements, forces and rigid movements as rotatisaffjements etc with high
frequency of acquisition (period 1s to 1-2 daysh f@Be other hand, one of the
dynamic monitors, passive monitor, records theldsgments by stand-by sensors
which are activated when a seismic action occusgh@n wind or traffic vibration
exceed the trigger level (period milliseconds).i¥&etmonitor measures the modes

of vibration with changing levels of frequency [6B14].
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4.3.4 Diagnosis

Diagnosis stage consists of both qualitative andntjtative investigations and
aims to define the causes and their probable eesiltcritical circumstances.
Therefore, its accuracy affects the decision at fillowing safety and risk
evaluation stage. Qualitative investigations cowdr the related documents
obtained in data acquisition and information attdirthrough the survey of the
structure. Field research and laboratory testingwa#i as experimental and

mathematical modeling are involved in quantitatiweestigations [41].

For the diagnosis stage to be accurate, the umugrten material, geometry,
geotechnical data should be minimized, the failucesck patterns and their causes
should be defined, the analytical model of struet¢explained in Chapter 3)
should reflect the reality as much as possible dbage above mentioned
knowledge with reliable assumptions and differenimbinations of external
effects should be taken into consideration. Expenital results are used for the
validation and calibration of the mathematical modée results of structural
analysis should be investigated thoroughly to idigtiie behavior and features of

structural deficiencies.

4.3.5 Safety Evaluation

Safety evaluation is defined by Croci [5] &él$:is the subsequent judgment on the
capacity of the structure to resist specific aci@uch as loads, earthquakes, etc.

and the potential risked involved.”

It is important in the sense that based on themety are decided the need and the
extent of remedial measures. Poor judgment mayltr@swconservative which
means over intervention or inadequate which rednltansafe solution for the

conservation of the structure.
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Safety evaluation is a difficult task that requitee combination of solid scientific
background, intuition, experience and intense olagiem. Methods of analysis for
new constructions are not reliable to be safelyldse historical structures due to
their complexity, uncertainties in material chaearstics, lack of knowledge of
past occurrences and alterations. Therefore, asgefise safety level should
envelope the preceding steps and their results watlring in mind the principles
of Venice Charter [5], [41]. On the other hand, pinecise conduction of the above
steps does not totally clear out the uncertainty ambjectivity involved in the

overall assessment of historical constructions. efigpce and expertise in the

evaluation have significant contribution.

The lifetime of the decided intervention that asearoertain safety level is another
aspect that should be considered in the evalugtiotess. Since a safe situation in
short term may not necessarily be safe in the kemm. An optimum decision

should involve the probable future situations whicimsequently affect the extent

of intervention.

4.4 Techniques of Intervention

Intervention activities on the present state of umants which are based on the
above mentioned methodology can basically be dledsunder two groups as
traditional techniques and modern techniques. Tdee af traditional techniques
and old materials is respectful to the historicle of monuments in the way that
the integrity and overall sense of completenessaahgeved. The replacement of
deteriorated material with the material of same position is preferably used
when the material is available and traditional teghes satisfy the envisaged
safety requirements for the structure of concemmwéler, most of the time safety
measures required by strongly influential factorechs as earthquakes, soll
settlements can not be obtained by the use of akgmals and old techniques and
since the safety and integrity of historical comstions are of primary concern,

modern techniques are preferred to get the reqsiagety level. At this point, an
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important term comes into picture, “reversibilitythich in a way tries to balance
the safety level and the authenticity of the stritest Reversibility in restoration
defines the capability of an intervention to tumck to original untouched state.
Decisions during safety evaluation process may touh to be erroneous or
inefficient to solve the problem and it is highipportant that the applied action
can be replaced without damaging the original tabfhe development of better
techniques and materials is another factor thabwages the replacement of
previous actions. Therefore, reversibility shoulsl donsidered in the restoration

applications with bearing in mind that it is a m@eihce rather than strict
requirement [5], [55], [74].

Techniques of intervention are classified by Panadi reversible and irreversible.

The reversible techniques are listed as follow$:[74

Restoration of stone or marble monuments with dinyt$
External ties

Prestressed unbonded stitches

External buttresses

Ties at springing of arches

Internal steel curbs for confinement

Rings at the perimeter of the domes

Improvement of the strength, stiffness and dugtdit existing diaphragms
etc.

The techniques below can be classified as irrelvier§r4]:

Grouting

Deep rejoints

Stitching of walls with Prestressed rebars
Interconnections of marble or stone parts with leahdowels

Rebuilding of part of the facings of walls wheregshk have fallen bodily
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Reinforcement of masonry with incorporated stees ba
Strengthening applications on foundations
Underpinning

Reinforcement with fibre-reinforced plastics (FR®).

Unlike the reversible techniques, irreversible teghes impose restrictions on the
structures and can affect the original fabric.Ha tlecision process of irreversible
applications two essential requirements shouldatert into account: durability
and compatibility. By the terndurability the lifetime criterion is referred
underlining that lifetime of new application to beleast equal to that of original
material. Compatibilityis defined as the congruousness of the physibaineal,
mechanical and mineralogical properties of new netewith the original fabric.
Strength and stiffness characteristics, bondingffiment of thermal expansion,
permeability and reaction to the efflorescence among the basic indices of
compatibility [55], [74].

Each of above listed techniques has certain sitnatf application and
necessitates a clear understanding of the statdheofmonument. Among the
techniques prestressing and post strengtheningbbg- freinforced plastics have
gained a particular interest recently and widelyedusas modern efficient

techniques for the conservation of the historicalstructions.

4.4.1 Prestressing Masonry

Prestressing is a simple and effective way for camring the low tensile strength
of masonry. The weakness in tension resistancditgns a significant source of
damage in historical masonry monuments and hasnaagka range from tiny
cracks to complete disintegration of units. Themefa@ny attempt to increase the
tensile resistance helps to consolidate the stalihd integrity of monuments in

masonry.
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Prestressing has two different applications: prnsitsing and post-tensioning.
Pre-tensioning starts with the installation of tmsl Then, masonry is built
around tensioned tendons and after the curing npdendons are released. By
this way, the tension in tendons is transferrethéomasonry as compression. The
application is quite different in post-tensioningendons are tightened after the
completion of the masonry. Although pre-tensionimgelatively easy to apply in
new constructions, post-tensioning is commonly gnredd in the strengthening of
historical constructions. It gives the flexibilibf introducing desired level of load
externally on a wall, column, curvilinear elemeets. (Figure 4.2 [55], [75]). The
studies conducted by the VSL Strengthening solsti@search group [75] reveal
that post tensioning exhibits an effective soluiiomalls subjected to axial, out of
plane lateral and in plane shear loading. Therers increase in the threshold
value of cracking, in the flexural and shear resise and the improvement in the
cracking behavior [55], [75], [76], [77].

(@) (b)

Figure 4. 2 Examples of prestressing: (a) Prestressed rintpeatome of Rotunda, Thessaloniki;
and (b) Vertical prestressing of GPO Tower, Sydney.

Prestressing by post tensioning can be appliedicadyt and horizontally.
Horizontal post tensioning can externally be peried on the structure by

anchoring the tendons. It should be underlined ti@izontal post tensioning
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relatively more respectful to the historical fakthan vertical prestressing in which
bottom anchorage is needed [4].

One aspect which should be taken into account iestgrssing masonry
constructions is the loss of effectiveness of fercetendons in long term. As a
result of variety of factors, the stress in thedtmrs decreases in time therefore a
periodic investigation and maintenance can be rieéatethe effective functioning
of the application.

4.4.2 Strengthening of Masonry with Fiber Reinforcd Polymers

With the advancement in material technology a war@ new applications has
been introduced for the restoration and strengtigeioif the historical masonry
structures. The use of fibre reinforced polymers Istood out among other
applications in the family of polymers which arefided as the substances
composed of molecules with large molecular mass pos®d of repeating
structural units and seen as a promising use tgthasic features. The advantages
of FRP can be listed as follows [78], [79]:

High strength and stiffness

Lightness

Insensitivity to corrosion

Reduced installation and maintenance costs
Reversibility

Color options for aesthetic appearance

Different forms of laminates, tendons and fabridgthweractically unlimited
length

FRP has higher strength and stiffness when compaithdsteel and has become

an alternative for steel ties in post-tensionirtggives the equivalent resistance

provided by steel tendons in addition to its miraation of the impact on
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appearance of the strengthened member. Its ligightvdoes not alter the dynamic
properties of the structure on which FRP is appiegefore it does not complicate
the structural features. Corrosion constitutesgaificant problem in metals and
may result in the loss of functioning in metal etathand decay in the historical
fabric. FRP’s insensitivity to corrosion makes ttomising and advantageous
choice for the restoration activities. Furthermaeversibility is ensured in many
FRP applications since adhesive materials can ineved from the surface [78],
[79].

There exist various FRP composites which are usddnsively in various
industries. Among these, carbon (CFRP), glass (GRERE aramid (AFRP) fibers
are mainly used for strengthening of masonry. Ex@dfRP, CFRP and GFRP
have certain ranges of strength: 2000-2500 MPald88-1300 MPa. The tensile
strength of AFRP has a wide range depending omtneufacturer. Depending on
the constitution of the fiber matrix, three compesi exhibits different
characteristics in terms of mechanical, physical ahemical behavior. GFRP’s
are sensitive to ultra-violet light and highly affed from the alkalis and moisture.
On the other hand, CFRP tendons have resistanahdmicals, moisture and
ultraviolet light and a tendency to rupture undeeas or lateral loading. As for
AFRP, the composition of epoxy resin and fibresultssin low modulus of
elasticity with high strength and high resistaneehe chemicals. Besides, AFRP
is easy to shape and can be used at various lef/slsucture by placing sheets
that wraps the entire exterior. Its flexibility sfrength values make it preferable in
the place of steel [78], [80].

For the strengthening the masonry, two alternaapplications of the FRP
composites are used: externally bonded laminates Near Surface Mounted
(NMS) [81]. Installation of laminates necessitagasdblasting and puttying of the
surface. Then Laminates are obtained by impregmaifothe fiber ply between
two coats of saturant which enables the laminatetne a part of the strengthened

member. It has been efficiently used for flexurald ashear strengthening of
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masonry members. It is possible to use prefabdckteP by providing adhesion
of the laminate to the substrate as well as hamd lyp of laminates. In NMS
method grooves are cut onto the surface of mastiratyis being strengthened.
FRP bars encapsulated into the grooves by a pasterce the curing time is
passed, paste hardens and transfers the stregseshis substrate of the member
to the bar. NSM does not require surface pregaraind can easily be anchored
adjacent strengthened members [81], [82]. Anotkasible application of NSM
technique is structural repointing, i.e., the praeat of FRP bars in mortar bed
joints. They act as a shear reinforcement to rdsigtlane loads as well as

increasing the flexural capacity of the masonrylsvi@2].

The following studies of Balsamo et al [83], Triafiitou [84], Shrive [85], Albert
et al [86], Galati et al [87], Cruz et al[88], Uatzi et al [89], Tanazzi et al [90],
and Tumialan et al [91] may provide further infotioa about FRP composites

and the experiments conducted on different masom@mbers.
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CHAPTER 5

STRENGTHENING OF HISTORICAL MASONRY STRUCTURES BY
STEEL SKELETON

5.1 Use of Steel in Strengthening Applications

Steel is an alloy material which has been staxeoktused widely since the early
20" century in the construction activities. Steel hasns salient features as
malleability, high strength, durability and dudgliwhich increase its popularity
among other materials. Malleability is defined laes ability of the steel to be rolled
into any shape and form, for instance, thin sheei®s, rod, bars or beams and
etc. This feature gives the flexibility for any dipption involving the use of steel.
The strength varies with the chemical compositibrthe steel. The amount of
certain metals and elements affect the strengththsy way, it is possible to
produce specific steel with predefined strengthacép. One of the highlighted
features of the steel, durability is the resistaoicthe material to external effects.
The durability of the steel is modified by the ambwf carbon during the
production and wide range of durability options previded for the steel. Other
than these four basic features, steel is lightet #ny other material. These

features make the steel as a promising construnieterial.

Beside its use as a construction material, stegbréferred in many of the
strengthening applications for the historical magostructures. As well as its
above mentioned features, the easiness of revéysibi the applications is an
underlying reason for the selection of steel. Aaty of applications from simple

connections to big scale interventions has beeatipeal with the use of steel in
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this field. Some of the applications are listedobe in which generally

prestressing technique discussed in Chapter 4oigedp

Ties at abutments of arches

Rings at the perimeter of the domes
Confinement of structural elements by steel ties
Structural repointing by steel bars

Steel stitching

Miscellaneous other applications depending on theire of concern

Arches as a result of their form have the tendewcgxert lateral thrust at the
abutments, which result in cracks or in the latagss instability in the form. Ties
connecting the two abutments of the arches are aorynpreferred solution in
this kind of problems. Figure 5.1 has the schensit@tch and the real application
of this method.

Figure 5.1 Steel ties used to overcome the lateral thrusbadti arches
(Selimiye Mosque, Edirne) [92]

For the domes, lateral thrust action is circumfeatmnd as a result steel ties are
not effective to prevent the action. Instead, stEgjs are used at the perimeter of
the dome. The rings enfold the dome and resishagtie spread of the drum. The
tie used for this purpose is prestressed befomegberiected in its place creating a

strong confinement around the perimeter (Figuré. 5.2

58



Figure 5.2 Prestressed steel ties used to support the doneeRdtunda, Thessaloniki) [93]

As a common application similar to the supportihghe dome, steel ties are also
used for the confinement of specific structuralnedats or the whole slender
structure. Examples of the use of the method olarpdnd slender tower are

presented in Figure 5.3.

N\

Figure 5.3 Steel confinements around pillar and around a tg@&r

Structural repointing is a bed joint reinforcemtatthnique in which steel bars are
placed in few centimeter excavated joints betwé&enblocks and consolidated by
the FRPs or mortar. The efficiency of the methatteases with the regularity of
the masonry facings since the weakness of thesjarsimed to be improved [95].

Figure 5.4 shows the examples of the applicaticthisfmethod.
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Figure 5.4 Structural repointing application on masonry wlis]

Separation at the corners of the walls is commarigountered problem in
masonry structures which threatens the structatebrity. A method called steel
stitching is used to prevent further separatioreeBtstrips are installed by
removing the upper masonry blocks extending tosséadce to the correspondent
masonry course in the corner. After the installatioemoved units are placed
using rich cement mortar. For the existing cracksuting is applied. The

schematic representation of the method is givefigore 5.5. [96].

Figure 5.5 Strengthening of corners using steel stitching

Other than above mentioned commonly used restrengi applications for

masonry, a considerable amount of methods are ajgaland utilized for the
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specific cases. Few selected examples are prowdé&iure 5.6 (a)-(d). Figure
5.6 (a) shows the FRP application with the useexlsvire meshes where historic
fabric is considerably intervened. In Figure 5.9 ¢ bridge in Scotland is
strengthened by steel members curved to a requaréidis under the masonry.
Vertical and horizontal load carrying resistancensvided for the masonry walls
by steel columns and bracings in Figure 5.6 (c)guyl (e). Regardless of the
method applied, the preservation of the historlirifaand the reversibility of the

method (if possible) should be taken account betfugéntervention.

(@) (b)

(c) (d) (e)

Figure 5.6 Miscellaneous use of steel in strengthening appbtins [97], [98]
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5.2 Method of Strengthening Historical Masonry by el Skeleton

Historical structures have exposed to destructiffects of the surrounding
environment during their life time and damaged wita spectrum starting from
cracks to partial collapses. The case of partilhpses has specifically preferred
in this study since the form may not be readaldemfthe remaining parts and load
carrying mechanisms are altered making the streare vulnerable to external
effects. Strengthening applications are unavoidablensure the perpetuation of

the structures.

In this study, it is aimed to propose a method gisiteel skeleton to strengthen a
partially collapsed masonry structure while givitiie sense of the original
appearance. The method is applicable for a widgerasf structures since the
general principle is to provide the form while sagmg the structure. The method
is formed in general sense not for a specific tgpstructure in this study. The
methodology was first developed conceptually amhtthe structural validity was

evaluated analytically on a model by a finite elatanalysis program.

Before explaining further the methodology followiedhis study, a brief literature
is provided to set the grounds. The use of stetlencompletion of missing parts
is not a new application. There are several examipldhe world and Turkey in
which steel frames are used to give the senseeofdim or to strengthen and
provide the functioning of the structure. Figuredow present an example from
each case. Figure 5.7 shows the cases where steld draw the main outline of
the missing form without contributing the structul@ad carrying system in a
dome of a palace in Baeza, Spain. There is no eladence of the presence of the
dome when the remaining walls are observed and dte@sl arches ease the

perception of the complete structure.
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Figure 5.7 Steel arches are used to draw the outline of dineed

Figure 5.8 First attempt to complete the bridge in 1950s [99]
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On the other hand, in Figure 5.8 and Figure 5.8lste used to complete the
missing parts of a bridge (Geyve Sultan Il. Bayé&rdige) in which steel enables
the proper functioning. It is for sure that the hoet applied in this bridge provided
the necessary strength for the passage of thelestdad connected the two sides
of river however the form and the continuity of tmehes are lost as seen from the
photographs. Two successive strengthening appliredhe same bridge can be

seen in Figure 5.8 and Figure 5.9.

Figure 5.9 Final situation of the bridge connected with stee$ses [99], [100]
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A study conducted by Ormecil and Unay [57] constituted a starting point for
the proposed method. The study proposed the usteef skeleton for the first
time to complete an existing partially collapsedicture. A structural model of the
Ani Church of the Redeemer had been prepared @&l Bames following the
form of the structure had enfolded the model. Asigljyrad been conducted by the
researchers to see the improvement in the beha¥ithe structure after it had
been restrengthened by steel skeleton. The phgiogod the church and its
corresponding 3D model can be seen in Figure 5.10.

Figure 5.10 The images of the church and its correspondinghmesdel [57]
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The gravity and response spectrum analysis resaltsaled that the time periods
of the structure, hoop and meridional stresses sigwsificantly reduced in the
strengthened model in Figure 5.11. However, sinepexific partially collapsed
structure is used in the work, the question of lefi@ctive the steel skeleton is to

reflect the features of the masonry half has nehtnswered thoroughly.

Figure 5.11 Strengthened model of the Church the Reedemef5&h

In this study, a different approach is carried @uthe same conceptual based. An
intact model is developed and then some structlemhents are removed. By this
way, a partially collapsed model is generated. Thies partially collapsed model
is completed by steel frame elements as a stremgiipexpplication. The whole
study is based on the comparison of the behavithefitrengthened model with
the intact one.

The model created is composed of one dome suppbytddur main arches that

rest on four pillars. It is similar in the strucalicharacteristics and form to the

Mihrimah Sultan Mosque of the masterbuilder Sinélne model corresponds to
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the inner part of the historical skeleton which teams no walls that contribute to
load carrying system and give extra stiffness amdsiveness to the structure. A

3D mesh of the model is given in Figure 5.12.

Figure 5.12 The model used in this study

Some small scale analyses are conducted to deethenwvorst case of removal in
which the stability of the model is threatened. Thees where half of the structure
remains are not taken into account like in the az#s@ni since the structure is
more stable when the half of it collapsed instefdhe collapse of a structural
element (arch or pillar). Fundamental time periaisthe models are used to
compare the level of the instability in the modsilsce the higher period value is
observed in highly damaged structure. Firstlyaash is removed and the analyses
are carried out. The modal periods are providethénFigure 5.13 (a). Secondly,

as a more drastic case one of the pillars is rethoVke results indicates that the
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removal of one pillar result in higher period vauee., more severe damage
(Figure 5.13 (b)).

Modes  Tune Penods [T Modes Time periods
1 ]

1 2 35675

[

Figure 5.13 Deformed shapes of the models in mode 1 with pisréod values (a) an arch missing
and (b) a pier missing

The model with one pillar collapsed is selected fiarther investigation as a
partially collapsed model. Steel skeleton is cartderd to complete the geometry
and form as well as to support the upper strudinitewing the grids of the solid

elements with different steel sections for diffédrptaces. The partially collapsed

model and the strengthened model are given in Eigur4.

The methodology applied in this study aims to eatduthe performance of the
method-strengthening with the steel skeleton- ipregaching the behavior of the
original intact model not to evaluate the succesthe strengthening method in
reducing the stresses or deformations. Thereféwe, effect of the method on
rehabilitating the existing deficiencies of theusture is not considered. The stress

values on specific points and locations and vatfesaximum displacements and
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modal periods are used as parameters to evaluateeffiectiveness of the

strengthened method to reflect the behavior ofriteect model.

Figure 5.14 Partially collapsed model and the completed model
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CHAPTER 6

FINITE ELEMENT ANALYSIS OF THE PROPOSED STRENGTHENI NG
METHOD

6.1 Geometric and Material Characteristics of the @nceptual Model

For the verification of the validity of the propasstrengthening method explained
in Chapter 5, a conceptual model is used. The seowdel is developed through

the modification of this conceptual model with addtpillar.

In the analytical model, round- off values are usedhe dimensioning of the
members instead of the actual dimensions of theire$ mosque since the main
purpose was to analyze and observe the functioninghe steel skeleton in
structures with complex elements, not to inveséigat specific structure. The
height of the structure from foundation level te top of the dome is 38.5 m with
column height of 16.5 m. The pillars are 2 x 2 ntioss-section. The diameter of
the dome is taken as 19 m with thickness varyiognf m to 0.50 m at the top. A
series of windows are placed on the drum elememiedteé the dome with

dimensions of 1.37 m by 3.5 m.

In the construction practice of similar historicaasonry structures generally
different materials are used for the dome and ¢ise of the structural elements. In
order to reflect this common tradition, two diffetenasonry types are defined for
the model: Masonry 1 and Masonry 2, successiveig Jelf weight and modulus
of elasticity values of the Masonry 1 is higherrthiose of the Masonry 2, which,
in a way depicts the general application in donteactures with heavy structural

elements and light dome. Masonry 1 is used inrgillmain arches and the drum
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while the dome is made of Masonry 2. Figure 6ustilates the masonry types on

the model with specific properties taken for eaglet

=] —
Properties Masonry 1 Masonry 2
Unit Mass (KN-s2/m4) 2.55 2.24
Unit Weight (KN/m3) 25 22
Modulus of Elasticity (MPa) 4500 1500
Poisson's Ratio 0.2 0.2

Figure 6.1 Masonry types and their characteristics values

As explained in Chapter 5, steel is used for tmengthening of the modified
model. It has unit weight of 76.82 KNwith elasticity modulus of 199947 MPa.
The Poisson’s ratio is taken as 0.3 for steel fané@ree different types of steel
pipe sections are utilized in the erection of tteelsskeleton. The thickest pipe is
placed along the corners of the pillar working aadl carrying elements. Thin
sections are used for the diagonal and horizord@hents in the model. Pipe
dimensions can be seen in Figure 6.2 along withiessmtative sketch of the

skeleton.

Types t3 (M) tw (m)

Pipe 1 0.25 0.012
Pipe 2 0.2 0.012
Pipe 3 0.1 0.0035

Figure 6.2 Steel sections and their dimensions
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6.2 Description of the Finite Element Models

The proposed strengthening method is tested throlgHinite element models
created in SAP2000 structural analysis softwareon@sric representation of the
models is done by 3D solid elements which are kntawoapture the behavior of
complex 3D models better than frame and shell efsnéduring the modeling,
the interface between masonry and mortar is notidered. That is, macro
modeling approach explained in Section 3.5 is usbath assumes a fictitious
homogeneous isotropic medium for masonry, mortar #we interface. Besides,
nonlinear material properties are not included esithe models are not the
representatives of the specific structures. Twassp models are generated for
the analysis stage. Model 1 is the intact masomuoc&ire modeled by using 3008
solid elements and 5272 joints. Figure 6.3 prestrgsside and plan mesh views
of the intact model. On the other hand, Model 2resated by removing one pillar
and some parts of the neighboring arches whiclthex), enfolded by the steel
frames as explained in a detailed way in ChapteAtSthe end, this modified
model is composed of 2912 solid elements, 5154gand 411 steel frames. The
mesh of the strengthened model can be seen ing=g4dr The two models are
identical in material, geometric and restraint elaégristics excluding the steel
skeleton. Table 6.1 below gives the total weighd #re contribution of different
materials to total sum. As seen from the valuesjritact model is heavier than the
model with steel reinforcement. This differencetle weight, in a way, is the
precursor of the probable differences in the basarsvalues which will come into

picture later in the response spectrum analysis.cas

Table 6.1 Weight of the finite element models.

Weight Intact Model  Model with steel
Masonry 1 (kN) 20399.46 16992.69
Masonry 2 (kN) 7803.56 7803.56
Steel (kN) 0 146.41
Total (kN) 28203.0: 24942.6!
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In the connection of masonry and steel, to asdwecontinuity in rigidity along

the masonry and steel frames extra diagonal elenagatprovided.
6.3 Finite Element Analysis of the Models

In order to illustrate the efficiency and the coiiméity of the models, two major
analyses are performed for each model: gravity yamsaland dynamic analysis
based on the current Turkish Seismic Code. Asdtiayemany researchers ([42],
[47], [48], [101]), linear elastic analysis giveatisfactory results in the overall
behavior of the whole structure but generally isatisfactory for a detailed

investigation of specific parts.

As for this study, the performance of whole stroetis under concern and some
local overstressed and over deformed regions aerrdmed not to investigate
further but to compare the two models whether gteyw the same behavior in the
same locations. Therefore, all major analyses anelucted to observe the linear
elastic behavior of the models. The performed a®ayfor the verification of the

methodology are listed below in organized manner:

——  Gravity Analysis
Intact Model (Model 1) ——  Response Spectum Analysis
——  Modal Analysis

——  Gravity Analysis

Strenghtened Model(Model 2) —— Response Spectum Analysis
—— Modal Analysis

Gravity analysis is done under the effect of thegheof the structures in which
the static performances under permanent loads bsereed. As for response
spectrum analysis, the behavior of the structurdei®rmined in seismic zone 1

using the spectrum of the region that correspondsigh seismicity in Turkish
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Earthquake Code [93]. Modal analyses of the moalesalso performed to see the
structural response and to determine the fundarneaitids of the structures. The
first three modes are taken for the comparisonhef deformed shape and the
periods. All the finite element analyses are cotellicin the SAP2000

environment in which the models are created.

6.4 Discussion of the Results

For the comparison of the two models, the fundaaieperiods of the two
structures are taken into account as the firstrpater. Since the period values are
one of the identifying characteristics of the bimigs as well as the modal shapes
which represents the way the structures respontigetexcitation. The results of
the analysis indicate the expected behavior forassime and slender structure
which is relatively high period compared with thaft concrete structures with
same height. The fundamental period values fomtbeels are 1.91s and 1.92 s
respectively for Model 1 and Model 2. For the pdsi@t Mode 2 and Mode 3 the
difference between the values is in the order @19. The models show almost the
same response in terms of period indicating thah whe steel pillar and arch
elements similar response characteristics are \athidBesides, the modal periods

of two models are provided below in Table 6.2

Table 6.2 Modal periods of the models

Mode Modell Model 2
1 1.912051 1.922844
2 1.911622 1.903237
3 1.267227 1.252625
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Figure 6.3 The finite element model of the intact structure



9.

Figure 6.4 The finite element model of the strengthened #irec



Modal deformed shapes of the models are also siragaseen in the following
three figures for the first three modes. The gragd in the figures show the
undeformed shape of the model. Different behaviorshe deformed shape is
observed in the first mode due to the newly addederal (steel) with different
stiffness in a way creating a heterogeneous streidiowever, the general trend

and the location of the deformation lines are simals seen in Figure 6.5.

(a) (b)

Figure 6.5 Modal deformed shapes of Model 1 (a) and 2 (bMode 1

As for the second mode, the deformed shapes areiséggure 6.6. The effect of
the difference in overall stiffness can be obserakuhg the steel framing with a

direction change as well as some amount of tolisidtiodel 2.
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(@) (b)

Figure 6.6 Modal deformed shapes of Model 1 (a) and Modg)Zor Mode 2

The third mode behaviors of the two models are atmdentical. Figure 6.7

depicts the deformed shapes in which the direaifdhe torsion is also same.

Figure 6.7 Modal deformed shapes of Model 1 (a) and Mode) &fr Mode 3
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Figure 6.8 The sketch showing the local axes and stresstiins on solid element

Figure 6.8 shows the sketch of the local axes d@rekss directions on solid
element. The gravity analyses results on the \&@rtdaection (S33) are provided
in the Figure 6.9 and Figure 6.10 for the modekssAen in the figures, the overall
behavior and the stress concentrations of the mestase almost the same along
the structures regardless of the presence of #e# skeleton. Figure 6.9 present
the stress distribution of the models on the deéatrplan view. The deformed
shapes of the intact model and the model with stelitate that the responses of
the structures to the gravity loading are very elts each other. Although the
color-stress scale beneath the models uses diffeamiges for the stresses and
their corresponding colors, the same tensile stressentration is observed in the
outer side of the pillar where it connects with taoches. Similarly, high
compression regions in the outside of the lowe&irpelements and in the inner

arch-pillar connection elements are seen on the $acations in two models.

A different view of the stress distribution is prded in Figure 6.10 to observe the
situation on the dome and drum elements. It is deem the figure that the

response of the drum and the dome are the sam@a@stress concentration is
observed due to the change in load transfer mesimarsds a result of the
replacement of the pillar and arch elements wigelstThe abovementioned high

tension and compression locations are clearly sethre figure.

The maximum principle stress values along the diglements are presented in

Figure 6.11. The distribution in the pillars is espected and the two models
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respond similarly with close values which are dssad in the later paragraphs.
The stress concentrations at the points where thdow elements and the dome
elements connected are more visible in the strengith model. In other words, in
the upper corners of the window element there eksercompressive stress
increase due to the presence of the steel skeddtbaugh the increment of the

increase is small.

The structural behaviors of the models under gyalading are investigated
further with numerical values compared through ehdiéfferent parameters as

follows:

The stresses along a pillar (a neighboring pitbathe steel pillar)
The stress valus at the locations of maximum detesghin the intact
model

Displacement values at locations of maximum defaoiona

The stress variation in one of the pillars (pilBris determined to observe the
difference in stresses between the intact modeltaadstrengthened model. The
stress values are taken along the height on edichetement both in inner and the
outer corner. The vertical red lines in Figure 6sh®@w the corners on the pillar 2

that the values are taken for the determinaticthefariation.
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Figure 6.9. The stress,S33, distribution of the Model 1 undawity loading (side view)
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Figure 6.10.The stress,S33, distribution of the Model 1 undeawigy loading (plan view)
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Figure 6.11 The stress,qy distribution of the Model 1 under gravity loading



Figure 6.12 The corners on pillar 2 where the stress value saden

The stress values (S33, Maximum principle streggx &d minimum principle
stress, sin ) of the pillar 2 in both of the models are themimpared by graphics
and the results are tabulated for inner and oubeners separately. The charts
presenting the variation of the stress along thiaers are provided in Figure 6.13
and Figure 6.14.

Figure 6.13 indicates that the pillar 2 in Modedrid Model 2 has the same stress
variation of S33 up to 10 m. Stresses in Modelighdlly diverges from the Model

1 after that height however the trend of the cusvamilar with that of the Model
1. As for Swaxthe variation is vice versa. That is, up to a derteeight the curves
are parallel to each other and after 6 m they cmgvénto same curve. The
variation of Smin in Model 2 is almost the samehwiihat in Model 2. As for
Figure 6.14, the outer corner of the models, thwesiin S33 variations has the
same trend and values along the height. A sligrgrdence is observed in the last

10 m of the a4y variation and in the first 10 m of thg,$variation.
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Figure 6.13 Stress variations along the height of the pillanBler gravity analysis (inner)
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Figure 6.14 Stress variations along the height of the piliader gravity analysis (outer)



Table 6.3 has the numeric values of the gravityyaimaresults, S33,.9x and Sin
for the two models in comparative manner. Stresgsegain the table have the unit

of 103 MPa.

Table 6.3 The stress values along the height of the pillar 2

INNER CORNER

MODEL 1 MODEL 2
Height S3:¢ Smax Smin S3¢ Smax Smin
19 -4130.t -14.7% -3954.7q -3360.3¢ -73.1% -4345.0°
17.75 -3085.3f 217.09 -9714p1 -407.92 258.34 -10446.48
16.5 -9659.61 231.46 -6677p3 -7081.84 100.87 -70§43.01
14.25 -6567.3p -109.45 -6396KM1 -6881.35 -120.07 -6846.41
12 -6391.8] -104.47  -4933.p8  -5275{28 -114.67  -5291.37
10 -3481.3 -102.62 -3489.13 -3692|78 -112.46  -37(1.57
8 -2155.5¢ -95.44  -2168.86 -2240.6 -104.64  -225p.71
6 -862.51 -109.5b -839.%7 -76062 -119.47 -807.99
4 510.44 556.1B -168.13 68004 72361 -17$.15
2 1876.9 1883.683 -323.52  2169]65 21716.6 -36p.38
0 3242.1/ 3256.9: 374.f] 3671.2Y 3687.2: 436.0¢
OUTER CORNER
MODEL 1 MODEL 2
Height S3: Smax Smin S3: Smax Smin
19.F 2853.1¢ 3218.2: -93.74 3455.9] 3589.5! -99.68¢
18 4344.18 4391]1 -120.95  4782[07  4830.71 -124.163
16.5 4184.1)  4188.14 -73.B4 4572121  4576.58 -79.905
14.25 2812.48  2821.35 -64p8 307826  3088.45 -64.453
12 1254.24  1280.92 -41.64  1382|94 1411[161 -49.223
10 -230.8] 231.6R -450.31 -233J22  260.183  -4804942
8 -1660.53 4156 -1678.]9 -1789{24 45472 -1808824
6 -3122.4 40.1B -3130.92 -3375)67 44.029 -3388|816
4 -4524.8] -19.98  -4531.%4  -4906|73 -21.p69 -4914136
2 -5888.34 444.88 -58932 -6389|73  483.396 -6394.972
0 -6809.2¢ -1253.3]] -6823.14 -7391.0} -1352.49! -7406.7

Locations of maximum stresses under gravity loadmgertical direction are
selected as other parameters to compare the twelmodterms of behavior. As
previously discussed in Figure 6.9 and Figure 6t4€,two models are said to be

presenting the similar behavior in general sengesS concentration locations of
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Model 1 are determined and the values are compaitdhe stresses in the same
locations of the Model 2. The maximum stress paamésshown on the Figure . A
and B points designates the maximum compressi@ssspoints while C and D

indicates the maximum tensile strength points efilinole model. The points are
selected randomly since the model is symmetric,the same values are valid for

other maximum stress locations on other pillars.

Figure 6.15 Maximum stress points under gravity loading in ieattdirection

The S33 stresses of the points shown in Figure &r&5compared with that of
Model 2. As seen from the Table 6.4 and Figure leédu16 below, an increase is
observed in the stress values of the Model 2. Hewethis increase is not a drastic
one when the units of the values are taken intmwmicwhich is kN/m i.e.
10°MPa.
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Figure 6.16 S33 of the models on points A,B,C and D

Table 6.4 Stress values of the models at A,B,C and D

A B C D
Model 1 -6672.0¢ -6664.8p 4627.91 4780)65
Model Z -7196.4% -7231.9¢] 5056.3¢| 5223.2:

The last parameter considered in the comparisonthef models is the
displacements at some specific points on pillachadrum, window and dome
elements. The points are selected from the locata@@nmaximum displacements
and marked on the deformed shape as in the Figuré. 6 Eight points are
indicated in the figure as follows: 2 points frohetpillar, 2 from the arch, 2 from

the dome, 1 from the drum and 1 from the window.
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Figure 6.17 The points where the maximum displacements dcctive structural elements

The displacements of specified points reveal thghtsdifferences are observed
although the order is around few millimeters in tafsthe points. For the points
A, B, C and D change in direction is observed withincrease in the values in x-
direction (Figure 6.18). The increase is expectedesa slight increase in the
stresses is pointed out in preceding paragraphsfoAsg direction, a similar

increase is observed on the dome and the drumspaitell as the points on the
main arch (Figure 6.19). The graph representingvtiiees in z-direction reveals

that for B, D and H, the deformation values do c¢lwinge while for the remaining
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points the order is between 0.1- 8 mm (Figure 6123 exact values are given in
Table 6.5.

x-direction
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0.010
0.000 -
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-0.030 -
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Displacement (m)

m Model 1

Selected points m Model 2

Figure 6.18 Displacements of critical points at x- direction

y-direction
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Figure 6.19 Displacements of critical points at y- direction
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z-direction
A B C D E F G H
0.000 -
E -0.010 |
$ -0.020 -
S
3 -0.030 -
©
o
2 -0.040
[a)
-0.050
) m Model 1
Selected points B Model 2
Figure 6.20 Displacements of critical points at z- direction
Table 6.5 Exact displacement values of the selected poimtehiofirst analysis
X-direction
A B C D E | F G H
Model 1 0.00015  0.007248 0.002403  0.000p36  -0.00238 @29 0.02780f -0.0271$5
Model 2 | -0.01255§ -0.0022f8 -0.008471 -0.007599 -0.05P470.00449 0.026648 -0.035376
Y-direction
A B [ D E F G H

Model 1 0.00015B 0.0094%27 -0.00011  0.000227 -0.00p074011®93 -0.028142 0.026p2
Model 2 -0.01250p 0.000226 -0.010474 -0.00p58  -0.00703024%184 -0.035742 0.025p6

Z-direction
A B C D E F G H
Model 1 -0.03350 -0.025713 -0.0337188 -0.035B97 -0.031011013656¢ -0.005745 -0.003B6

Model 2 -0.03687[L -0.025594 -0.039099 -0.03¢(122 -0.03p1-D.015924 -0.0068(1 -0.0041j31

The same investigations are conducted for the skemmalysis under response
spectrum analysis applied by using the spectrum ffarkish Seismic Code, zone
1. It is deducted from the results that the stomsgentrations and displacements
are observed in approximately same locations ofityranalysis with different

values.
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In Figure 6.21, the contour maps of Model 1 and Bd&lare seen in S33 direction
on their deformed shape. The inclination in the esalinection is observed for two
models with similar high stress concentrations Wwhace more comprehensible in
Figure 6.22. The observations from the two figuaes investigated further with
the stress variations on the neighboring pillatha steel pillar. Figure 6.23 has
stress variations of the inner and the outer coofethe same pillar (pillar 2)
shown in Figure 6.12. A divergence in the curveeisognizable after 5 m in the
inner corner which may result from the stiffnesd #me mass change in the Model
2. However, the curves show similar trends aloreg ikight. In the case of the
outer corner, the effect of the steel pillar isachg seen. For the first 7 m the stress
variation is completely different while after thiagight similar trend with some
offset is noticed. The weight difference betweer ttwo models may be
responsible from the difference since the weighhdduded in the calculation of
the equivalent seismic load applied laterally am structure. The exact S33 values

along the height of the inner and the outer coanergiven in Table 6.6.

Table 6.6 S33 values of inner and the outer corner of therp

INNER CORNER OUTER CORNER
Height |MODEL 1|MODEL 2] Height |MODEL 1| MODEL 2
19 4609.3% 5558.43 18 6860.0% 6613.66
17.75 11348.0p  4437.¢6 16.5] 6850.09 4436.98
16.5 7447.8p 10882.94 14.25] 4623.5§ 1621.72
14.25 6218.8p  6978.46 12 1732.79 1174.11
12 3273.19 5895.35 10 1121.28 3848.28
10 410.9 3023.p 8 3868.84 6512.43
8 2325.74 292.11 6 6601.9 9343.p
6 5078.21 2448.22 4  9505.34 9343.p
4 7933.34 79138 2| 12025.0% 1180.39
2 10550.8{ 10460.1: 0] 15297.2] 14992.3
0 13719.8] 13556.9
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Figure 6.21The stress,S33, distribution of the Model 1 and Md&dunder lateral loading (side view)
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Figure 6.22.The stress,S33, distribution of the Model 1 and 8dunder lateral loading (plan view)
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Figure 6.23 Stress variations along the pillar in verticakdiion

A new three points are used for the comparisohefstress values on locations of
maximum stress for the second analysis. Figure $hd4vs the stress check points
for the models. The results are presented botiabaolar and graphical form in
Figure 6.25 and Table 6.7. The results revealahainsistent decrease takes place

in the maximum stress points in the models.
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Figure 6.24 Maximum stress points under lateral loadingeértical direction

18000
16000
14000
12000
10000 -
8000 -
6000 -
4000 -
2000 A

S33 (kN/m2)

W Model 1
W Model 2

A B C

Maximum stress points

Figure 6.25 Stress comparison of the models on points A, B@nd

Table 6.7 Stress values of the models at A,B and C

A B C
Model 1 ]9971.93 11348.22 15297127
Model 2 ]9703.8 10882.94 15010483
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Figure 6.26 The points where the maximum deformations occtinénstructural elements for the
second analysis case

The displacements on specified points are showrntha Figure 6.26. The
displacement of the points of Model 2 in x-direntiwas very slight difference with
that of the Model 2. The same trend is observedtlier displacements in y-
direction. As in the case of z-direction, highespdacements are seen for the
points on the dome, the drum, the window and thadhaiof the arch (A, B, C, D
and E) while very close displacements are obseimethe points on pillar and the
arch. (Figure 6.27 and Table 6.8)
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Figure 6.27 Displacements of Model 1 and Model 2 at the altfmoints at x, y and z direction for
the second analysis

99



Table 6.8 Exact displacement values of the selected poantthe second analysis

X-direction
A | B C D E F G H
Model 1 | 0.21609% 0.2189¢7  0.21472 0.220p91 0.21f108 6I&3 0.19377B 0.1201$4
Model 2 | 0.215695 0.215093 0.218344 0.2171182 0.21F532 88 0.18870b  0.116$8
Y-direction
A B C D E F G H
Model 1 | 0.21641p 0.2184]12 0.219083 0.219333  0.2p046  65}220.193618  0.120(8
Model 2 0.2157f 0.2172%1 0.221433 0.220637 0.22p252 @988 0.19020p 0.116943
Z-direction
A B C D E F | G H
Model 1 | 0.00043p 0.002822 0.003467 0.0070026 0.00P644 9a&M 0.01603p 0.0213$7
Model 2 | 0.003338 0.003748 0.006089 0.009736 0.005197 863®) 0.01593B 0.0210%2
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CHAPTER 7

CONCLUDING REMARKS

7.1 Conclusions

Historical masonry constructions constitute sigmwifit part of the architectural
heritage which acts as a link between the pastthedoresent. The concept of
identity is generally attributed to the historicabnuments. The conservation of
the present condition or rehabilitation of the diefincies in the monuments gains
importance as the reflection of this common sensédentity. The time, the

destructive effects of the nature and man-madeofeicire the main sources of

damage to prevent which some measures of consameate employed.

Condition assessment study is conducted beforeimteyvention on historical
monuments which includes acquisition of the datmyey of the structures, field
research and laboratory testing, and safety evatuaf\nalyses conducted on the
representative models constitute the backboneech#isessment study in which the
structural behavior is tried to be estimated. Stmat analysis of historical
monuments is a demanding task due to material ctaistics of masonry,
missing geometric data, existence of the damageésrapplicability of the codes
and regulations. Analytic modeling techniques aseduto simulate the historical
masonry structures and to conduct the structuralyais. Of these, finite element
method is the most powerful and suitable tool foe tanalysis of historical
constructions with its salient features in reflegtithe properties of the actual
structure. The structure is represented by finitmimer of mesh elements in which

the accuracy increases with the increasing numibiaecelements
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Depending on the decision based on the assessmaly, slifferent levels of

interventions are suggested in which the respebistorical fabric decrease with
increasing degree of intervention. Within this feamork, the concept of
reversibility is taken into account which definae tapability of an intervention to
turn back to original untouched state in a way heileg the safety level and the
authenticity of the structure. Prestressing andngtthening by fiber reinforced
fibers are two promising applications which is lgeinsed in a variety of

situations.

In this study a strengthening method with steelletk@ which strengthens the
structure as well as completing the form and agrere is proposed for partially
collapsed historical masonry structures. Since ostnof the partially collapsed
structures the form is not readable from the remgiparts and the structures are
vulnerable to any excitation. The use of steeltirrggthening applications is not
new and ties at the abutments of arches, ringheatperimeter of the domes,
confinement of structural elements by prestressed structural repointing, steel
stitching and miscellenaous applications can hiedisis the examples of this use.
However, the method proposed suggests a diffeqgmtoach in using the steel.
During the study, the effect of the strengthenirethnd in reducing the stresses or
deformations is not taken into account since theiaito compare the behavior of

intact model and the strengthened model.

For the evaluation of the validity of the methodl @he efficiency of the method in
reflecting the initial intact condition, a concegktD masonry model, structurally
and formly similar to Mihrimah Sultan Mosque of tMasterbuilder Sinan, is
generated in finite element platform. Then a secamutel is developed by
removing one of the pillar and replacing it witheeit skeleton composed of
different steel sections. The connection is sumgubtty extra steel elements to
assure the continuity of the rigidity along theeisection. The two models are

compared under same analysis cases (gravity apdnes spectrum analysis) in
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terms of structural behaviors. In the comparisoa tbllowing parameters are

taken into account :

1. Modal periods and deformed shapes

2. Overall stress distribution

3. Stress variation along a pillar

4. Stress values at locations of maximum stressdseahtact model

5. Displacement values at locations of maximum defoionaf the intact

model

The major observations and corresponding conclgstvawn from the analyses

results are summarized as follows:

The modal period values of the two model- the intamdel and the
strengthened model- are almost the same. The eliféeris in the order of
0.01s. The modal period, or natural frequency are of the dynamic
properties of the structures which in a way costriile response to a
dynamic load. Therefore, same periods can be irgtrg as more or less

same response under an excitation.

First mode deformed shapes under gravity loadinthefmodels exhibit
differences because of the replacement of oner fdilla steel skeleton.

However, second and third modes of two models ssiowlar trends.

The overall stress distribution of models along teetical direction have
the same distribution in general sense under gréndtding. The locations
of maximum stresses, tension and compression ctiatien zones are the
same in two models. Similar to the gravity analysis the response
spectrum analysis the distribution in general is #ame with varying

values in some locations.In both analysis, theothiction of steel skeleton
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to the model does not affect the upper structuastarally, i.e., the drum

and the dome.

The stress variation in vertical direction, S33, ximmam principle
stressesax , and minumum principle stresses;sSalong the inner and
outer corners of a pillar neighboring the replace@ between the intact
model and the strengthened exhibits same trends mimor divergences
between certain height values in the gravity ansly®n the other hand,
there observed differences in variation in which tlends are similar after
a certain height in the results of the responsectgpa analysis. The
stiffness and the mass dissimilarity between thedefsocan be proposed as

the reason for the distinct behaviors.

The numeric values of vertical stresses at thetimts of maximum
stresses reveals that there occured an increaseeirorder of 1 MPa
between two models where the strengthened modehigasr values for
the gravity analysis case. Nevertheless, for tleors# analysis case the
decrease in the stress values of the points insttengthened model is

noted.

When the displacements at the locations of maxindeformation of the
intact model, in the directions perpendicular taigal (x and y directions)
difference in direction (+ or -) is observed, atbedry small in the gravity
analysis. As for vertical direction (z-directiometdisplacements are either
equal in two models or bigger in the order of mmthe strengthened
model. In the case of response spectrum analysesdisplacements are
almost equal in the majority of the points in hontal directions. Since the
loading is in horizontal direction, the closenetshe displacements are of
importance. However, in the vertical, an increasthe displacement of the
strengthened model is observed for the pointherdbme, drum, window

and arch elements while no recognizable changetedrfor the points on
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the lower arch and pillar elements. The change mesult from the
different weight of the two models and the stifinies$ the steel.

The extra diagonal elements in the connections dmtvwhe masonry and
the steel frame are observed to be effective irvignog the necessary
rigidity in the connections since there occured hiwoeging and abrupt

deformation in the system at that points.

The analyses results show that the method apptiedhe strengthening of the
partially collapsed historical masonry structures proved to be effective in

reflecting the structural behavior of the untoucbe&dinal structure.

7.2 Recommendations for Further Studies

In this study the applicability and the efficienof the method is studied in a
general sense. Its contribution to load carryingtesy and its effectiveness in the
reduction of the stresses and deformations areaared within the scope of the

study.

For further studies, the model used for analysislwa enhanced by the inclusion
of the nonlinear material characteristics as welbw the increase of the number of
finite elements. Moreover, the behavior of the niedeeyond the elastic range,
that is, nonlinear range can be investigated t@inbmore precise results by
nonlinear static and dynamic response history @ealyThe observation of the
bahavior under earthquakes with different magnsgudeequency content and
duration may give more detailed results about thleerability of the system and
the effectiveness of the method. The parts whesgenthsonry and the steel are

connected can be investigated in a detailed way.

Finally, experimental set-up for the proposed mathet be developed for the

validation of the model in a more realistic way.
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