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ABSTRACT

LOW CYCLE FATIGUE EFFECTSIN THE DAMAGE CAUSED BY
THE MARMARA EARTHQUAKE OF AUGUST 17, 1999

ACAR, Fikri
Ph.D., Department of Civil Enginesring
Supervisor : Prof. Dr. Polat GULKAN
Co-Supervisor : Assoc.Prof. Dr. Udur POLAT

September 2004, 281 pages

This sudy mainly addresses the problem of edtimating the prior earthquake
damage on the response of reinforced concrete structures to future earthquakes. The
motivation has arisen from the heavy damages or collgpses that occurred in many
reinforced concrete structures following two magor earthquakes that recently occurred

inthe Marmara Region, Turkey.

The andyds tool employed for this purpose is the package named IDARC2D.
Deterioration parameters of IDARC's hysteretic modd have been cdibrated using a
search method. In the cdibration process experimental data of a totd of twenty-two
beam and column specimens, tested under congant and varigble amplitude
displacement higtories, has been used. Fine-tuning of deterioration parameters is
essentid for more redistic predictions about indastic behavior and structurd damage.
In order to provide more redigic damage prediction, three ranges of parameters are

proposed.

Some damage contralling structural parameters have been assessed via a large
number of two-dimensond section andyses, indadic time hisgory and damege



andyses of SDOF sysems and saismic vulnerability anayses of reinforced concrete
buildings

Indadtic time higory and damage andyses of numerous SDOF sysems have
been carried out to determine whether the loading higtory has an effect on damage and
disspated hyderetic energy. Then this emphasis is directed to the analyses of MDOF
sysems. In the andyses of the SDOF systems, various forms of congtant and variable
amplitude indagtic displacement reversds and synthetic ground motions composed
one of the four earthquake records preceded or followed by its modified records acted
as a prior or successve earthquake, have been used. The anadyses of two five-story
R/C buildings have been carried out usng synthetic accelerograms comprised of base
input provided by the two recorded ground motions.

It is shown that both damage progresson and cumulative hysteretic energy
disspated dong a path seem to depend on the number and amplitude of cycles
condituting the path. However, find damage and accumulated hydteretic energy
disspated dong a loading path are independent of the ordering of the same number
and amplitude cycles dong the path. There is a nonlinear relationship between the
eathquake excitation intengty and find damage attained in the end. Increase in the
accderation amplitude leads to exponentid incresse in damage. As the prior
eathquake intendty increeses the damage from the succeeding man earthquake
decreases. A definite ground motion acting as prior and successve earthquake causes
ubgtantiadly different amounts of damege. Prior earthqueke damage does not
Ubdantidly affect the maximum drift response in future larger eathquakes. A
MDOF frame type dructure with a prior damage suffers less overdl damage in an
earthquake in comparison with the one without a prior damage.

Keywords. low cycle fatigue, prior earthquake damage, successive earthquakes,
gynthetic ground motion, performance based desgn, damage index, disspated
hygeretic energy, damage control parameter, cyclic loading, indadic time higory
andyss, damage andyss, IDARC2D, Kocadli earthquake, Diizce earthquake.
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DUPUK DEVYRLY YORULMANIN 17 ADUSTOS 1999 MARMARA
DEPREMYNYN HASARLARI UZERYNDEKY ETKYLERY

ACAR, Fikri
Doktora, Y nf@at Mihendidiai Bolimi
Tez Yoneticis: Prof. Dr. Pola GULKAN
Yardymcy Tez Yoneticisi: Doc. Dr. Udur POLAT

Eylul 2004, 281 sayfa

Bu argftyrmanyn temel amacy, gecmipdeprem hasarlarynyn, betonarme yapylaryn
sonradan maruz  kaabilecekleri  depremlerdeki davranyparyna  olan  etkilerini
irdelemektir. Bu calypmanyn hareket noktasy ise Marmara Bolgesinde en son meydana
gelen iki blylk yykycy depreme maruz kadarak adyr hasar goren veya yykylan betonarme
yapylar olmufiur.

Bu cadypnada yapylan andizlerde IDARC2D adly program kullanylmyfiyr.
Programda kullanylan histeretik modelin hasar parametreleri EGim Araglyrmasy Metodu
ile kdibre edilmifiir. Kadibrasyon ipeminde, sabit ve dedifken genlikli tersnir
yiklendere tabi tutulan toplam yirmi-iki adet kolon ve Kkiri°in deney veileri
kullanylmyfiyr. Yapy eemanynyn davranyp ve hasar dizeyine ili°kin gergekci sonuclar
ede edilebilmes igin higeretik modd hasxr parametrderinin hassas bir  ©ekilde
seCilmes gerektidi tespit edilmifiir. Gergekgi hasaryn beirlenebilmes amacyyla farkly

hasar durumlaryny temsil eden (¢ ayry hasar parametrderi kombinasyonu 6nerilmiCtir.

Bazy ygpysd Ozdliklerin hasar (zerindeki etkilerini  belirleyebilmek icin gok
sayyda betonarme kest andizi, tek derecdi dstemlerin dagtik Gtes dinamik ve hasar
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andizleri ile depreme maruz kadmyp betonarme sgemlerin ssmik hesarlylyk andizleri
yapylmyfyr.

Yapysa sstemlerin maruz kadydy yikleme [eklinin enerji tiketim kepadtes ve
hasar Uzerinde etkisnin olup olmadydyny bdirleyebilmek icin de cok sayyda tek
derecdi sgemin dadik oOtes dinamik ve hasar andizi yapylmyliyr. Ayny amacla
benzer etkilerin ¢cok derecdi ssemlerdeki tedrleri de irddenmitir. Tek derecdi
sysdem andizlerinde sabit ve deditken genlikli cehitli elagtik Otes yuklemder ve dort
adet deprem kaydyndan biri ile kendisinden Uretilen 6ncll veya ardgyl olarak etki eden
kompozit deprem kayytlary kullanylmyftyr. Bepkatly iki betonarme binanyn andizlerinde
ise kaydedilen bu iki yer hareketinin ayny yondeki kayytlarynyn birleldiriimesyle ede
edilen kompozit yer hareketleri kayytlary kullanylmyftyr. Sozkonusu bindarda Duzce
depreminde meydana gelen hasaryn dadylymy ile anditik olarak hesgplanan hasarlaryn
dadylymlarynyn biyik oranda uyumlu oldudu gozlenmildir.

Hasar gdipmi ile tiketilen enejinin yiklemenin devir sayysy ve genlidine
badly oldudu gorGimifir. Ancak, yukleme sonunda meydana gelen hasar ile tiketilen
engrjinin, yiklemenin ayny genlik ve sayydaki hakaarynyn syrdamasyna badly olmadydy
anlaylmyiyr. Deprem biyUklUoU ile dodurdudu hasar arasynda dodrusal olmayan bir
ilifki mevcuttur. Deprem ivme kaydynyn artmasyyla hasarda c¢ok daha hyzly artyp
meydana gelmektedir. Oncll deprem biyidikce daha sonra maruz kaynan ana
depremdeki hasar azalmaktadyr. Ana depremden once ve sonra meydana gelen beli
blyUklUkteki bir deprem cok farkly hasarlar dodurmaktadyr. Bir yapynyn oncll
depremdeki hasary, o yapynyn gelecekteki daha blytk bir depremdeki maksmum yand
dtdlenmesinin Uizerinde biyUk bir etkis bulunmamaktadyr. Bir depremde, ¢ok derecdi
bir yapy sseminin onceden hasarly hdi, ayny ssemin hasarsyz hdine gbre daha az
hasar gérmektedir.

Anahtar Kelimeler: difik devirli yorulma, onceki deprem hasary, ardylyk depremler,
suni yer hareketi, performans tabanly tasarym, hasar indeks, tUketilen higteretik enerji,
hasar kontrol parametred, tersnir yikleme, dagtik 6tes dinamik andiz, hasar andiz,
IDARC2D, Kocaeli depremi, Diizce depremi
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CHAPTER 1

INTRODUCTION

1.1 General

Engineering dructures, built in areas where earthquakes quite often occur,
may be subjected to successve strong earthquake excitations. The damage sustained
during a prior eathquake exctation may dggnificantly affect the response of a
dructure to a succeeding earthquake. Accumulation of damage due to low cycle
faigue may play a role in this sequence. Structurd damage caused by successve
earthquakes or long duration strong earthquakes can not only be attributed © defects
in design or condruction, but dso to low cycle fatigue effects due to accumulation of
damage. It is not unusuad for this accumulation to lead to collgpse during the
successve events. But how the damage from each of these events could be predicted
and which intendty of these excitaions may cause noteworthy increese in the
following earthquake damage? The prior earthquake or foreshock of what intengty
may subsantidly affects the damage to be sustained during the mgor earthquake

ground motionsis another question.

Effects of damage from prior earthquakes on the response of reinforced
concrete structures to a successive design-level earthquake can be assessed by means
of two different gpproaches.

To imitate the prior damage-causing earthquake, the structural system can be
exposed to a synthetic ground motion record that comprises a prior ground motion
record and a succeeding ground motion record. Naturaly, the synthetic composte
ground motion record should be comprised of a least two sSuccessve ground
motions, on the condition that the firg ground motion causes a pre-determined

sdgnic dructurd damage. The sdsmic inputs ae provided successvely as a

1



continuous ground motion without a quiescent period in which the structure comes to
rest. Hence the effect of the prior event is carried forth to the next without returning
the sysem to undamaged conditions. It is believed tha this approach smulates the
red conditions and provides the most redidic response of the dructure. The
difficulty of this method is to observe or monitor the intermediate damage Sate in

between the ground motions.

In the second approach, the prior damage can be modeled as reductions in the
initid mechanical characterisics of a dructurd member, namdy, diffness, drength
and hysteress. This is possble in case of changes in the Structural properties could
be edtimated. In this approach, the dtructurd properties (dtiffness, strength and
hysteresis loops) of a dructural component are smulated by prescriptivey modifying
the component’'s force-deformation rdation. Experiencing the fird event, the
weekened dructurd sysem with dameged dements is explicitly modded and
subjected to the succeeding ground motion. Estimated find vaues of the Sructurd
properties attained a the end of the first event, condtitute for the starting properties of
the damaged system at the start of the second event that is going to be experienced.
The locd (element) or globd (overal) damage indices of the damaged ructurd
system that has exposed to succeeding ground motions are compared with that of a
companion dructurd sysem which is initidly undamaged and subjected to only
second earthquake excitation.

The second approach, compared with the firs one, is rather complicated,
tedious and time consuming, especidly for MDOF frame type of dructurd systems
as modding is required for each member. It is believed that the second approach
could not vdidate the indagtic behavior of a Sructura system as the first. Attempts
to modd the prior damage as reductions in the initid Structurd properties (stiffness
and srength) of a structurad member must be based on assumptions about structura
behavior and may be handicapped by the lack of the proper analysis tools.

In the last decade, two dedructive successve ground sheking, with
magnitudes exceeding 7.0, have been experienced nearly 3 months gpart in the north

western region of Turkey. The distance between the epicenters of the successve



ground moations, occurred on 17 August and 12 November 1999 in Marmara region,
is about 110 km. These repeated destructive earthquakes provide a unique possibility
to verify the effect of prior earthquake damage on the dtructurd performance to
future earthquakes. It was the fird time that such strong successive earthquakes hit
dructures, in cetain cities producing ether accumulated extensve damege or
collgpse. It is worthwhile to note that this event is a benchmark to shed light on
accumulation of damage.

The east part of the Marmara region and especidly surroundings of Duizce
and Bolu cities has served as an excdlent laboratory in order to observe the effects of
successve eathquake on dructurd damage. Many of the reinforced concrete
sructures had suffered light-to-moderate damage during the Marmara earthquake, on
August 17, 1999 (dso cdled the Kocadli earthquake) then sustained further damage
or patly/completedly collagpsed during the succeeding Diizce earthquake, on
November 12, 1999. Hundreds of additiona buildings collgpsed or damaged further
during the second event. These unusud building falures obsarved in Mamara
region, especidly surroundings of Diizce and Bolu cities after these two mgor
successve earthquekes atracted specid  attention of nationd and internatiord
eathquake engineering community (Sozen, 2000; Sucuodlu and Yylmaz, 2001).
Although most of the surviving structures did not satify the code regulations, they
exhibited satisfactory peformance. Hence the causdive-reasons behind  both
obsarved unusud building falures and saismic performance of the structures may be
expressed via bases of low cycle fatigue phenomenon.

1.2 Review of Past Work

Previous research is presented under two headings in the following
paragraphs. A limited number of research related with the effects of prior earthquake
damage on seismic performance of SDOF and MDOF systems are introduced firs.
Then the researchs related to fatigue phenomenon and damage models are presented.



1.2.1 Studieson Prior Damage Effects on Performance of Structures

The man concern of the earthquake engineering community is the assessment
of the damage datus of the structures before and after a destructive ground motion, in
order to take necessary precautions. To assess the post-eathquake rdidility, it is
convenient to determine the physcd damage sate of the structures subjected to
earthquake excitations.

Until present time, only a limited number of researches have been conducted
on assessment of the prior earthquake damage effects. Analytical and experimenta
sudies, performed in the past, mainly address the problem of prediction of the pos-
eathquake sasmic peformance and future rdiability of damaged renforced
concrete sructures. In dmost dl researches summarized below, atempts made to
meet this main objective are based on the comparison of the digplacement response
of damaged and undamaged structural systems.

In the shake-table tests performed by Cegen (1979), two identical ten-story
three-bay reinforced concrete frame models were tested. The two models were
subjected to sequences of ground motions with different intengty, followed by a find
tet using identicd ground motions. When the dructures were subjected to the
repeated ground motion, the pesk displacement response a each story was only
dightly affected by the previous sheking of the same intensty. When the two
sructures were subjected to the same find motion, pesk displacement response over
the height of the two dructures was only dightly affected by the different prior

sequences. Floor acceleration response, however, was prone to more variation.

Mahin (1980) conducted an anaytica study to investigate response of SDOF
ostillators subjected to five synthetic ground motions, each having 60 seconds
duration. For this purpose, a number of earthquake aftershock sequences were used.
He dated that, duration of severe ground shaking has a dgnificant effect on ingastic
deformationd and energy dissipation demands, especidly for reaively wesk, short
peiod dructures which may be expected to devdop dgnificant indagtic



deformations. For bilinear modds with negative pos-yidd giffness, increases in
duration tend to cause rdatively smaller increasesin digplacement ductility demand.

In the shake-table tests conducted by Araki et d (1990), the reinforced
concrete wdl and frame-wal dructures were exposed to single and repested
gynthetic ground motions. It was found that low-rise structures subjected to repeated
shake-table tests digplaced to approximately twice as much as they did in a test
subjected to a single ground motion. However, in case of mid-rise and high-rise
structures, repeated testing caused pesk displacements that ranged from O to 10
percent larger than those obtained in single tests.

Wolschlag (1993) tested three-story reinforced concrete walls on a shake-
table. In one test series, an undamaged structure was subjected to repeated ground
motions of the same intendty. It was concluded that, in the repeated tests, the pesk
displacement response a each floor of the damaged specimen was hardly different
from the response measured for the initialy undamaged structure.

Hanson (1996) conducted a research to evauate the sructurd damage of
reinforced concrete members damaged by earthquakes. He asserted that the prior
earthquake damage might be measured by estimating the loss of laterad load carrying
capacity of the dructure. The procedure in this study is based on globd and
component laterd force capacities. It was suggested that this loss can be reated to
the observed width and extent of concrete and masonry cracks in the damaged
structure.

In the ATC 43 (1998) [FEMA 306, 307, 308] project, effects of prior damage
on the displacement response of SDOF models subjected to earthquakes were
invedtigated to verify and/or modify current methods of predicting displacement
demand. The procedure presented in this project is based on globa displacement and
component deformation capacities rather than force capecities. It was dated that
there was a widespread disagreement on the significance of aacking on capacity and
skepticism on the suitability of force cgpacity as a parameter for measuring damage
as mantaned by Hanson (1996). It was concluded that, prior earthquake damage



does not affect maximum displacement response in future larger earthquakes in many
ingances. It was concluded that athough it seems illogicd it was paticulaly true in
cases in which ggnificant strength degradetion did not occur during the prior smaler
earthquake.

Aschheim and Black (1999) made a comparaive andytica study, as part of
ATC-43 project (1998) usng three exising hysteress modds to invedigate the
effects of prior earthquake damage on the peak displacement response of smple
oscillators. Prior damage was modded as a reduction in initid giffness under the
assumption that resdua displacements were negligible The sudy was performed
usng over twenty thousand SDOF sysems. The man variables condgdered in the
andyss were oscillator strength, period of vibration, degree of prior damage, and
load-deformation relation. To assess whether ground motion duration or the presence
or absence of near-fidld pulses associated with the fault rupture propagating towards
the recording station might affect the responses, a large enough sample of recorded
ground motions was used. The sdected smulated earthquakes were classfied as
short duration (with magnitudes less than 7), long duration (with magnitudes more
than 7) and forward directive.

Effect of damage was invesigated congdering three load-deformation
relaions
1. Standard Takeda (Takeda et. al.1970) load deformation reation with postive
post-yidd diffness, Figure 1.1a,
2. Standard Teakeda load deformation modd with negative post-yidd giffness,
Figure 1.1b, and
3. Modified Takeda load deformation modd incorporating pinched hysteretic
response with conjunction with aform of cyclic strength degradation, Figure 1.1c.
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They concluded that prior damage has a minor influence on pesk
displacement response. This was observed for the full range of periods and ground
motions investigated for SDOF oscillators  exhibiting  siffness  degradation  and
without dependence on the presence or absence of pinching of the hyderetic
reponse. Load deformation relation with podtive post-yidd giffness and modified
load-deformation model  incorporating pinched hysteretic response in  conjunction
with a form of cydic drength degradation displayed satisfactory performance under
the pre-specified seismic actions. It was concluded that a large number of collapses
were found for the Takeda oscillators with negative post-yidd diffness and
regardless of prior damage, to prevent the collgpse of these sructures they should
remain dmog dadtic.

S6zen (2000) made an andyticd and datidicad study on damage dtates of
approximately 100 randomly selected buildings located in Dlzce, shaken strongly by



two damaging ground motions in three months. Measurements of he frame members
and nongructurd walls of these sdlected buildings were made by teams of engineers
from Turkey and USA in December 1999 and June 2000. The mgority of the
buildings had four to dx dories They had variable beam and column szes and
founded on individud footings with grade beams The compressve drength of
concrete used ranged from 7 to 15 MPa.

It was emphasized that according to the direct observation there was no
reason to conclude that the buildings that falled in November had been moderately
damaged in Augud. It was dated that there was observationd evidence that a
condderable portion of the buildings damaged heavily in November had not been
hurt in August and the ratio of the heavy damage in the November event to that in the
August event is three. The crucid point of the study was exposed with the question
aked by the author; “given the ground motion records and the damage for the
August event as well as the ground motion records for the November event, could the
damage in the November event have been estimated?’

As a result of the studies made by the author, the question was answered with
repect to Dizce 1999; ‘without fore knowledge, a confident and convincing answer
is not possble on the bass of direct or even indirect but smple procedures. With
this unsatisfactory answer, the author caled attention to the connection between
ground motion measurement and potentiad general damage. To assess the causative-
reasons of such unusual damage caused by successve earthquakes, the author is of
the opinion that there should be drong efforts made to connect ground motion
measurement and potential damage.

1.2.2 Studies on Fatigue and Damage M odels

Damage of a dructurad member accumulates with each displacement cycle.
The accumulation of damage in a materia up to the point of falure under repeated
cyclic loading is known as ‘fatigue’. According to dtress leve it can be classfied as
‘high-cycleé and ‘low-cyde fatigue. In high-cycle faigue the stresses are low, far
bdow vyielding drength. The structural component does not deform beyond dadtic



dress leve, 0 it may need a large number of cycles to falure. This is a matter of
materiad  science. In low-cycle fatigue the dresses ae quite high to cause

considerable plastic deformation.

In the basic fatigue process, the damage is assumed to increase incrementaly
with each cyde. High cycle fatigue is present when the individua cycles occur a an
eadic dress leve requiring many tens of thousands or millions of cycles to falure,
whereas low cycle fatigue occurs when each cycle exceeds the yidd dress. Then the
number of cydes is far less. Bascdly, a monotonic test is a pseudo low-cycle fatigue
test of one-hdf cycle (McCabe and Hall, 1989).

In eathquake engineering community, much theoreticd and experimenta
research has been conducted on assessment of seismic damage in structurd systems.
By meking use of damage indices, the damage in reinforced concrete sructures
sudained under eathquake loading is quantified numericdly. The mgor research
conducted on the assessment of dructura damage has been concentrated especialy
on the devdopment and application of damage indices. The dructurd damage
indices are generdly expressed as a function of one or more damage parameters. The
damage modds can be classfied into three groups non-cumulaive, cumuldive and
combined. If the gructurd damege is quantified as a function of maximum structura
reoonse, such as the displacement, ductility or oscillation period this means the

damage mode is non-cumulaive.
The ealies and smples form of the noncumulaive damage is ductility-

based. The ductility ratio can be defined using displacement, curvature or rotation.
The displacement ductility can be written as;

My = dmax / dy (1.1

where dmax and dy refer to maximum plastic disolacement and yield displacement of
the component, respectively.



Falure occurs when the ductility demand exceeds the dructurd ductility
(capacity). Powell and Allahabadi (1988) developed a more generd form of the non
cumulative type of damage index. The damage expressed as follows:

(1.2)

where d;, d and d, are the cdculated, threshold and ultimate vaues, respectively, for
the damage parameter ranging between O and 1. The effect of the exponent, m, is
shown in Figure 1.2. The vaue of the dimensonless damage index will be equa to O,
sgnifying no damage, if the cdculaed vaue of the paraneter is less than the
threshold vaue, d. On the other hand, the index will be equd to 1 when the
cdculated vdue, d; is equd to the utimate vaue dgnifying falure Between
threshold and ultimate vaues, damage index may teke any vaue depending on the

cdculated vaue, d;, and the dimensionless parameter, m.
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Figure 1.2 Effect of parameter mon damage index

The degradation procedure is based on the estimation of the undamaged
(initid) and damaged date vaues of a propety in a dructure, substructure or
member. The parameters like dgiffness, drength, energy disspation capacity and
period can be consdered for this procedure. This damage index is based on the
vaidion of the fird mode due to the diffness and drength deterioration of the
sructure or member. For the degradation procedure, the value of the degrading
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property will decreese progressvely, and a guitable form of the softening or
weakening in a structure or member is defined as (Powell and Allahabadi, 1988);

d=1- % (13)

where d is damage parameter, Py is the degraded find vaue of the Structura property
in the damaged state and Py is the vaue in the undamaged State.

It should be emphasized that each load cycle caused a cetan amount of
irreversble sructura damege. Basicdly obtaning a cumulaive vaue of the damege
is to accumulate the damage caused by plastic deformations. If the damage procedure
is to congder the accumulated damage sustained under cyclic loading, then the
parameter used to assess the damage is based on cumulative damage. Modding of
the accumulation of damage which occurs under cydic loading is usudly performed
ether by means of a low-cycle faigue formulaion in which damage is teken as a
function of the accumulated plastic deformation, or by incorporating a term related to
the hysteretic energy absorbed during the loading (Williams and Sexamith, 1995).

Investigations related to fatigue life of the engineering components are focused
on metas and sted components, and it was first introduced in the 1860's by Wohler
(Suresh, 1991). The fatigue life of the engineering components is defined as the totd
number of cycles to induce fatigue damage. The fatigue life theory was extended
further, and a fatigue-based cumulative damage rule was developed (Pamgren, 1924,
Miner, 1945). For years, PAmgren-Miner cumulative damage rule was consdered as
a smple criterion for predicting the extent of fatigue damage induced by a certan
condant amplitude loadings. In this linear damage rule, it was assumed that; (i) the
number of stress cycles imposed on a component, expressed as a percentage of the
totd number of dress cycles of the same amplitude necessary to cause falure, gives
the fraction of expanded faigue life, and (ii) the order in which the stress or strain
blocks of different amplitudes are imposed does not affect the fatigue life (Suresh,
1991).
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Based on these assumptions, for a cyclic excurson having k different stress
amplitudes the accumulated damage is expressed linearly as follows (Miner, 1945);

&
DIl =8

n.
— (L4)
i=1 N fi

where, n; is number of load reversds corresponding to the i'th constant stress
amplitude, and N5 is number of load reversds to falure for the i'th congtant stress
amplitude.

In the extreme case where falure takes place, the summation given in the
linear damage rule formulation becomes equa to 1.0. As the mogt primitive faigue
damage modd, it is only rdlevant for congtant amplitude fatigue loading. In redity,
however, engineering components are invarigbly subjected to varying cyclic loading
amplitudes.

Kasirg and Yao (1968) studied the low-cycle fatigue falure of structures and
dated that the falure of a structure subjected to a strong ground motion with high
damage potentid could be more influenced by the damage caused by low-cycle
fatigue rather than by maximum displacement (response) of the Structure.

Krawinkler and Zohrel (1983) proposed a more suitable expresson for
number of (congant amplitude cycling) reversas to failure of sructurd components
asaresult of experimental studies on sted components,

N, =C*(bd,) (1.5)

where Dd, is the amplitude of plagtic deformation and ¢ and C are materid condtants

to be determined experimentdly. In the low cycle fatigue tests of sted components
the fallure modes of locd buckling in beam flanges and fracture a wedments are
taken into consderation, and they proposed linear damage models. They conducted
some expeiments including monotonic and congant-amplitude cydic loading and
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used them to develop cumulaive damage modds for the fatigue life prediction under
varidble amplitude cyclic loading petterns. The proposed damage mode considers
differet amounts of the plagic displacements usng the following expresson for

cumulative damage;

D, = A4 (M- 1)* (L6)

i=l

where A and a ae parameters which depend on the properties of the structurd
component, n is the number of reversas ad mis the ductility a the i plastic cycle.
The parameter A is derived gpplying the equation 1.6 to monotonic loading.

o&m-l f.ja
D =a gt
i I}

=1

(17

,mon

McCabe and Hall (1989) proposed a damage index based on the concept of
equivdlent hyderetic cycles of deformation, and stated that counting the number of
hysteresis cycles that occurred during response would provide a measure of damage.
The shortcoming in this proposd is that cycles are not identical nor are they full-
cycles. To cope with this deficiency they introduced the concept of equivaent
hyseress cycle in which the total disspated energy is divided by the amount of
energy in a sandard hyderetic cycle to obtan the number of equivdent cycles
required to disspate this same amount of energy. The number of equivaent cycles is
expressed as.

H

= t 1.8
(R,)(DU) (9

where N : number of equivaent hyseretic cycles,
R, :yieldresstance,

DU : digplacement, and
H, :tota dissipated hysteretic energy.

They suggested three different methods to caculate the DU term;

1. Using maximum deformation encountered during response,
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DU=U_,-U, (1.9)
2. Usng displacement defined by the strain energy at yield,

U
DU =—, (1.10)

2

3. Using aweighted deformation computed from the response vaues,
bu =U,-U,,and (1.12)
a H,ou,

u,=—"—— 112
w =" (112)

t
where H. is hyderetic energy at i cycle, DU, is displacement magnitude for a
paticular yidd excurson and H; is totd disspated hyseretic energy up to current

time.

Among these, weighted deformation is in good agreement with the actud
observed test data In this approach equivalent deformation cycle was defined using a
weighted deformation computed from the response vaues that were responsible for
generating most of the hysteretic energy.

The best known and widely used damage index is developed by Park and Ang
(1985). In this damage index, suitable for reinforced concrete members when
bending plays the mgor role, the dructurd damege expressed as a linear
combination of the normaized deformation and disspated hysteretic energy.

d . OE

+bh—— (1.13)

D=1
q "Fd

where d., : maximum deformation under earthquake,
d, : ultimate deformation under monotonic loading,
F, :cdculaed yidd strength (defined asthefirg yidding in tension

reinforcement, or when the extreme fiber compressve srainin
concrete exceeds 1.5 times the crushing strain, € |

(FE : accumulated hysteretic energy during the response history (enclosed
area of force-deformation loops),
b : drength degradation parameter (function of structura parameters)
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The fird term on the right-hand side of equation (1.13) represents damage
due to increased deformation whereas the second term represents the damage due to
higory of deformations. The advantages of this modd are its smplicity and the facts
that it has been cdibrated agangt sgnificant amount of observed seismic damage,
including some instances of shear and bond falures (Kunnath et d, 1990). It should
be noted that, this damage index yieds normdized vaues between zero and unity. A
damage index in the neighborhood of unity sgnifies patid or complete collapse of
the component.

The effect of cyclic loading on dructurd damage is represented by this
parameter, b. The drength deterioration parameter is empiricaly formulated from
regresson anadysis of 140 monotonic and 261 cyclic test data of beams and columns
(Park and Ang, 1985; Kunnath et a, 1990);

b =|0.37n, +036(k, - 02)? 09" (1.14)

where no : normalized axid dress, kp @ normaized sed raio and ry @ transverse
reinforcement ratio. The eguation shows a negeive corrdatiion between the
deterioration parameter and the transverse reinforcement ratio, and aso wesk
postive correlaions between this parameter and normalized axid dress and sted

retio.

The absorbed hysteretic energy was integrated up to the falure point for these
large st of cyclic test data and this low-cycle damage based modd was cdibrated
with these experimental data for reinforced concrete members. Park, Ang and Wen
(1985) suggested damage index of 0.4 as a threshold vaue between repairable and
irreparable damage. Then in 1987, the same authors suggested the following detailed
damage dassfication (Williams and Sexamith, 1995):
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D<0.1 No damage or localized minor cracking,

Minor damage - minor cracks throughout, partial crashing of
concrete in columns,

0.25£ D<0.4 Moderate damage-extensve large cracks, locdized spdling,
04£D<1.0 Severedamage-crushing of concrete, reinforcement exposed,
D310 Collapse-totd or partid collapse of building.

0.1£D<0.25

The damage classfication and lower/upper limits of the damage levels may

change for the other damage indices.

The index was implemented in the origind relesse of IDARC (Park,
Reinhorn and Kunnath, 1997). The recent release of IDARC (Kunnath et a, 1992)
uses a dightly modified form of fatigue based Park and Ang (1985) damege index.
The only difference is that insead of force and displacement they used moment and
curvature and the recoverable deformation has been removed from the damage index

formulation;

f_-f YIE
T _Y+b d (1.15)
f,-f, M,f,

where f, is the maximum curvature atained during the loading higory, f is the
ultimate curvature capecity of the section, fy is the yidd curvature, My is the yield
moment and Ey, is the disspated energy in the section. Then, the biggest damage
index of the end sections of a component is sdected as the damage index of the
component (Valeset a, 1996).

Cdlibration of the index was performed by Stone and Taylor (1993) and the
following damage classfication is proposed:

D<011 No damage (localized minor cracking),
0.11£D<04 Reparadle (extensve speling but inherent tiffness remains),
04£D<0.77 Irrepardble (dill ganding but failure imminent),

D3 0.77 Collapsed.
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As a result of evauation of several locd damage indices againg the results d
a series of cyclic combined shear and flexurd tests, Williams et d (1995) dated that
Park and Ang index is one of the most condstent indicators of severe damage and
falure. On the bass of comparisons agang one sat of shear-dominated tedts, they
stated that, it appeared that the damage sudtained is primarily depends on the
deformation levd, with the number of cydes of loading having only a smdl effect.
This means that the rdativdy smple, predominantly deformation-based measures,
such as ductility, diffness degradation and modified Park and Ang damage index
formulations, provide a more rdigble indication of the various damege levels than

many of the gpparently more sophisticated indices.

An experimentd dudy was caried out by Lew (1997) to assess the
relationship between the state of damage and low-cycle fatigue characterigtics. In this
sudy, a series of reinforced concrete columns were tested under monotonic and
cyclic loading higories. The amplitudes of the congtant cyclic loading histories were
sdected as two, threg, four and five times of the yield displacement, dy. As a result, it
was concluded that a falure stage the accumulated energy disspation is definitey
path dependent.

El-Bahy et d (1999) tested reatively dender columns (ratio of shear span to
diameter of 4.5) in two stages. In the first dage, a series of identicd quarter-scae
concrete circular cross-sections bridge columns were tested under displacement
cycdes of monotonic and condant amplitude loading to edtablish the monotonic
force-deformation envelope and low-cycle fatigue characteristics. In the second
dage, the specimens were tested under variable amplitude loading to observe the
effects of load path on cumulative damage. The former falure mode was associated
with relatively large displacement amplitudes in excess of 4 percent laterd drift,
while the latter was associated with a large number of smdler amplitude cycles.
Buckling and fracture of the longitudind renforcement dominaie obsarved failure
modes. The totd number of cydes of congtant amplitude that a column could sugain
before fallure was observed to decrease with increesing cycle amplitude. A fatigue
life expresson was developed that could be used in damage based seismic design of
creular, flexurd bridge columns expressed as;
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d =10.6 (N27) %% (percent) (1.16)

where d is the laterd drift and Ny is the number of complete cycles to falure. They
used Miner’'s linear damage modd to define cumulative damage in the form;

o 1
D=
AT

(117)

where (N2); is computed for each imposed drift amplitude usng Equation 1.16 and
the summation is performed over the entire cydlic history. Findly they stated tha the
computed damage is in reasonable agreement with test observations.

Erberik and Sucuodlu (2001) conducted an experimenta and andytical study
to determine energy disspation and low cycle fatigue characteristics of reinforced
concrete components. A totd of 17 beam specimens were tested under monotonic,
congant-amplitude and variable-amplitude cyclic loading. A two-parameter fatigue
model was developed for deteriorating systems,

E. =a+(-a)e® &N (1.18)

where 1-a : the level of reduction in dissipated energy,

b : the rate of the reduction in disspated energy (b =0 refers to an ided
system with no degradation, and b = ¥ refers to a system that lose dl of
its energy dissipation capacity in the very firs cycle),

a :congant parameter that ranges between zero and unity. (A severdy
degrading gructurd sysem with a =0 loses dl of its energy disspation
cgpacity while N® ¥. A dructurd sysem with a =1 never loses its
energy disspation capacity, for insance easto-plastic systems).

This modd was employed for prediction of the energy disspation under
vaigdble-amplitude displacement cycles. An energy-based hysteress and damage
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models were developed for structura members, and they are based on siffness and
srength degradation, but not pinching.

Total damage expression for the " full-cydeis given as follows;

6
S 1% (1.19)
a

The firg term represents damage due to maximum effective ductility, and the second

term due to low cycle fatigue &t ieq,n Cycles.

They dated that energy disspation is memory dependent. The cumulative
energy disspaed dong a completed displacement path governs the energy
disspation cgpacity in the following displacement cycle They dso concluded thd,
energy disspation is path dependent, and the cumulative energy disspated dong a
path depends on the number and amplitude of cycles condtituting the path.

Another tool widdy used for damage messurement is the inter-story drift.
Attempts have been made to reae damage to maximum inter-gtory drift. The
importance of drift control is established when it is accepted that the earthquake
induced displacements are the main causes and measure tool of seismic Sructurd
digortion and damage. Seamic drift caculaion is required by the severa sdamic
codes such as TEC (1998), UBC, ACI. Seismic drift control procedure is based on

impoging limits on maximum saismic drift or its relative vaues.

S6zen (1981) proposed a drift-control-based damage modd to determine the
damage leve a a story. As a measure tool of damage, he used the inter-story drift
ratio, difference in maximum drift response between two consecutive sories divided
by the story height. A drift ratio value smaller than 1 percent corresponds to damage
in non-structural components while vaues of drift ratio greater than 4 percent may
lead to irreparable structurd damage or collapse. Failure is consdered to occur when
the value of drift ratio exceeds 6 percent.
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The percentage of damage in the dructure is given by the equaion given
below:

Per centage of damage = 50 x (maximuminterstorey driftin percent)-25  (1.20)

In accordance with equation (1.20) an inter-gory drift vaue of 25 percent
corresponds to the percentage of damage of 100, implying falure.

Smilaly, ATC 40 (1996) prescribes performance levels with imposng limits
to the maximum drift ratio. Maximum drift ratio of 1 percent is the upper limit of the
immediate occupancy peformance levd, while the vdue of maximum drift ratio
ranging from 1 percent to 2 percent corresponds to damage control level. And the
requirement of the of life safety performance levd can be satisfied whenever the
vaue of drift ratio does not exceed 2 percent. In accordance with Turkish Earthquake
Code (TEC, 1998), dructures to be used as resdentiad buildings should be designed

for life safety performance level under the extreme loading.

Gulkan and Sozen (1999) developed a hypothesis and proposed a procedure
amilar to Sozen (1981) to quantify the saismic dructurd vulnerability a the ground
dory levd in reinforced concrete frame buildings with and without masonry filler
walls. The method requires only the dimensions of the structure as input and is based
on defining the ranking on a two dimensond plot usng column and masonry wall
ratios. In ther study, Gllkan and Sozen teke the ‘relative ground dtory drift’ as the
primary indicator for dructura damage and formulate a raiond expresson to
cdculate drift in rdation to the dimendons of the dructure only. They give an
expresson for mean ground story drift denoted by MGSD.

c . !
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where n is the number of dories, h is the building unit mess, E; and E,, are the
materid properties of eements contributing to latera resstance including non
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gructurd wals Cue, Cha ae type and fixity conditions of masonry units, ¢ is the
relative sze of beam and column dements and fixity the a base of columns | is
column denderness, and hs and |, gives the wal geometry. In this formulation the
column ratio, denoted by r, is defined smply as the ratio of the sum of the column
areas at the base of a building to the floor area above the base. It was stated that, the
wdl columns can be induded within this sum. Smilarly the wall ratio, denoted by
Iw, IS the ratio of the effective masonry wall area in a given direction at the base to
the floor area above the base. In this definition, the ratios based on total floor area

are obtained by dividing theratio by the number of floors.

n : number of stories

4 —%— boundary for n = 2
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Figure 1.3 Column and wall ratios required to limit drift

They dated that if the two indices (the column and wadl ratios) define a point
indde a triangular region, drawn congdering the effect of number of dtories as shown
in Hgure 1.3, aparticular building is judged to have heavy damage.

They made a veificaion andyds with fidd data gahered from Erzincan
(1992) earthquake, to depict the accuracy of the modd. The data from 46 buildings
were identified as no damage, light damage, moderate damage and severe damage.
They concluded that the data of broad spectrum of workmanship quality, materids
and desgns was in good agreement with the proposed mode that was served as a
convenient identifier of seismic vulnerability for existing buildings
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1.3 Object and Scope

Post-earthquake rdiability depends on the determination of the physicad
damage date of a dtructure that has experienced one or more earthquakes with
magnitudes smaller than that of performance earthquake.

The objective of the study described in this dissertation is to determine
whether the prior earthquake damage has an effect on the future performance of
damaged buildings. The motivation of this sudy arisen from the observed building
falures in recent successve earthquakes. Many reinforced concrete structures have
sudaned light-to-moderate damage in the Kocadli earthquake, August 17, 1999 and
then suffered heavy damage or partly/completely collgpsed in the following Dizce
earthquake, November 12, 1999. This phenomenon has been estimated that these are
probably resulted from loca or globa damages that had been caused by the first long
duration of severe damaging earthquake having a magnitude of 7.4 and could not
withdand the dedructive effects of the following (Diizce) strong ground motion
having a magnitude of 7.2. The accumulation of damage may lead to collapse during
the later successve events. But how the damage from each of the successve events
could be predicted and what intendgty of these events may cause to substantia
increese in the following eathquake damage? Prior earthqueke of what intendty
subgtantidly influences the damage sugtained during the following mgor earthquake
is another question. It has been estimated that fallures of the buldings experiencing
the successve eathquakes with high damege potentid might be influenced
substantialy by the damage caused by low-cyde fatigue.

Rational damage prediction strongly depends on the sdection of the
hyseretic model parameters appropriately. To accomplish this purpose the
parameters of the Park and Ang hysteress model, incorporated into IDARC, are
cdibrated by means of experimental data obtained from the constant and varigble
amplitude cyclic tests of a totd of 22 beam and column gecimens. Three ranges of

parameters are proposed for the three deterioration levels of structural components.
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Work conducted in this study condsts of andytical sudies of representative
SDOF and MDOF systems, and models of two sdlected buildings subjected to ranges
of synthetic ground motions. The sudy was formulated so tha the following two
guestions might be answered,;

i) If a building has suffered damage in various intendties of prior earthquake
or foreshock, and if that intermediate damage state could be assessed numericdly,
how this prior damage would influence the damage from a prescribed future
successive earthquake (Figure 1.4), and

i) If a building has suffered damage from a prescribed prior earthquake, and
if that damage date could be assessed numericaly, what would be the levd of

damage from future successive earthquakes or aftershocks (Figure 1.5).

For this purpose the indagtic time higory and damage andyses of two five-
sorey buildings are performed. The buildings had experienced two mgor destructive
earthquakes, namely 17 August 1999 Marmara and 12 November 1999 Dizce
earthquakes. To assess the low cycle fatigue effects in the damage that is caused by
the prior earthquake, these analyses have been caried out usng the synthetic
accelerograms comprised of base input provided by these two recorded successive
ground mations. The proposed ranges of parameters are implemented on the modds
of the two buildings To determine the prior earthquake damage effects, the overdl
dructural damages caused by the following 12 November Dizce earthquake have
been quantified usng the overdl dructurd damege index of the previous (Marmara)
dedtructive ground motion.

The analyss tool employed for this purpose is the package named IDARC 2D
V5.0 (A Program for the Indagtic Damage Andyss of Buildings) developed at
SUNY Buffdo, as the extendgon of DRAIN-2D. The section andyses have been
carried out using publicly avalable software (Bentz, 2000).

1.4 Description of Contents of Dissertation

The study is composed of seven chapters and three appendices. The firg
chapter gives the preiminaries of the sudy and adso includes the literature survey
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related with the effects of prior earthquake damage on seismic performance of SDOF
and MDOF systems. The researches related to fatigue phenomenon and damaege
models are a so presented.

Chapter 2 covers the quatification of damage usng low cyce fatigue
principles. Then the damage modds developed especidly for reinforced concrete
components, especidly Park and Ang damage mode incorporated into IDARC, are
introduced. The modding of diffness degradation, srength deterioration and
pinching parameters of the three-parameter Park and Ang hysteresis modd are aso
discussed.

Chapter 3 presents the search study related with the assessment of the most
auitable combination of parameters a, b and g, to permit predictions about indagtic
behavior. Firg the deterioration parameters a, b and g are introduced. Then, these
parameters are calibrated by usng the experimenta database gathered from a total of
22 beam and column specimen tests drawn from two sources. Sendtivity of damage
index and dissipated hyderetic energy to both hyseretic model deterioration
parameters and main sructurad parameters is designated. For more rational damage
prediction, necessty of the fine tuning of these parameters especidly parameters b
and g is demondrated. As a result, three ranges of parameters are proposed for three

deterioration levels of structural components.

Chapter 4 includes the sysematic assessment of the principd dsructurd
damage control parameters, such as axid load leve, concrete strength and cross
sectiond area For this purpose, in addition to a large number of two dimensond
reinforced concrete section andyses and inglagtic time history and damage anayses
of SDOF, sasmic vulnerability andyses of MDOF frame type structurd systems are
performed.

In Chapter 5, effect of loading history on disspated hyseretic energy and
damage is invedigaled. To accomplish this purpose indadgic time higory and
damage anadyses of SDOF sysems have been conducted. In these andyses, in
addition to vaious congant and vaiable amplitude indagtic displacement reversas
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with increasing and decreasing order, synthetic ground motions composed of one of
the four earthquake records preceded or followed by its various times amplitude-
compressed record acting as a prior earthquake (or foreshock) and succeeding
earthquake (or aftershock) are used.

Reaults of the indadtic time history and damage andyses of sdected two five
gory buildings and discussons ae presented in Chepter 6. The buildings had
experienced the two mgor destructive earthquakes. To assess the low cycle fatigue
effects in the damage caused by the prior earthquake, these anadyses have been
caried out usng the created synthetic accelerograms comprised of base input
provided by these two recorded successive ground motions. Comparison of the
computed and observed damage is performed for both buildings.

Chapter 7, the last chapter, presents the conclusons and possble future
extengons of the study.

Appendix A contains the sample table summarizing the results of the search
sudy conducted for cdibration of the deterioration parameters of the IDARC's
hysteretic modd!.

Appendix B contains the engineering drawings of the Cdtiksuyu Regiond
Primary Education School buildings evauated to demondrate the subgtantid effect
of the ratio of the sum of the column areas at the base of a building to the sum of the
floor area above the base on the sdamic peformance and damagesbility of
reinforced concrete dructures. In addition to snapshots of 3D building models,
photographs showing damaged date of the buildings after the experienced 1 May
2003 Bingdl earthquake are included in this gppendix.

Appendix C includes the 3D modd sngpshots and sample engineering
drawings of the branch office building of the Minisry of Public Works and
Settlement located a Bolu, that experienced the August 17, 1999 Marmara and
November 12, 1999 Diizce earthquakes.
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CHAPTER 2

LOW CYCLE FATIGUE

2.1 Introduction

Eathqueke loads cause a few plagic cycdes a redivey lage ductility
combined with lots of cyces with much smaler deformation demands. The current
segmic desgn philosophy accepts the posshility that the structures undergo a large
number of indadgic cycdes under sheking of dedructive strong ground motions.
Experimentd and fidd evidence reved tha the mechanicd characteridics of a
Sructurd component deteriorate, whenever it is introduced in its plagic range of
behavior. Hence, low-cycle fatigue, denoted as a smadl number of indadic reversds
to falure, is beieved to be indispensable especidly during severe earthquakes in
which dructures are expected to undergo severd dggnificant reversds of indadic
deformation. Low cycle fatigue based modeling of damage is therefore reasonable. In
spite of this, current seismic design procedures do not take into account explicitly the
effect of low cyde faigue reflecting the cumulaive damage effect on falure of a
Structural member.

It should be emphasized that due to the cumulaive plagic demands in the
gructura performance of earthquake-resstant reinforced concrete dructures, it is
important to include both the damage due to pesk response and the damage
accumulated through dl non-pesak plastic cycles. So, it is believed that to assess the
damage date of reinforced concrete members, structural damage indices should
consder both the pesk deformation response and disspated energy accumulated
through plagtic cycles underwent during an earthquake.
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This chepter ams to present some important festures relating to the
quantification of damaege udng low cycle faigue principles In addition, damage
models developed especialy for reinforced concrete will be introduced.

2.2 Quantification of Damage Through Principles of Low Cycle Fatigue

‘Fatigue is generdly dated as the progressve accumulation of damage in a
materid up to falure under cyclic loading agpplications. Assessment of totd fatigue
life to falure in terms of the cyclic dress or the drain range is the most important
purpose of the fatigue design. The number of dress or drain cycles causng fatigue
falure in intidly uncracked materid is edimaied under controlled amplitudes of
cyclic stresses and drains (Suresh, 1991). Each applied load cycle results in a certain
amount of irreversble damage and forms a part of the totd fatigue life of amaterid.

According to the dress levd, fatigue can be clasdfied as, ‘low

‘high cycdle fdigue. In low cycle fatigue the dresses are quite high to cause
congderable plagtic deformations, and the number of cycles to failure is described in
terms of drain range. Low cycle fatigue takes place when each load cycle exceeds
the yidd dress The number of cycles is less. However, in high cycde fatigue the
dresses ae low and consequently the materid deforms within dadtic limits The
faigue life is expressed in terms of the dress range and a large number of cycles is
needed to failure.

‘Damage is a widdy used term and expresses different phenomena In
reinforced concrete, ‘damage’ describes a certain level of deterioration in sructura
characteridtics, such as, diffness, drength, ductility, energy disspation capecity, etc.
Under intense ground motion the damage sustained by a reinforced concrete member
is gdmilar to the damage experienced in metd faigue under large drain reversas.
The term ‘damage when used in this dissertation refers to Structura damage caused
by an earthquake excitation.

A phenomenologicd mode commonly used for the prediction of faigue life
of metas assumes that the damage process metas can be adequately characterized by
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the total strain imposed by the cyclic loading process. The totd drain amplitude is
assumed to be congsts of eastic and plagtic strain components (Collins, 1993);

+
2 2

De De
De_B& =% @2.1)
2
where De/2: totd drain amplitude, De,/2: dadiic srain amplitude, De, /2: plagtic

drain amplitude. The dadtic strain amplitude represents the damage in the high cycle
fatigue range, whereas the plagtic strain amplitude represents the damage in the low
cycle fatigue range. The fatigue life prediction, both strain amplitudes are commonly
expressed in terms the number of load cycles using power-laws.

For high cycle fatigue, the dadic srain amplitude can be written as (Collins,
1993);

222Ny (22)

where N, : number of load cycdes E: Young's modulus of maerid, s, : faigue

drength coefficient, and b :fatigue strength exponent. One load cycle is assumed to
consst of two load reversals.

For low cycle fatigue, Coffin (1954) and Manson (1953) proposed a widdy
used formula to express the plagtic strain amplitude representing low cycle fatigue.

They dated that, the logarithm of plagtic dran amplitude, De, / 2, when plotted
agang the logarithm of load reversds to falure, (2N,), generates a linear
relationship. This relationship can be written as;

De

2p =e, (2N,)° (2.3

where Dep/2: plagtic stran amplitude, N, : number of load cydes e, : faigue
ductility coefficient, and c : fatigue ductility exponent.
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The parameters e, ,s | ,S ; and ¢ may be determined from a series of uniaxial

fatigue tests performed under congtant strain amplitudes.

The drain based modd representing low cycle fatigue, described by Equation
(23) has been extensvely cdibraed, and for most metas, the exponent c varies
between -0.5 and -0.8 (Suresh, 1991; Callins, 1993). An average vaue of this
exponent as —0.6 is commonly assumed for ded. Note that the plagtic dran

component, De, / 2, is ometimes refered to as the Coffin-Manson equation

(Suresh, 1991).

One of the gpproaches to follow in the assessment of cumulative Structura
damage under intense ground motion is to assume that the damage sustained by the
Sructure during a srong earthquake is smilar to the damage experienced in meta
fatigue under large dtrain reversds. (Kasirg and Yao, 1969; Krawinkler and Zohre,
1993; McCabe and Hal, 1989). Since the number of load cycles experienced during
earthquakes is dgnificantly smdler than the number of cycles needed for damage in
high-cycle fatigue, seiamic damage is normaly assessed in terms of the plagdic drain
component. In gructural agpplication, however, characterization of damage in terms
of the plagtic strain amplitude is less convenient since the response displacement is
the more commonly computed response parameter indead of drains. Although sze
effects may be important especidly for members involving brittle fracture, a
common agpproach assumes a correspondence between materia and  Structura
damage under large indadic dtrain reversds (Krawinkler, 1987; McCabe and Hall,
1989);

Dm - Dy = (Dum - Dy)(ZNf )C (24)

where D,.: pek regponse displacement under cydic loading; D,,: ultimate

displacement under monotonic loading, and D, : firg yidd displacement. The left

hand sde of Equation 2.4 represents the cyclic plastic displacement that is smilar to



the plastic srain amplitude De, /2 on the left g9de of Equation 2.3. The term
(Dyr - D,) on the right hand side of Equation 2.4 represents the monotonic plactic

displacement and is similar to the fatigue ductility coeffident e, which is on the

right hand sde of Equation 2.3. By adopting a definition for cyclic displacement
ductility fector;

=—= 2.5
m=g (25)
and monotonic displacement ductility factor;
D
=_um 2.6
m=3" (26)
Equation 2.4 can be written as;
ém - 11‘1%
A 7 =2N (2.7
é——u
ém - 14 f

Under a congtant amplitude cyclic displacement condition, the number of load
reversals (2N, ) tha may be imposed on the structure decreases exponentialy with

the magnitude of the imposed displacement as characterized by the digplacement
ductility factor m(Chai and Romstad, 1997).

The damageability of reinforced concrete members depends upon a large
number of factors. When dructurad components subjected to cyclic ingastic
deformations, exhibit both giffness and drength degradation. Damage quantification
of dructura sysems generdly made via the degraded structurd response quantities
or dructurd characterigics such as displacement or curvature ductility, diffness,
srength and hysteretic energy.
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The principles of dress based characterization of totd fatigue life of a
component ae only redevant for congant amplitude faigue loading. In redity,
however, components are invarigbly subjected to variadble amplitude cyclic loading
(Suresh, 1991). The quantification of damage in reinforced concrete Structures is
usudly made via ductility demands for individua members, as the most widdy used
indicator of damage. Although much effort has been spent on the computation of
ductility in renforced concrete frames, there is little research avalable which
corrdaes ductility demand with actua observed damage in laboratory experiments.
One mgor problem is that ductility done may not be a good measurement of damage
in reinforced concrete members. Low cycle fatigue type damage, which is caused by
a number of indadic cydes is dso important in falure of renforced concrete
member. Therefore, a combination of sudden high deformations (eg., denoted by
ductility demand) and cumulaive fatigue damage may cause the member to fall.
There are saverd dterndive andyticd damage modes for prediction of damage in
reinforced concrete frames (Banon et d, 1981).

Quantifying damage levd, cdculated damage index vaue measures the
damage level between lower and upper limiting cases of the damage scde

corresponding to ‘no damage and ‘failure.

2.3IDARC’sHysteresis Model Control Parameters

In the lagt three decades, a good ded of research has been focused on the
prediction of post-earthquake seismic resstance and future rdiability of damaged
reinforced concrete sructures. However, the number of research related with the
asessment of prior damage effects on the post-earthquake response of structures is
quite limited.

Since over the past twenty to thirty years throughout the world, the
earthquake engineering community have made a condderable effort to quantify the
locd and overdl damage caused by shaking of ground motions. Till now, the
research conducted on quantifying the dructurd damage has been concentrated
exclusvely on the devedopment and gpplication of damage indices The Structurd
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damage indices are generdly expressed as a function of one or more damage
parameters and many of them ae of empirical nature and were origindly derived
from experimentd and andyticd dudies on metas. It should be emphasized that,
dructurd damage of reinforced concrete dtructures, substructures or  members
resulted from ground motion sheking is quantifisble numericdly by means of
damage indices. Several damage modds have been developed by researchers to
evduae the saismic peformance of sructures The firgd faigue-based cumulative
damage rule was developed for metds by Miner (1945) which is introduced in the
previous chapter. For years, this cumulative damage le was congdered as a smple
criterion for predicting the extent of faigue damage induced by a certain constant
amplitude loadings.

Comprehensve reviews of many of the proposed damage modds can be
found in the papers by Williams and Sexamith (1995) and Powdl and Allahabadi
(1988). Since the non-homogeneous feature, most of these modds are not directly
gpplicable to reinforced concrete. The most frequently used models, including the
mode incorporated in IDARC, are introduced briefly in the first chepter. In this
section, the hygteretic modd implemented into IDARC will be introduced first. The
modeling of deerioration parameters will be graphicdly expressed.  Then
quantification of reinforced concrete component damages will be discussed.

The origind rdesse of IDARC used the trilinear monotonic moment
curvature relationship, together with a three-parameter hysteress model developed
by Pak. The origind verson of the modd is controlled by three parameters
gmulaing the diffness degradation, sirength deterioration and dip or pinching
behavior of a dructurd member. The new reease of IDARC employed in this sudy
incorporated the latest type of the Park hyseretic mode with four deterioration
parameters, namely diffness  degradaion, ductility-based strength  deterioration,
hyseretic energy-based drength  deterioration and pinching parameters.  The
geometric definition and modeling of these parameters are presented in Figure 2.1.
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Stiffness degradation, represented by a, occurs due to geometric effects. The
dadic diffness degrades with increesng ductility. The phenomenon of diffness
degradation was modded by the pivot rule (Kunnath et a, 1990). According to this
rule, the load-reversa branches are assumed to target a common point on the initia
eadic giffness line a a distance of aPy on the opposite sde, where a is the siffness
degradetion parameter. The rule assumes that unloading lines target this point until
they reach the abstissa (deformationraxis), dafter which they am the previous
maximum or minimum points It is recommended to be 2.0. The modding of this

parameter can be seen in Figure 2.1a

Strength deterioration parameter, denoted by b, specifies the rate of strength
degradation, as shown schematicaly in Figure 2.1b. This parameter represents the
ratio of the incrementa damage caused by the increase of the maximum response,
specified as df yMy, to the normalized incremental hysteretic energy, dE, as follows
(Park et al, 1985);

:a&jfmg dE _df M,

b gfu g f.M,  dE

(2.8)

The same parameter is used in the definition of he IDARC's damage index. IDARC
(Kunnath et d, 1992) requires a user-defined b (drength degradation parameter) with
a default vdue of 01 (for wdl-detailed reinforced concrete sections) and
recommends that it should not normaly exceed 0.5.

In a new release of IDARC, the strength degradation modeled considering the
hygeretic energy, the ductility or both. However, it has been shown that the energy-
based drength degradation parameter is the dominant one in quantification of
damage while ductility-based srength degradation parameter is admos ineffective.
Hence, both parameters are taken as the same vaues in this study. For the sake of
amplicity these parameters will be refered to as the ‘srength deterioraion
parameter, b,” for the rest of this study.



Pinching or dip occurs as a result of crack closure, bar dip, etc. Pinching or
dip behavior is modded by lowering the target extremum point to a Sraight leve of
gPy dong the previous unloading line, where g is the pinching parameter. Reloading
lines target this new point until they reach the crack-closing point. Such a pinching
behavior leads to a genera reduction of both the size of loops of hysteress and the
amount of disspated hyseretic energy. For redigic pinching of beams and columns,
the recommended vaue for g is 0.5 unless poor confinement or other factors indicate
high shear stresses leading to bond dip. Figure 2.1c demongrates the modeing of
this parameter. The generad meaning of these deterioration parameters of the
hysteretic model can be characterized asfollows:

- An increase in diffness degradation parameter dows down the degradation
of diffness,

- An increese in drength deterioration (ductility-based and energy-based)
parameter, b, speeds up the strength deterioration, and

- Anincrease in pinching parameter, g, decreases the amount of dip.
2.4 Quantification of Damage Using Park and Ang Damage M odel

As mentioned in Chapter 1, important research efforts by several scientists
have been carried out to develop accurate damage indices to quantify the response of
structures.

The widdy used, DRAIN-based and generd features Park & Ang combined
damage modd, described by Equation 1.13, was introduced in the first release of
IDARC (Park, Reinhorn and Kunnath, 1997). In this modd, the dructurd damage
expressed as a linear combination of the damage caused by pesk deformation and
damage resulted from energy disspation due to cydlic loading.

IDARC incorporates the fatigue based Modified Park-Ang-Wen damage
model, presented in the Equation 115 to cadculate different damage indices
eement, sory and overdl building damage. This program uses ultimate inter-story
deformation and the corresponding story shear force, to cdculate the story and
overdl damage indices. Note that, the edement damage is sdected as the biggest
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damage index of the end sections. On the other hand, story and overal damage
indices are computed usng weighting factors based on the disspated hyseretic
energy a eements and story levels of the Structure, respectively;

0 ®EE O
Dstory =a (I i)component(D)component ; (I i)componem = _hIE: (29)
akt @omponent
0 eE O
Doverall =a (I i)story(D)story , (I i)story = éo;lz (210)
a Ei Hiory

where |, are the energy weighting factors and E, are the total absorbed energy by

the component or story ‘i .

In the new release of IDARC provisons were made so that the user can
request printing of the variation of the fundamenta period of the dructure as the
andyds progresses. The program IDARC incudes the option to determine the
reponse of the dStructure a indants during the andysis. Severa types of response
snapshots can be specified:

i) Displacement profile,

i) Element stressratios,

i) Structurd collapse Sate,

iv) Damage indices, and

V) Dynamic characterigtics (eigenvaue andysis).

Response snapshots can be requested by the user during pushover, quas-datic or
dynamic andyss (Vdleset d, 1996).

This modd has been shown to be capable of describing the behavior of a
large number of laboratory models (Kunnath et a, 1990; Stone and Taylor 1993;
Vales et d, 1996). Although the damage mode has been cdibrated agangt a large
number of observed seismic damage (Kunnath et a, 1990), the need for tuning of the
parameters for a particular structura type is the main drawback of this index. Some
recommendations have been made for the sdection of the dHiffness degradation,
srength deterioration and pinching parameters. Stone and Taylor (1993) suggest that
gopropriate vaues of the parameters vary with Sructurd type, materid properties,
and condruction quaity, with the result that some tuning of the parameters is usudly
needed. On the other hand, Kunnath e d (1990) sudied the sendtivity of the
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diffnress and srength degradation parameters without consdering the pinching
parameter. They evduated the experimentd results of only one column specimen
that was tested by Wight and Sozen (1973), and dtated that for well-detailed sections,
andyses results are insendtive to quite substantid changes in the parameter values.
Vales et ad (1996) proposed some typica ranges of vaues for these hyderetic
parameters referring to deterioration levels of the reinforced concrete member. The
maor disadvantage of this tri-liner hysteress modd is the undesrable sgnificant
arbitrariness in choosing its parameters.

Consequently, the sendtiveness of tuning of the hysteress modd parameters
a, b and g, required for the more accurate damage prediction or measurement of
damage sudaned is dill uncertain. Often, indagtic macro models have been
cdibrated on an as-needed bass. It is bdieved that, to overcome the difficulties
gemming from these uncertainties in the prediction of damage, given the materid
properties, axia load, and geometry, one $ould be able to make reasonably accurate
estimates of cyclic response for a prescribed path. Hence, to accomplish the purpose
of more rational prediction of damage, the deterioration parameters of the modd will
be calibrated, usng experimental database of a large number of beam and column
gpecimen tests.

The mgor limitation of the exiding damege indices is tha they ae
formulated and vdidated dmost exclusvely on the bass of flexurd response
neglecting the effect of shear as a cause of seismic damage (Williams et d, 1997).
Williams et d (1997) compared eight damage indices usng shear-dominated test
data. On the bass of comparisons against one set of shear-dominated tests, they
dated that the damage sustained was primarily dependent on the deformation leve,
with the number of cydes of loading having only a smdl effect. In concluson, they
mantaned that the rdaivey dmple, deformaionbased damage indices such as
modified Park and Ang damage modd provide a more religble indication of the
vaious damage leves than many of the gpparently more sophisticated modes.
However, experience in recent earthquakes suggests that Structures often fail in shear
or in combined shear and flexure. Therefore, it is convenient to use IDARC

incorporating modified Park and Ang damage mode in damage measurement.
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CHAPTER 3

EVALUATION OF EXPERIMENTAL RESULTS

3.1 General

The nead for both engineering underdanding of complex behavior and
interpretation of the overal indadtic response of reinforced concrete Sructures to
severe earthquake action has brought the concepts of damage and damagesbility of
such dructurd systems into the forefront of analyticd moddling procedures. On the
other hand, a rationa prediction of damagesbility requires definition of damage that
can be quantified and incorporated into a generd andyss program and an andytica
tool that is cepable of reproducing the indastic response of reinforced concrete
structures and their components with reasonable accuracy (Kunnath et al, 1990).

In recent years, the earthquake engineering community has been interested in
the performance based design methods for more rationd earthquake resstant seismic
desgn. The underlying generd objective of such gpproaches is the quantitative
prediction of the damage level in a dructure subjected to earthqueke ground moation.
Therefore knowledge about sructural behavior beyond the onsat of damage is
needed to bring such methods to maturity. Anayses must be conducted to correlate
and quantify the stages of damage with respect to the level of ground shaking. The
basc requirement of such andyses is the avalability of accurae conditutive
hysteretic models capable of representing deteriorating structurd behavior and their

implementation in computer programs to perform nonlinear structurd anadyses.

Numerous experimental dudies have shown tha repeated cyclic loading
causes three important effects diffness degradation, strength deterioration and
“pinching” which is a genera reduction of the sze of hyseress loops. This indicates
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diminished capacity to disspate energy. Andyticd modding of the behavior of
dructura members through mathematicd relaionships must be based dther on
theoreticd or empiricd bases. Hyderess curves are mathematical relationships
commonly used in globd sasmic behavior caculation of dructures. They vary from
gdmple modds to complex set of nonlinear eguations in which changes in the

physica state of the Structure are taken into account.

3.2 IDARC Hysteresis and Damage M odels

The damage index implemented in IDARC is closdly related to the hysteretic
behavior of the reinforced concrete member being studied. The IDARC modd is a
tri-linear monotonic force-deformation relaionship, together with a hysteress mode
controlled by three-parameters, namedy giffness degradation, strength deterioration
and pinching parameters denoted by a, b and g, regpectivdy. The geometric
definition and modeling of these parameters were presented in Chapter 2. Kunnath et
a (1990) briefly reviewed the development of the concrete hysteress modd. This
modd has been shown to be cgpable of describing the behavior of a large number of
laboratory models (Kunnath et a, 1990; Stone and Taylor 1993; Valles et d, 1996).
However the sengtivity of tuning of the hysteress modd parameters a, b and g,
required for more accurate damage prediction or measurement of damage sustained
isuncertan.

Although the damage mode has been cdibrated agang a large number of
obsarved seismic damage (Kunnath et d, 1990), the need for tuning of the
parameters for a particular sructurd type is the main drawback of this index. Some
recommendations have been made for the sdection of the diffness degradation,
grength deterioration and pinching parameters. Stone and Taylor (1993) suggest that
appropriate values of the parameters vary with structurd type, materid properties,
and congruction qudity, with the result that some tuning of the parameters is usudly
needed. On the other hand, Kunnath e d (1990) sudied the sendtivity of the
diffness and drength degradation parameters without conddering the pinching
parameter. They evduated the experimentd results of only one column specimen
which was tested by Wight and Sozen (1973), and dsated that for well-detaled
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sections, analyses results are insenstive to quite subgtantial changes in the parameter
vaues. Vdles e d (1996) proposed some typical ranges of vaues for these
hyseretic parameters referring to deterioration levels of the reinforced concrete
members. The mgor disadvantage of this tri-liner hyseress modd is the

undesirable Sgnificant arbitrariness in choosing its parameters.

The purpose of the exercise for determining the most suitable combination of
parameters a, b and g in a given case is to permit predictions rather than hindsght
comments about indagic behavior. Often, indasic macro modds have been
cdibrated on an as-needed bass. Given the materid properties, axid load, and
geometry, one should be able to make reasonably accurate estimates of cyclic
response for a prescribed path. In the abisence of such indght, damage modeds will
not serve the purpose for which they have been utilized in the likely State of an intact
building after a given ground shaking has shaken it.

3.3 Response Evaluation

This chapter covers a ®arch study concentrated on a reasonable tuning of the
diffness degradation, drength deterioration and pinching paameters, via
minimization of the difference between the amounts of expeimentdly and
andyticdly disspated totd hyderetic energy. For this purpose, the recorded
experimental data of a total of 22 reinforced concrete beam and column specimens,
tested under congant and variable amplitude displacement higtories, has been

evauated. The experiments draw from two sources.

Pujol (2002) tested sSxteen cantilever columns a Purdue University under
condant and varidble amplitude indagic digolacement reversds to determine
whether the displacement history has an effect on the drift capacity of reinforced
concrete columns. An assembly consisted of two test specimens joined by a center
dub through which cydic transverse load was applied, 0 sSxteen individud
cantilever columns were tested. The main variables controlled in the specimens were
(i) the spacing of the hoops, (ii) the axid load, and (iii) the displacement history. One
of two components of each test assembly will be evaluated in this study.
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The remaining fifteen cantilever 1/3 scae beam specimens were tested under
congant and varidble amplitude displacement hidtories, to assess the energy
disspation characterigtics of dructurd members exhibiting giffness degradation and
drength deterioration under effects of displacement reversds in the indagtic range
(Erberik and Sucuodlu, 2004).

Table 3.1 Properties of R/C beam column test specimens and experimental program

fc r s S N N/chg [Ncycle] [Ncycle]

specimen | LP 1 ipey | 06) | 96 | @) | ) A | dnheg

C10-2-3N | VA | 33.7 |2.4|055| 76.2| 136 | 0.087 | [7]114+[7]21 | [7]2+[7]3
C10-33N | CA | 299 [2.4|055(76.2{136| 0.098| [9]21 [9]3
< [C20-3-35 | CA | 364 |2.4|055(76.2|272| 0161 | [9]21 [9]3
S [C10-1-2255 [ VA | 365 [2.4[0.73] 57.2| 136 | 0.080 | [7]7+[20121 | [7]1+[20]3
§c102-2.25N VA | 349 |2.4|0.73|57.2| 136 | 0.084 |[7]14+[16]21 | [7]2+[16]3
T [C10.3 225N | CA | 27.4 | 2.4]0.73| 57.2| 136 | 0107 [19]21 [19]3
C10-3-15S |VA | 321 (24| 1.1 (38.1|136| 0091 |[7]21+[11]27 | [7]3+[11]4
C20-3-15* |VA | 27.4|2.4| 1.1 |38.1|272| 0.214 |[7]21+[10]27 | [7]3+[10]4
CH-1 CA|205(13|/08| 35[0 O [5]28.8 [5]6.4
CH-2 CA|206(13|/08| 35[0 O [6]24.0 [6]5.3
CH-3 CA|206(13|/08| 35| 0| O [12]20.8 | [12]4.6
CH-4 CA |206(13|08[ 35| 0| O [10]16.8 | [10]3.7
g CH-5 CA|212(13/08[ 3| 0| O [12]132 | [12]2.9
% CH-6 CA |206(13|08[ 35| 0| O [15]9.6 [15]2.1
*g CL-1 CA|130(13/08| 3| 0| O [7]15.6 [7]3.5
A |cL-2 CA|130(13|08| 35| 0| O [101132 | [10]2.9
g|CL-3 CA|130(13|08| 35| 0] O [15]7.6 [15]1.7
x [CL-4 CA|130(13|04[ 70| 0| O [15]7.6 [15]1.7
% CL-5 CA|130(13|08[ 35| 0| O [20]3.6 [20]1.0
VH-1 VA [206(13[08] 35| 0| O 28.8ma) | 6.4max)
VH-2 VA [21.2(13[08[ 35| 0| O 20.8ma) | 4.6max)
VH-3 VA [21.2(13(08[ 3| 0| O 20.8ma) | 4.6(max)
VL-1 VA [130(13|08| 35| 0| O 15.6ma) | 3.5ma)

*This test failed in an unexpected mode and the cycles applied were limited before
buckling of the longitudina reinforcement at the joint face (Pujol, 2002).

Experimenta  results obtained from the reinforced concrete beam column
goecimens that have been evduated in this sudy comprisng both Pujol column
specimens and Erberik and Sucuodlu beam specimens are tabulated in Table 3.1. The
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fird column indicates the labels of the specimens. The second column shows the
loading pattern employed in the loading higtory: congtant amplitude loading (CA) or
vaiable amplitude loading (VA). The following columns ae the compressve
dgrength of concrete (fc), longitudind reinforcement ratio (r)), transverse
reinforcement ratio <), hoop spacing €), axial load (N) and axia load level (N/fcAy),
repectively. The last two columns contain the complete experimental program,
including the dislacement higtories imposed to specimens tested. Displacement
history for each test specimen are described in terms of both displacement amplitude
and drift ratio ranging from 1 percent to 6.4 percent. The vdues given in the
parentheses are the number of gpplied constant amplitude cycles.

In the following two sections, the details of the experimentd studies will be
introduced. Then the sendtiveness of the disspated hyderetic energy and damage
index to the hysteretic modd parameters controlling damage will be investigated by
using the search method.

3.3.1 Pujol Tests

These tests were conducted to determine whether the displacement history
has an effect on the capacity of reinforced concrete columns. For this purpose sixteen
cantilever columns were tested under various indadtic displacement reversds. The
experimenta program included a totd of eight tests assemblies. Each specimen was
intended to represent a cantilever column under axia load and a point transverse load
applied at its end. The center stub was intended to act as the base of the cantilevers
(Pujol, 2002). The layout of the test assembly sdected for experimental investigation
is shown in Figure 3.1. The deformed shape and loading type of the test assembly is
presented in Figure 3.2, where positive loads correspond to downward deflections.

The cross section of the specimens was 152 mm wide and 305 mm deep and
the shear span (a, distance from the support point to the nearest face of te center
stub) was 686 mm. The core area, A, was a half of the gross cross-sectional area Ag.
The effective depth @) was 254 mm, for a shear span to effective depth ratio @/d) of
2.7 (Figure 3.1). The longitudind reinforcement consisted of four continuous 19 mm



diameter deformed bars with the average yield strength of 453 MPa and an average
ultimate strength of 6426 MPa Transverse reinforcement outsde the center stub
conssted of hoops made from plan 635 mm diameter bars with average yidd
drength of 411 MPa and an average ultimate strength of 526.8 MPa. The average
concrete srength of 150x300 mm cylinder samples of each assembly ranged from
28.27 to 35.85 MPa.

. Center
Cyclic ﬁ Center
Loading (F) V Stub Stub
A
= Columns
N North South N 0 o
CK Component Component i 8 b
| —>A | 152
Section =
—>B A-A 152
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Figure 3.1 Description of test assembly (dimensions in mm)
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Figure 3.2 Deformed shape of test assembly



The spacing of the hoops outside the center stub was either 38.1, 57.2 or 76.2
millimeters. The axid load was ether 136 or 272 kN. Displacement higtory for each
test assembly described in terms of drift raio (ratio of displacement to shear span)
ranged from 1 percent to 4 percent. The displacement at mid-span was controlled so
that the larger of the two specimen rotation did not exceed the target maximum drift
ratio (Pujol, 2002).

The assamblies are desgnated usng one letter and three numerds. the letter
‘C' is the abbreviaion of the 'Column’. The firs numerd indicates the levd of axid
load as a percentage of the product fcAg presented in the eighth column of Table 3.1
(where f; is the compressve srength of the concrete and Ay is the gross cross-
sectiond ared). The second numerd indicates the maximum drift ratio to be reached
during the initid displacement cycdes and the last numerd is the hoop spacing in
inches (Pujol, 2002).

All specimens reeched their full flexura capacity and indagtic deformations.
Columns susceptible to shear or bond falures before reaching the full flexurd
capacity were not consdered. Although the transverse reinforcement of the
goecimens was designed to avoid buckling of longitudind reinforcement during the
test of specimen of C20-3-1.5 North (tested under a 272 kN or 0.214f.A4 of axid load
leve), limited cycdes could be applied before buckling of longitudina reinforcement
a the joint face. Test assembly of C20-3-15 faled in an unexpected mode under

excessve axid load levd.

Tedt results of seven of the test assamblies were taken into consderation. The
ranges of the variables in the experiments ae summarized in Table 3.1. The man
vaiables controlled in the specimens were the spacing of the hoops outsde the
center stub, the axid load (kept constant in each test), and the displacement schedule.

Figures 3.3 to 3.8 show comparisons of these independent variables using the
loading histories and force-drift ratio relationships recorded during the tests of each

asembly. The response of the specimens was interpreted in terms of diffness
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reduction during subsequent cycles. Stiffness was defined as the dope of the line
joining the peeks of the shear-drift ratio curve for a given cycle The pesks of a
displacement cycle were defined as the two points most digant to the origin on a
shear force versus drift ratio plot (Pujol, 2002).

3.3.1.1 Controlled Variable |: Hoop Spacing

In these column test specimens, the hoop spacing ranged from 38.1 to 76.2
mm which corresponds to the transverse reinforcement ratio ranging from 1.1
percent to 0.6 percent. Two suites of experiments with smilar specimens (specimens
C10-3-2.25 and C10-3-3, and specimens C10-2-2.25 and C10-2-3) were tested under
the same digplacement schedule and axid load but with different amounts of
transverse reinforcement to study whether the ratio of transverse reinforcement has
an effect on drift cagpacity. Figures 3.3 and 3.4 show the loading histories and force-
drift ratio relationships recorded during the tests of these suites of specimens.
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Figure 3.3 Comparison of loading histories and force-drift ratio relationships (Hoop
spacing—Test specimen Set 1)



Figure 3.3 shows the digplacement histories for specimens C10-3-2.25 North
and C10-3-3 North. Both specimens were tested under 136 kN axid load. The hoops
in gpecimen C10-3-2.25 North were placed at 57.2 mm, whereas the spacing of the
hoops placed in specimen C10-3-3 North was a 76.2 mm.

Smilaly, the loading higories and force-drift ratio rdationships shown in
Figure 3.4 are for specimens C10-2-2.25 North and C10-2-3 North, tested under the
same digolacement schedule and axid load but with different amounts of transverse
reinforcement. Both specimens were tested under 136 kN axial load and both were
subjected to seven displacement cycles at a maximum drift ratio of 2 percent before
being displaced to a drift ratio of 3 percent. But the hoops in specimen C10-2-2.25
North were placed a every 57.2 mm, while the hoops in specimen C10-2-3 North
were placed at every 76.2 mm.
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Figure 3.4 Comparison of loading histories and force-drift ratio relationships (Hoop
spacing—Test specimen Set 2)

It was concluded that the spacing of the hoops affected the displacement
response of the test specimens sgnificantly. As can be shown from Figures 3.3 and
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3.4, the smaler the hoop spacing, the larger was the number of cycles that could be
sudtained a a given maximum drift ratio.

3.3.1.2 Controlled Variablell: Axial Load L evel

Two auites of experiments with dmilar specimens (specimens C10-3-3 and
C20-3-3 and gspecimens C10-3-1.5 and C20-3-15) tested under the same
displacement schedules and transverse reinforcements but with different axid load
level to study whether the axid load has an effect on drift capacity.
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Figure 3.5 Comparison of loading histories and force-drift ratio relationships (Axid load-
Test specimen Set 1)

The firg par of specimens was tested under displacement cycles to a drift
raio of 3 percent. Loading histories and force-drift ratio reationships recorded
during tests of these specimens sets can be compared in Figure 3.5. The spacing of
the hoops in both specimens is 76.2 mm. Specimen C20-3-3 South was tested under
a 272kN (0.161f:Ag) while the axid load applied to specimen C10-3-3 North was
136kN (0.098fcAg). The axid load gpplied on the specimen C20-3-3S is two times of
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the specimen C10-3-3N. But the levd of the axid load gpplied on the gpecimen
C20-3-3S does not correspond to two times of the other component of the suite, due
to smal differences in their concrete compressive srengths. It was dated that the rate
a which giffness decreased during the find displacement cycles was much higher
for the specimen with the higher axia load (C20-3-3 South).

Smilarly, specimens C10-3-1.5 and C20-3-1.5 were tested under the same
displacement schedule and transverse reinforcement but with different axia load
level. The spacing of the hoops in both specimens is 38.1 mm. But specimen C20-3-
1.5 North was tested under 272 kN (0.214f:Ag) while the axia load applied to
specimen C10-3-1.5 South was 136 kN (0.091fcAg). Both specimens were tested
under displacement cycles at a drift ratio of 4 percent after 7 cycles a& a drift ratio of
3 percent. The history of digplacements recorded during test of the specimen C10-3-
1.5 South is given in Figure 3.6. Although the transverse reinforcement was designed
to avoid buckling of longitudind renforcement, during the tests of C20-3-1.5 North,
a limited number of cycdes could be applied before buckling of longitudina
reinforcement at the joint face. It was faled in an unexpected mode. Since the mode
of falure did not correspond to phenomenon of Pujol (2002) study, the test data of

this assembly was not taken into consideration.
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Figure 3.6 Loading history and force-drift ratio relationship (Axid load)

It was concluded that axid load did not affect dgnificantly the number of
cycles that could be susained a given drift ratio before fiffness reduction. But axid
load did affect the rate a which giffness decreased during the find digplacement
cycles. It was tated that the higher the axid load, the more aorupt was the failure.
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3.3.1.3 Controlled Variablelll: LoadingHistory

Two series of experiments with amilar specimens (pecimens C10-1-2.25,
C10-2-2.25 and C10-3-2.25, and specimens C10-2-3 and C10-3-3) tested under
different displacement schedules were carried out to study whether displacement
history has an effect on drift capacity.
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Figure 3.7 Loading histories and force-drift ratio relationships (Displacement history — Test
specimen Set 1)



Specimens C10-1-2.25, C10-2-2.25 and C10-3-2.25 were subjected to the
same axid load of 136 kN. The spacing of the hoops in dl specimens is 57.2 mm.
All three sets of specimens were tested a a drift ratio of 3 percent. Specimens C10-3-
2.25 were displaced directly to a drift ratio of 3 percent. Specimens C10-1-2.25 were
subjected to seven cycles at a drift ratio of 1 percent (approximately the drift ratio at
yidd) and specimens C10-2-2.25 were subjected to seven cycles at a drift ratio of 2
percent before application of cycles a 3 percent. The displacement histories recorded
for the specimens that faled in these assemblies are shown in Figure 3.7. It was
dsated that the damage caused by cycles a a drift ratio of 2 percent affected the
response at 3 percent. On the other hand, damage caused by the cycles at 1 percent
did not accelerate the loss of stiffnesswith cyclesat 3 percent.
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Figure 3.8 Loading histories and force-drift ratio relationships (Displacement history — Test
specimen Set 2)

Smilarly, specimens C10-2-3 and C10-3-3 had the same axid load d 136 kN

and the same amount of transverse reinforcement (76.2 mm of hoop spacing) but
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were tested under different displacement histories. Specimens C10-2-3 were
subjected to seven cycles of a drift ratio of 2 percent before being tested a 3 percent.
On te other hand C10-2-3 were tested directly at 3 percent. Again it was stated that
the damage produced by the cycles a 2 percent drift ratio caused the Hiffness

decrease with cycles at 3 percent to accelerate.

It was concluded that these test series indicated categorically that the
displacement history affected the response of reinforced concrete columns under
cydic loading, and the column drift cgpacity was found to be sendtive to
displacement higtory. It was dated that the number of cycles that could be sustained
a a given maximum drift retio before a large reduction in giffness, decressed with
increesng number and amplitude of previous displacement cycles in the indadtic

range of response.

3.3.2 Erberik and Sucuodlu Tests

This section covers the experimental study that concentrated on the
assessment of the gdructurd damage under seismic excitation via energy disspation
and low cycle fatigue characterigtics of structura systems. For this purpose, a totd of
seventeen beam gpecimens were tested in METU, one with monotonic loading,
twdve with congant amplitude cydic loading and four with variable amplitude
cydic loading. The man varigble controlled in the specimens was the displacement
higtory.

The tet specimen is a 500 mm long cantilever beam with a cross-section of
100x150 mm, a footing with a cross section of 150x250 mm, and a point transverse
load gpplied a distance of 450 mm from the face of the footing. The effective depth
(d) was 135 mm, for a shear span to effective dept ratio of 3.33. The dimensions and
details of the test specimens were identica except for one in which the spacing of
transverse reinforcement was not reduced a the plastic hinge region. The test set-up
and the cross-sectiond details of the beams can be seen n Figure 3.9. In these tests

axid load was not taken into condderation. In eeven specimens the compressive
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strength of concrete was 20 MPa representing moderate concrete grade, and it was 13
MPa in the remaning 9x specimens, representing low concrete grade. Plan bars
were employed as longitudind and transverse reinforcement. The longitudina
renforcement condsted of four continuous 8 mm diameter plan bars with average
yidd srength of 330 MPa and average ultimate drength of 470 MPa Transverse
reinforcement outsde the footing conssted of hoops made from plan 4 mm diameter
bars with average yidd drength 270 MPa and an average ultimate strength of 390
MPa. The spacing of the hoops outside the footing at the end region was 70 mm,
except for one specimen with a hoop spacing of 35 mm. The properties of these
beam test specimens including the experimenta program followed are presented in
Table 3.1.
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Figure 3.9 Details of beam test specimen (dimensions in mm)

The specimens were designated usng two abbreviations and one numerd.
The fira letter is used for the tests ‘C’ for congant amplitude tests and ‘V’ for
variable amplitude tests. The second abbreviation represents the grade of concrete:

‘H" dands for the specimens with reatively high target compressve concrete
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drength of 20 MPa and ‘L’ for the specimens with low compressve concrete
dgrength of 13 MPa The numerd indicates the number of each specimen tested
(Erberik and Sucuodlu, 2004).
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Figure 3.10 Deformed shape of test specimen

The deformed shape and loading type of the test specimens are presented in
Figure 3.10 where positive loads correspond to downward deflections.

The man vaiable controlled in the specimens was the displacement history.
All tests were conducted under displacement controlled loading histories. Twelve of
the specimens were subjected to cyclic loads with congtant amplitudes ranging from
3.6 mm to 28.8 mm, corresponding to ductility ratio of 1 to 8.6 or drift ratio of 1 to
6.4 percent. The remaining four specimens were tested under varigble amplitude
digplacement higtories derived from the displacement response higtories of an
inelagtic SDOF system exposed to several recorded earthquake excitations.



CH-1

ﬁ%
om0

m=8.6
u =28.8mm

CH-3

CH-4

-15 -

-30 -30
101 u =20.8mm
_15 i
CH-5 F (kN) CH-6
ﬂ u (mm)
-30 10 20 -30
-5 4
m=39
u =13.2mm

-15 -

Figure 3.11 Experimenta force-displacement relationships for the specimens f.=20MPa)

tested under constant amplitude displacement histories

Force-displacement reationships for the six specimens with an average
concrete compressive srength of 20 MPa and five specimens with an average

concrete compressive srength of 13 MPa, tested under various congtant amplitude

displacement histories are shown in Figures 3.11 and 3.12.
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Figure 3.12 Experimenta force-displacement relationships for the specimens f.=13MPa)
tested under constant amplitude displacement histories

Figure 3.13 shows the loading histories and experimenta force-displacement
relationships for the gpecimens tesed under varidble amplitude displacement

reversas.
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specimens tested under variable amplitude displacement histories
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Disolacement higory of specimen VH-1 was composed of ten symmetric
cycles derived from the strong pat of the displacement response history of an
inglastic SDOF system exposed to NS component of El Centro earthquake record.
The nonsymmetric loading histories of specimens VH-2 and VH-3 were obtained
from the displacement history of a SDOF system subjected to the L component of
Bolu record during the 12 November 1999 Duzce earthquake. Displacement loading
higory of specimen VL-1 was derived from the displacement history of a SDOF
system subjected to Diizce EW component of 12 November 1999 Dizce earthquake
(Erberik, 2001).

Ingpection of the genera shape of the hysteress loops of beam specimens
tested by Erberik and Sucuodlu under constant and variable amplitude displacement
higtories, which are shown in Figures 3.11, 3.12 and 3.13, reveds that the energy
disspation cgpacity was reduced dgnificantly immediatdly after the firg haf-cycle
of loading. The loops narrowing initisted a the second hdf-cyde and influenced
substantidly the energy disspation characterisics of the specimens. The area under
the second and further haf-cycle loops of the hyseress reduced enormoudy
compared to that of first haf-cycle. Such behavior suggests a number of reasons.
These samdl sze specimens had a shear span ratio of 3.33, accentuating the effect of
shear on the cyclic response which is governed dso by a host of other parameters
such a degree of confinement, anchorage, concrete properties and boundary
conditions. Figures of the loops seem to be peculiar to those tests only, and lacking in
universdity. The authors are of the opinion tha such unusud behavior mainly
occurred due to the dip of the longitudina plan reinforcement (Erberik, 2001,
Erberik and Sucuodlu, 2004). It is evident that in the excessve deformations
deterioration in drength and giffness are dominant rather than pinching. While the
enagy criterion was successful in duplicaiing andyticdly the test results
goplicability in a wide sense seems to be limited. The degree of trangportability of
these test results seems to be severely limited in comparison with the results reported
by Pujol (2002).



3.4 Systematic Assessment of Deterioration Parameters

Numerous experimentd dudies have shown that repeated displacement
cycdes with indadic range cause reduction in giffness, deterioration in strength and
pinching in reinforced concrete structurd members. The three-parameter hysteretic
mode was first proposed by Park et d (1985) as pat of the origind relesse of
IDARC (Vdles et d, 1996). It incorporates <iffness degradation, srength
deterioration, pinching, non-symmetric response and a tri-linear monotonic envelope.
Furthermore the Park and Ang damage modd implemented in IDARC has been
demondrated to be closdy relaed to the hyderetic behavior of the reinforced
concrete members, and it is an integra pat of the hysteretic modd with three-

characterigtics (parameters) of concrete hysteresis.

3.4.1 Deterioration Parameters

The three-parameter hysteretic IDARC modd was introduced in the previous
chapter in detall. In the following sections, the modeling of the gtiffness degradation,
strength deterioration and pinching or dip parameters will be briefly discussed.

3.4.1.1 Stiffness Degradation Parameter

Stiffness degradation, represented by a, occurs due to geometric effects. The
dadic diffness degrades with incressng ductility. The phenomenon of diffness
degradation was modeled by the pivot rule (Kunnath et a, 1990). According to this
rule, the load-reversd branches are assumed to target a pivot point on the initid
dadic diffness line a a distance of aP, on the opposite sde, where a is the giffness
degradation parameter. The rule assumes that unloading lines target this point until
they reach the abscissa (deformationaxis), dfter which they am the previous
maximum or minimum points. The modding of this paraneter can be seen in Fgure
21a
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3.4.1.2 Strength Deterioration Parameter

Strength deterioration parameter, denoted by b, specifies the rate of Strength
degradation, as shown schematically in Figure 2.1b. This parameter represents the
ratio of the incremental damage caused by the increase of the maximum response,
specifying as ddyPy, to the normalized incremental hysteretic energy, dE, as follows
(Park et a, 1985):

_a&d, 6 dE _dd.P
"84, 5 d,P, dE

(3.)

Actualy the same parameter is used in the definition of the IDARC damage index.

3.4.1.3 Pinching or Slip Parameter

Pinching or dip occurs as a result of crack closure, bar dip, etc. Pinching or
dip behavior is modeled by lowering the target extremum point to a sraight leved of
gPy dong the previous unloading ling, where g is the pinching parameter. Reloading
lines target this new point until they reach the crack-cloang point. Such a pinching
behavior leads to a generd reduction of both the sze of loops of hysteress and the
amount of disspated hyseretic energy. Figure 2.1c demondrates the modding of
this parameter.

This IDARC hysteress modd has been shown to be capable of describing the
behavior of a large number of laboratory tests (Kunnath et d, 1990; Valles et d,
1996; Stone and Taylor 1993). Stone and Taylor (1993) suggest that appropriate
vdues of the parameters vary with dructurd type, materid properties, and
condruction quaity with the result that some tuning of the parameters is usudly
needed. Kunnath et a (1990) sudied on the sengtivity of the giffness and strength
degradation parameters without conddering the pinching parameter. They used
experimental result of an only one column which had been tesed by Wight and
Sozen (1973), and dated that for well-detalled sections, the effect of varying these
parameters does not Sgnificantly dter the response, and the use of three-parameter

model does not require extensive cdlibration or correation to estimate a reasonable



range of vaues for practicd use in andyds. They clamed that, andyses results are

insengditive to quite substantia changes in these parameter values.

However the amount of tuning of the hysteress modd parameters required
for determination of damage with reasonable accuracy is uncertain. The smplicity of
the damage moded and its cdibration agang an extendve experimentd data and a
ggnificant amount of observed seismic damage, included some ingtances of shear
and bond falures are interpreted as the mode man advantages compared to
developed other damage models. Although some recommendations were made for
the osdection of the diffness degradation, drength deterioration and pinching
paameters, the need of ther tuning for a paticular dructurd type is its man
drawback.

This section of the dissartation is an attempt to underdand the sengtivity of
both damage index and energy disspation to deterioration parameters of the
hysteresis model. For this purpose, the quas-datic anayses of a tota of twenty-two
beam column specimens, tested by Pujol (2002) and Erberik and Sucuodlu (2004)
under cyclic loading, have been peformed using the displacement histories recorded
during the tests.

3.4.2 Calibration of Deterioration Parameters

A theoreticd or empiricd modding of the complex behavior of dructurd
members through mahematicd rdationships is an  imaginay world;  hence,
experimenta tesing is a better indicator than complex andyticd predictions based
on approximate assumptions. Force-deformation relaionships of the beam column
specimens tested by Pujol (2002) and Erberik and Sucuodlu (2004) have shown that
the hysteretic behavior of reinforced concrete structura members is dependent upon
numerous dructurd parameters, such as amount of transverse and longitudina
renforcement, axid load level, concrete drength, loading history, etc. These
parameters affect congderably the deformation and energy dissipation characterigtics
of the members. It is, therefore, important to recognize that in order to reproduce
closdly the hyderetic behavior of various components, a highly versaile modd is
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required in which several sgnificant aspects of hysteretic loops can be included, such
as diffness degradation, Strength deterioration, pinching, and the variability of the
energy disspation capacities at different deformation levels under repeated cyclic
loading. Moreover, the cdibration of the modd is essentid dnce it will provide
information about the sengtivity of the deterioration parameters on the component
behavior and their possble range of numericd vaues for which the modd reflects
better the observed behavior. As the results of the calibration of the three parameters
and their sengtivity evauation, three ranges of parameter values are proposed for the
defined three classes of structura performance.

The reaults of the analyses are expressed in terms of as damage indices and
hysteretic energy disspated by the reinforced concrete member being studied. The
anadyses tool used was the Park and Ang damage model based on disspated
hysteretic energy and ductility.

3.4.2.1 Method of Calibration

This section of the sudy covers a search focused on dlaification of the
sgnificant  abitrariness in the hydereic modd parameters choice, which is
undesrable. The damage modd is a quditaive indicator of damagesbility and
energy resarves in the overdl sructurd system, and it should represent the damage
date level to be predicted or obsarved in post-earthquake ingpections of reinforced
concrete structures and their components. It is estimated that, ‘the extent the structure
has undergone damage and ‘whether the damage index is sendtive to tuning of
deterioration parameters of the modd or not' are the unidentified points in need of
clarification.

IDARC model expresses the structural damage as a linear combination of the
damage caused by pesk deformation and that contributed by hyseretic energy
disspation due to repeated cyclic loading. The amount of disspated hyderetic
energy is determined by accumulation of the enclosed area of force-displacement
loops during the response history. It has been edimaed that since the loading
higories imposed on the gspecimens are displacement controlled, the energy
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disspation capacity is the modd’s remaning unique variable to be controlled by
these three parameters. Hence, the totd amount of the hysteretic energy dissipated by
the member being studied has been consdered as the main varidble in the cdibration
process. The cdibration of the parameters is peformed by the minimization of the
difference (denoted as ‘eror’ in the following figures) between the amounts of
experimentaly and andyticadly computed disspated hyderetic energy by usng a
search method. In other words, the results of the calibration process were sorted with
respect to the error in the totd amount of disspated energy as each independent
paameter was varied. The loca minimum point is found by a search. Visudly the
drategy of a search is to pick the direction that is stegpest uphill (or downhill) from
the guessed point and move in that direction until the graph levels out. The level spot
is the new guess to gpproach the solution point. The parameter vaues have been
changed to find the minimum vaue The search is continued up to the minimum
postive or negetive value closing to zero. Near the solution, the gradient gpproaches
zero. The gradient is zero at the solution point whose coordinates are the best
parameter vaues giving the most accurate damege dae levd of the particular
component sudied. For a fuller understanding of the role of the parameters, a
sysematic sweep procedure through al possble vaues of the range of controlling

parameters was done here.

3.4.2.2 Discussion on Calibration Process

The three-dimensond drawings showing the variations of energy disspated
ratio error and damage index eror, are presented in Figures 3.14ab to 3.35ab. In
these figures ‘Eero/E' denotes the error ratio of the disspated hyderetic energy,
which is defined as the ratio of the totd amount of hysteretic energy disspated in
esch iteration to the expeimentaly disspated hyderetic energy (given numericdly
in Figures 3.14c to 3.35c) for each specimen. The damage index error labeled as
‘Derror 1IN these figures is described as the difference between the damage indices
obtained in each iteration and solution point that has coordinates condituting the
most suitable combination of deterioration parameters. As a result of cdibration
process, numerica vaues obtained for the sample specimen (Pujol column specimen
C10-2-3N) tabulated in Table A.1 in Appendix A.
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Figure 3.14 Pujol column test specimen C10-2-3 North: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve



Eer ror Eer ror

E E
9 b
b g
©)
Derror Derror
9 b
b g
(b)
C10-3-1.5S 150 2,0
E,=58299 kNmm ~ |
a =5.0 100 = = / f 1,6
b =04 /// ~
g =08 1,2
== [a)
T 0,8
.30 'f/_'_r,,--r"'
0,4 r—
0,0
0 6 12 24 30 36
Half-cycle number

@

Figure 3.15 Pyjol column test specimen C10-3-1.5 South: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimenta (gray curve) and anaytica (black curve) force-deformation relationships
d)Andytica progressive damage curve
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Figure 3.16 Pujol column test specimen C10-3-3 North: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.17 Pujol column test specimen C10-3-2.25 North: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variaion in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.18 Pujol column test specimen C20-3-3 South: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=3.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=3.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,

d)Andytica progressive damage curve
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Figure 3.19 Pujol column test specimen C10-2-2.25 North: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.20 Pujol column test specimen C10-1-2.25 South: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and g parameters, ) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,

d)Andytica progressive damage curve
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Figure 3.21 Erberik and Sucuodlu beam test specimen CH-1: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=7.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=7.0 and b and gparameters, c) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.22 Erberik and Sucuodlu beam test specimen CH-2: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=7.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=7.0 and b and gparameters, ¢) Comparison of the
experimenta (gray curve) and andytical (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.23 Erberik and Sucuodlu beam test specimen CH-3: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=7.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=7.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.24 Erberik and Sucuodlu beam test specimen CH-4: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=7.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=7.0 and b and gparameters, ¢) Comparison of the
experimenta (gray curve) and andytical (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.25 Erberik and Sucuodlu beam test specimen CH-5: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve

75



Eerror

Eerror E
E
q
a
b b
(@
DEI'I'OI’
Derror
g
a
b b
(b)
CH-6 157 F(kN) 1,2
E,=829 kNmm
a=7.0 10 4
g =03
- umm)| |2 ]
'7 "~ L — | O 4 ....-'-"‘_"_'_'M-F
-30 - - 10 20 30 ' s o
-10 A 0,0 'J/'
0 5 10 15 20 25 30
-15 - Half-cycle number

(©) @

Figure 3.26 Erberik and Sucuodlu beam test specimen CH-6: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=7.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=7.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytical (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.27 Erberik and Sucuodlu beam test specimen CL-1: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.28 Erberik and Sucuodlu beam test specimen CL-2: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and andytical (black curve) force-deformation relationships,

d)Andytica progressive damage curve
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Figure 3.29 Erberik and Sucuodlu beam test specimen CL-3: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=3.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=3.0 and b and gparameters, ¢) Comparison of the
experimenta (gray curve) and andytical (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.30 Erberik and Sucuodlu beam test specimen CL-4: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=3.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=3.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.31 Erberik and Sucuodlu beam test specimen CL-5: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=2.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=2.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.32 Erberik and Sucuodlu beam test specimen VH-1: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=7.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=7.0 and b and gparameters, ¢) Comparison of the
experimenta (gray curve) and andytical (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.33 Erberik and Sucuodlu beam test specimen VH-2: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=7.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=7.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.34 Erberik and Sucuodlu beam test specimen VH-3: a) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=7.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=7.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and anaytical (black curve) force-deformation relationships,
d)Andytica progressive damage curve
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Figure 3.35 Erberik and Sucuodlu beam test specimen VL-1: @) Surfaces of variation in the
dissipated hysteretic energy error ratio for a=5.0 and b and g parameters, b) Surfaces of
variation in the damage index error for a=5.0 and b and gparameters, ¢) Comparison of the
experimental (gray curve) and analytica (black curve) force-deformation relationships,
d)Andytica progressive damage curve



In this study the giffness degradation parameter, a, ranges between 1-100
represented in a logarithmic scde, the drength deterioration parameter, b, ranges
between 0.0-0.8, and the pinching parameter ranges between 0.0-1.0.

In these eror surface figures, in order to show eror term (teking place in
gther damage index or energy disspation) in the verticd axis of the catesan
coordinate sysem, only the reatively more sendgtive drength deterioration and
pinching parameters were displayed. The less sendtive diffness degradation
parameter, a, is kept condant a a reasonable vaue. The sengtivity of this parameter
is dso invedigaed and discussons on dl the sengtivity of dl parameters to
dructura charecteristics will be presented later using two-dimengond plots. The
contour plots are formatted in many ways to control their gppearance and they are
changed to observe what is occurring. For a good understanding of the effect of
vaiation of drength deterioration and pinching parameters on energy disspation
capacity and damage index, two pars of each specimen surface pictures are taken
from the best viewpoints and presented in Figures 3.14ab to 3.35ab. In Appendix A,
Tables A.1 ligts the discrete values of each parameter used in the cdlibration process
of the sample specimen. In this table, the solution points comprisng the cdibrated

deterioration parameters values are given in the gray colored line cdlls.

As can be observed easly from the three-dimendond damage index and
energy eror surfaces shown in Figures 3.14ab to 3.35ab and the numericd vaues
of the sample specimen presented in Appendix A, the error in the damage index and
disspated energy is e@ther minimum or zero in the vicnity of the solution point.
Inspection of the three-dimensond damage index and energy disspdion error
surfaces reveded that at the solution point the error reached a dight or sharp dip

close to zero error.

3.4.2.2.1 Error Variation in Hysteretic Energy Dissipation

Figures 3.14(a) to 3.35(a) each shows a par of three-dimensond grgphs
representing variation surfaces of the disspated hyderetic energy eror ratio with
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respect to the parameters b and g, for each specimen presented in Table 3.1. The
srength deterioration parameter, b, and pinching parameter, g, are the two variables
conddered as the most sendtive parameters. The stiffness degradation parameter, a,

is kept as congtant because its vaue is sdected congdering the unloading giffness of

the force displacement curves.

By referring to these graphs it is possble to state that both parameters b and g
influence consderably the energy disdpation capacity of especidly the columns
(namdly Pujol specimens) that are disspated reatively large amount of energy. As an
example, for the columns C10-2-2.25N and C10-1-2.25S, the eror reveded in the
disspated hysteretic energy reached to 357.8 percent and 373.5 percent of the energy
disspation capacity of the specimens, respectively (Figures 3.19a and 3.20a). On the
other hand, 3D gradient surfaces given in Figures 3.21a to 3.35a agpparently show
that, the parameter b has rdativedy amndl effect on the eror raio of the energy
disspation capacity for the beams (namely Erberik and Sucuodlu specimens). The
more stegp uphill and downhill gradients, away from the solution point, are in the
direction of pinching parameter, g. As an example, for the beam labded as CH-3,
with rdaively high concrete compressve drength due to variaion in g, the error
ratio of the energy disspation capacity reached to level of 289.4 percent whereas the
maximum vaue of this error raio due to varigion in b remaned a leve of 657
percent (Figure 3.233). Similarly, for beams CL-4 and CL-5, with low concrete
compressve srengths, due to variation in g, the error ratio of the energy disspation
capacity exceeded 400 percent whereas the maximum values of this error ratio due to
b are 57.8 percent and 65.6 percent, respectively (Figures 3.30a and 3.31a). The
same vaiation is vaid dso for the beam specimens VH-1, VH-2, VH-3 and VL-1
teted under varidble amplitude displacement reversds, in such a way that the
parameter b has a andl effect on the eror vaiation reveded in the energy
disspation capacity, compared to pinching parameter, g. Since variation of energy
disspation capacity was not very sendtive to smdl variations in paameter b, it
makes the selection of this parameter easier.
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3.4.2.2.2 Error Variation in Damage Index

Figures 3.14(b) to 3.35(b) present the pairs of the damage index error
aurfaces for al specimens under consderation. The numericd values of error
obtained for damage index are presented in Table 3.2. For the sake of good sense of
comparison, the variation surfaces were taken from the same viewpoints as of the

dissipated hysteretic energy error ratio.

By referring to the graphs given in 3.14b to 3.35b, it can be dated that, both
parameters b and g affect Sgnificantly the damage index gathered for both the beam
and column models andyzed. As an example, the eror in the damage index for
columns C10-2-2.25N and C10-1-2.25S reached 1.103 and 1.152, respectively
(Figures 3.19b and 3.20b). Similarly, for the beam labeled as CH-3, with reativey
high concrete compressve srength, due to variaion in g, the error of damage index
reached to 0.642, wheress it is 0.606 due to variation in parameter b (Figure 3.23b).
Smilaly, for beams CL-4 and CL-5, with low concrete compressve drengths, due
to varidion in g, the error vaues of damage index are 0.502 and 0.337, whereas the
maximum vaues of this eror due to variation in b are 0.228 and 0.137, respectively
(Figures 3.30.b and 3.31.b). The same variation is vaid aso for the beam specimens
VH-1, VH-2, VH-3 and VL-1 tested under vaiable amplitude displacement

reversas.

Figures 3.14c to 3.35c present both experimental (gray curve) and andytica
(black curve) force-deformation reationships for al specimens given in Table 3.1
The andyticd force-displacement reationships are obtaned by usng the most
auitable combination (cdibrated vaues) of the parameters a, b and g. It should be
pointed out that the results obtained from andytica studies solutions were compared
with the experimenta results and good agreement was observed for not only the totd
amount of disspated hyderetic energy (given numericdly in the figures) but dso in
generd shape of the curves. These figures contain aso the totd hyderetic energy
disspated by each specimen.



Finaly, the progressve damage curves of the specimens obtained from the

guas-static analyses are presented in Figures 3.14d to 3.35d.

Table 3.2 Properties of R/C beam column test specimens and appropriate parameter

vaues
specimen | LP | ol L] Ny Weee | Dend b | g (ol
C10-2-3N  |VA | 33.7 |2.4{0.55(0.087 | [7]14+[7]21 | [7]2+[7]3 |5.0|0.60 {0.50 [MOD
C10-3-3N | CA | 29.9|2.4|0.55| 0.098 [9]121 [9]3 [5.0{0.61{0.60|MOD
&|C20-3-35 | CA | 36.4|2.4|0.55|0.161 [9]21 [913 [3.0{0.50(0.65|MOD
g C10-1-2.25S| VA | 36.5|2.4({0.73/0.080| [7]7+[20]21 |[7]1+[20]3|5.0|0.45 [0.60 [MOD
O [C10-2-2.25N| VA | 34.9 |2.4|0.73| 0.084 | [7]14+[16] 21 | [7]2+[16] 3| 5.0|0.527| 0.65 [MOD
T C10-3-2.25N| CA | 27.4 | 2.4|0.73| 0.107 [19]21 [19]3 |5.0{0.49(0.70|MOD
C10-3-1.5S |VA | 321(2.4|1.1|0.091|[7]21+[11]27|[7]3+[11]4| 5.0/ 0.40|0.80 (MLD
C20-3-1.5* |VA | 27.4|2.4|1.1|0.214|[7]21+[10])27 | [7]3+[10]4| No experimental data
CH-1 CA|205(|13(08| O [5]28.8 [5]6.4 |7.0/0.39|0.40|svD
CH-2 CA|206(13/08| O [6]24.0 [6]5.3 |7.0/0.43|0.40(svD
CH-3 CA|206(|13/08| O [12]20.8 [12]4.6 |7.0/0.48|0.30|SvD
__|CH-4 CA|206(13/08| O [10]16.8 [10]3.7 |7.0] .50 {0.30|SvD
§ CH-5 CA|212|13/08| O [12]13.2 [12]29 |5.0/0.51|{0.40|SvD
‘S’ CH-6 CA|206(|13(08| O [15]9.6 [15]2.1 |7.0/0.63|0.30|SvD
E CL-1 CA|130(|13(08| O [7]15.6 [7]135 |5.0/0.36|0.27 |SvD
% CL-2 CA|130(13(08| O [10]13.2 [10]29 |5.0/0.32|0.27|SvD
'g CL-3 CA|130(13(/08| O [15]7.6 [15]1.7 |3.0/0.63|0.30|SvD
x |CL-4 CA|130(|13(04| O [15]7.6 [15]1.7 |3.0/0.56|0.20|SvD
% CL-5 CA|130(|13(/08| O [20]3.6 [20]1.0 |2.0/0.70|0.20|SvD
VH-1 VA |206(13[08| O 28.8(max) 6.4max) |7.0/0.36(0.40|SvD
VH-2 VA |212(13(08| O 20.8(max) 4.6(max) |7.0|0.747/0.40| SVD
VH-3 VA |212(13(08| O 20.8(max) 4.6(max) |7.0|0.65|0.40|SvD
VL-1 VA |130(13(08| O 15.6(max) 3.5max) |5.0|0.72|0.27|SvD
*Thistest failed in an unexpected mode and the cycles applied were limited before buckling

of the longitudinal reinforcement at the joint face (Pujol, 2002).

Experimenta results obtained from the tests of different reinforced concrete

beam column specimens are employed in order to cdibrate the low-cyce faigue
based hyderetic model parameters and to relae them to the generd behavior of
dructurd systems under repested loading. The experimentd data used is liged in
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Table 3.2 with the characteristic properties of each specimen. The lagt four columns
of the table contain the mogst suitable combination of low-cycle fatigue parameters a,
b and g which give the reasonable accurate estimate of cyclic response and damage
for the prescribed paths. Deterioration parameters have been obtained as a result of
the cdibration process usng the search method. In the last column of Table 3.2, the
specimens ae classfied according to ther most suitable low cyce fatligue

parameters.

The abbrevigtion “MLD" denotes mildly deteriorating system with parameter
a larger than 7, b parameter closer to zero and g parameter closer to unity. There is
insufficient data representing this sort of behavior. For these specimens, parameter a
ranges between 7100, parameter b ranges between 0.1-0.2, and parameter g ranges
between 0.7-0.9. An example of mild deterioration (MLD) behavior is test specimen
C10-3-15S. It represents a dedred seismic behavior with stable loops and with little
diffness and drength deterioration. In such specimens the axid load levd not
exceeding 0.10fAq is preferable. As it will be demonsrated aso in the following
chapter, whenever the desgn axid load is 1/6~1/8 of the axid load capacity or
smdler than 0.10fcAg, i.e, when the column is proportioned almost as a girder, the
hysteretic action was greatly improved.

Examples of moderate deterioration (MOD) behavior belong to test
gpecimens C10-2-3N, C10-3-3N, C20-3-3S, C10-1-2.25S, C10-2-2.25N and C10-3-
2.25N, with parameter a ranging between 0.3-0.5, parameter b ranging between
0.45-0.6 and parameter g ranging between 0.5-0.65. The observed behavior for
“MOD” type of dgructurd members is gradud deterioration in drength with
increesing cycde number, and mild pinching. However the specimen can il
disspate a condderable amount of energy after a dgnificant number of cydes In
these specimens axid load level is around 0.10fcAq. Although the axial load did not
afect dgnificantly the number of congant-amplitude cycles that could be sustained,
it influenced the rate of diffness and drength deteriorations and pinching during the
find digplacement cycles. It can be dated that the higher levels of the axid load

results in more abrupt fallure of a structural component.



Severdly deteriorating sructura members include test specimens CH-1 to
CH-6, CL-1 to CL-5, VH-1, VH-2, VH-3, VL-1 and C20-3-1.5. These specimens
have low concrete compressve drength, plain longitudind bars, low confinement
ratio or axia load level exceeding 0.20fcAg. When plain bars are used as longitudingd
reinforcement, excessve bar dip occurs even in the early stages of displacement
reversds leading to pinching and drength deterioration reduces the energy
disspation capacity dgnificantly. Similaly when concrete with low compressive
drength is used, a rdatively limited number of cycles could be susained. The extent
to which such basic experimentd deficiencies can be generdized is uncertain.

The purpose of this section of the dissertation was twofold: determining the
most suitable combination of parameters a, b and g in a given case to permit
predictions rather than hindsght comments about indastic behavior, and assessment
of the reationships which exis between the deterioration parameters and structura
characteristics, thus giving the materid properties, axid load, and geometry, one
should be able to make reasonably accurate edtimates of cyclic response for a
prescribed path.

3.4.2.3 Sengitivity of Deterioration Parametersto Structural Characteristics

Structural  characteristics of the reinforced concrete members influence the
diffness degradation, strength deterioration and pinching parameters of the hyseretic
behavior of the components. The purpose of this section is two fold: to determine the
sengtivity of the deterioration parameters of concrete hysteress to some of the
principal structural characteristics; and to assess the effects of these characteristics on
energy disspation capecity and deterioration level of the sructura component. To
accomplish this purpose, the main variables controlled in the beam and column
gpecimens, such as hoop spacing, axid load level and concrete strength, are taken
into congderation. Moreover, effects of loading history on both energy disspation
capacity and damage index will be discussed in this section of the sudy. In this study
the main tools will be vaiations in the disspated hyseretic energy and damage index
and varigionsin their errors obtained by the search method in the previous section.
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The variaions of the tota disspated hysteretic energy and damage index with
respect to the three deterioration parameters, a, b and g, are presented mutudly in the
Figures. In addition, the variations of the eror in both disspated hyseretic energy
and damage index are displayed in these figures. The error variation curves dipped
shaply or dightly a their optima vaues corresponding to zero difference in the
amounts of hyderetic energy obtained experimentdly and andyticaly. It is estimated
that the deterioration parameter vaues matching the dip points give the most
reasonably accurate damage level for the prescribed loading path.

The man variables controlled in Pujol (2002) column specimens were the
spacing of the hoops outsde the center stub, axid load leve and loading higtory.
Figures 3.36 and 3.37 show the varidions in the energy disspation and damage
index together with their error variation curves for Pujol specimens. The generd
shapes of the curves indicate the sendtiviness of the parameters to some of the
principd dructurd characteristics. Inspections on these figures indicate that both
energy disspation and damage index are categorized into three groups in accordance

with the hoop spacing: 38.1 mm, 57.1 mm and 76.2 mm.

Effect of dl dructurd characteristics consdered in the test programs will be
discussed in detall in the following sections.
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Figure 3.36 Effect of various characteristics (transverse reinforcement, axial load level and
loading history) a) Dissipated hysteretic energy vs. deterioration parameters a, b and g,
b)Dissipated hysteretic energy error ratio vs. deterioration parametersa, b and g
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Figure 3.37 Effect of various characterigtics (transverse reinforcement, axial load level and

loading history) a) Damage index vs. deterioration parameters a, b and g, b) Damage index
error ratio vs. deterioration parametersa, b and g



3.4.2.3.1 Amount of Transver se Reinfor cement

The sengdtivity of the deterioration parameters to the amount of transverse
reinforcement during the loading histories of the specimens can be inferred from
Figures 3.38 to 3.41. Figure 3.38 shows the variation of disspated hyseretic energy
and its error ratio with respect to the three deterioration parameters for specimens
C10-3-1.5S, C10-3-2.25N and C10-3-3N. The variation of the damage index and its
eror with respect to the deterioration parameters for these specimens are shown in
Figure 3.39. All specimens were tested under 136kN axia load and dl were
subjected to 7 displacement cycles a a maximum drift ratio of 2 percent before being
displaced to a drift ratio of 3 percent. The hoops in specimens C10-3-1.5S, C10-3-
225N and C10-3-3N were placed every 381 mm, 571 mm and 76.2 mm,
respectively. Similarly the variation curves of the energy disspation and damage
index shown in Figures 3.40 and 3.41 are for the specimens C10-2-3N and C10-2-
2.25N, tested under the same displacement schedule and axia load but with different
amounts of transverse reinforcement. The hoops in specimen C10-2-3N were placed
at 76.2 mm, and the hoops in specimen C10-3-2.25N were placed at 57.1 mm.

Ingpections on the energy disspation capacity curves presented in Figures
3.38 and 340 indicated that energy disspation capacity and thus the deterioration
levd of the dructurd sysem ae affected dgnificantly by the raio of transverse
reinforcement. The specimens with transverse reinforcement ratios exceeding 1
percent (rs for specimen C10-3-15S is 1.1 percent) exhibited consderably larger
energy disspation capacity with only dight deterioration of parameters. It should be
dated that the smdler the hoop spacing the larger was the amount of hyderetic
energy disspated before failure.

As seen in Figures 3.38 - 341 the most sendtive parameters to the amount of
transverse reinforcement are the drength deterioration and pinching parameters

denoted by b and g The less sendtive parameter is the giffness degradation
parameter denoted by a ranging from 1 to 100 in alogarithmic scale.
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Figure 3.38 Effect of amount of transverse reinforcement-Set | a) Dissipated hysteretic
energy vs. deterioration parameters a, b and g, b) Dissipated hysteretic energy error ratio
vs. deterioration parametersa, b and g
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Figure 3.39 Effect of amount of transverse reinforcement-Set | a) Damage index vs.
deterioration parameters a, b and g, b) Damage index eror ratio vs. deterioration
parametersa, b and g
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Figure 3.40 Effect of amount of transverse reinforcement-Set Il a) Dissipated hysteretic
energy vs. deterioration parameters a, b and g, b) Dissipated hysteretic energy error ratio

vs. deterioration parametersa, b and g
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Figure 3.41 Effect of amount of transverse reinforcement-Set II a) Damage index vs.
deterioration parameters a, b and g, b) Damage index eror ratio vs. deterioration
parametersa, b and g
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Figure 3.42 Effect of axid load level @) Dissipated hysteretic energy vs. deterioration
parameters a, b and g, b) Dissipated hysteretic energy error ratio vs. deterioration

parametersa, b and g
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Figure 343 Effect of axia load level @) Damage index vs. deterioration parameters a, b
and g, b) Damage index error ratio vs. deterioration parametersa, b and g
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3.4.2.3.2 Axial Load L eve

The sengtivity of the deterioration parameters to the axid load leve during
the loading histories of the specimens can be inferred from Figures 342 and 3.43.
Figure 3.42 shows the variaion of energy disspation and its error ratio with respect
to the three deterioration parameters for specimens C10-3-3N and C20-3-3S. The
vaiaion of the damage index and its eror with respect to the deterioration

parameters for these specimens are shown in Figure 3.43.

The specimens tested under the same displacement reversas and transverse
reinforcements but with different axid load level. The specimens were tested under
displacement cycles to a drift ratio of 3 percent. The spacing of the hoops in both
goecimens is 76.2 mm. But specimen C20-3-3 South was tested under a 272kN
(0.161fcAg) while the axia load applied to specimen C10-3-3 North was 136kN
(0.098f:Ag). The axid load applied on the specimen C20-3-3S is two times of the
specimen C10-3-3N. However the axid load level on specimen C20-3-3S load does
not double that of specimen C10-3-3N, due to smdl differences in their concrete

compressive strengths.

It is observed from the energy disspation capacity curves presented in Figure
342 that the axid load level has an effect on the energy disspation capacity and thus
the deterioration level. Increase in the axid load level to a certan leve leads to
diffening and drengthening of the cross section. Hence, the energy disspation
cgpacity was higher for the specimen with the higher axid load (C20-3-3 South). It
should be dated that the smaler the axid load levd the larger was the amount of
hysteretic energy disspated before failure.

However, it can be concluded that the axiad load does not affect significantly
the number of cycles that could be susained a given drift ratio before falure. The
axiad load did affect the rate of deterioration. Inspection on damage curves in Figure
3.44 reveded that the higher the axiad load, the more abrupt isthe falure,
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Figure 3.44 Effect of axid load level on damage

Smilarly, specimens C10-3-1.5 and C20-3-1.5 were tested under the same
displacement schedule and transverse reinforcement but with different axia load
level. The spacing of the hoops in both specimens is 38.1 mm. But specimen C20-3-
1.5 North was tested under a 272 kN (0.214f:Ag) while the axia load gpplied to
specimen C10-3-1.5 South was 136 kN (0.091f:.Aq). Both specimens were tested
under displacement cycles at a drift ratio of 4 percent after 7 cycles at a drift ratio of
3 percent. Although the transverse reinforcement was designed to avoid buckling of
longitudind reinforcement during the tests a limited number of cycdes could be
goplied before buckling of longitudina reinforcement a the joint face of gpecimen
C20-3-1.5N (Pyjol, 2002). Pujol (2002) sated that, the experimenta results of
goecimen C20-3-1.5 had not been considered due to unexpected failure mode that
was estimated to cause by the excessve axid load level of 0.214fAg.

Consequently, experimenta and andyticd evidence indicate that, under
reversds of digolacement into the nonlinear range, a factored axiad compressive force
exceeding 0.20fcAq acting on reinforced concrete column members causes an abrupt

falure

Figures 342 and 3.43 show that the most sengtive parameters to axia load
level are the strength deterioration and pnching parameters denoted by b and g. The

diffness degradation parameter, denoted by a ranging from 1 to 100 in a logarithmic

cde, isthe less sendtive,
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Figure 3.45 Effect of concrete strength and loading history-Set | @) Dissipated hysteretic
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vs. deterioration parametersa, b and g
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Figure 3.46 Effect of concrete strength and loading history-Set | a) Damage index vs.

deterioration parameters a, b and g, b) Damage index eror ratio vs. deterioration
parametersa, b and g
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Figure 3.47 Effect of concrete strength and loading history-Set |1 @) Dissipated hysteretic
energy vs. deterioration parameters a, b and g, b) Dissipated hysteretic energy error ratio

vs. deterioration parametersa, b and g
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Figure 3.48 Effect of concrete strength and loading history-Set 11 @ Damage index vs.

deterioration parameters a, b and g, b) Damage index eror ratio vs. deterioration
parametersa, b and g
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3.4.2.3.3 Concrete Strength

The sengdtivity of disspated hyseretic energy and damage index to concrete
drength can be inferred from Figures 345 and 347 for energy disspation and
Figures 346 and 348 for damage index. Inspections of energy disspation and
damage index and ther mutudly arranged eror raio curves for the specimens with
13MPa and 20MPa concrete strength, shown in Figures 3.45 to 3.48, reved the
effects of variations in deterioration parameters a, b and g on disspated hysteretic
energy and damage index.

Figure 3.45 shows the variation of energy disspation and its error ratio with
respect to hysteretic model deterioration parameters for Erberik and Sucuodlu beam
specimens (CH-1, CH-2, CH-3, CH-4, CH-5 and CH-6) with rdaively high concrete
strength of 20MPa. For these specimens the damage index and its error ratio with
respect to the deterioration parameters are plotted in Figure 3.46. All specimens were
tested without consdering axid load. The specimens were subjected to various
congant amplitude displacement histories, and they displaced to drift ratios ranging
from 6.4 percent to 2.1 percent, as seen in the experimenta program given in tabular
form in the last columns of Tables 3.1 and 3.2. Smilarly the vaiaion curves of the
energy disspation and damage index for the specimens (CL-1, CL-2, CL-3, CL-4
and CL-5) with low concrete strength of 13MPa, are presented in Figures 3.47 and
3.48. The specimens were tested under constant amplitude displacement reversas
with drift raios ranging from 1 percent to 3.5 percent, without consdering axid
load.

Observation on energy disspation variaion curves in Figures 3.45a and 3.47a
comparatively, indicates that the concrete grength has substantid effects on the
energy disspation cepacity. It has been demondrated that the specimens with low
concrete srength do not have the ability to dissipate consderable amount of energy.
The error ratio curves in Figures 3.45b and 3.47b indicate that the amount hysteretic
enagy disspation is quite sendtive to variations in the deterioration parameters. It

should be noted that the most sengitive parameter is the pinching parameter, g.
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As seen from the comparison of damage index variation curves in Figures
346a and 3.48a, concrete strength affect the structurd damege sgnificantly. It has
been depicted that the deterioration level of the dructura system affected
ggnificantly by the varidions in concrete drength. The specimens with rdativey
high concrete srength exhibited consderably larger energy disspation capacity with
lower deterioration of the parameters. It should be dtated that the higher the concrete
srength the larger was the amount of hysteretic energy disspated before falure This
causesto rdatively lower level of structural damage.

Figure 3.49 contains two plots. The first one shows the damage curves of the
specimens tested by Erberik and Sucuodlu under constant amplitude displacement
reversals. The damage model developed by the authors was employed for damage
prediction of sructurd members (Erberik, 2001). The energy-based damage modd is
based on diffness and drength degradation, but not pinching. This modd was
introduced in the first chapter of the dissertation. The modd gives the totd damage a
the " full-cycle as follows;

_m-l,2m 924 0 (32)
om-1 gm-15%5E,, 5

The firg term represents damage due to maximum effective ductility, and the second

D

term dueto low cyclefatigue é iegnCycles.  The second plot shows the damage
curves of the same specimens obtained by usng modified form of fatigue based
modified Park and Ang damage modd incorporated into IDARC. This modd was
aso introduced in the first chapter. The formulation of the mode is asfollows:

OJE

f.-f,
+b (3.3)
f,-f, M. f,

It should be noted that there is a amilarity in between the firs components of
both models, but the second components are based on different concepts. Ingpection
on the damage curves obtained by usng faigue based two different damage modds,
which are shown in Figure 3.49, reveded that there is a large difference between the
damage predictions from these two modes. Effects of concrete strength on structura
damage appear clearly from damage curves of the specimens with low (13MPa) and
relatively high (20MPa) concrete strengths presented in Figures 3.49b and 3.50.
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Figure 3.49 Damage curves for Erberik and Sucuodlu beam test specimens .=20MPa)
obtained by using damage model developed by a) Erberik and Sucuodlu and b)Park and Ang

2,4

2,0

1,6

n1.2

0,8
CL-1 | cL2 cL:3

04 e e e b
S - CL-5

0,0

0 2 4 6 8 10 12 14 16 18 20
Cycle Number

Figure 3.50 Damage curves for Erberik and Sucuodlu beam test specimens (.=13MPa)
obtained by using Park and Ang damage model
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Figure 3.51 Effect of loading history-Set | a) Dissipated hysteretic energy vs. deterioration

parameters a, b and g, b) Dissipated hysteretic energy error ratio vs. deterioration
parametersa, b and g
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Figure 3.52 Effect of loading history-Set | a) Damage index vs. deterioration parameters a ,
b and g, b) Damage index error ratio vs. deterioration parametersa, b and g
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Figure 3.53 Effect of loading history-Set 11 a) Dissipated hysteretic energy vs. deterioration
parameters a, b and g, b) Dissipated hysteretic energy error ratio vs. deterioration

parametersa, b and g
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Figure 3.54 Effect of loading history-Set |1 @) Damage index vs. deterioration parametersa,,
b and g, b) Damage index error ratio vs. deterioration parametersa, b and g
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3.4.2.3.4 Loading History

Two series of the specimens tested by Pujol (2002) under different
displacement higtories were for purposes of sudying whether displacement history
has an effect on energy disspation capacity and damage. These two series of
gecimens ae dso used to assess the sendtivity of these characterigtics to

deterioration parametersa, b and g.

Specimens C10-2-3 and C10-3-3 had the same axid load of 136 kN and the
same amount of transverse reinforcement (76.2 mm of hoop spacing) but were tested
under different displacement histories. Specimens C10-2-3 were subjected to seven
cycles of a drift ratio of 2 percent before being tested a 3 percent. On the other hand
C10-2-3 were tested directly at 3 percent.

Smilarly, specimens C10-1-2.25, C10-2-2.25 and C10-3-2.25 were subjected
to the same axia load of 136 kN. The spacing of the hoops in al specimens is 57.2
mm. All specimens were tested a a drift ratio of 3 percent. Specimens C10-3-2.25
were displaced directly to a drift ratio of 3 percent. Specimens C10-1-2.25 were
subjected to seven cycles a a drift ratio of 1 percent (gpproximately the drift ratio at
yidd) and specimens C10-2-2.25 were subjected to seven cycles d a drift ratio of 2
percent before application of cyclesat 3 percent.

The sengtivity of the deterioration parameters to loading history can be
shown from Figures 351 to 354. Figure 351 shows the variaion of energy
disspation and its eror ratio with respect to the three deterioration parameters for
gpecimens C10-2-3N and C10-3-3N. The variation of damage index and its error
with respect to the deterioration parameters for these specimens are presented in
Figure 3.52. Smilarly Figures 3.53 and 3.54 show the same variations for the second
series specimens C10-1-2.25, C10-2-2.25 and C10-3-2.25.

Inspection on the variation curves of damage index and energy disspation,

which are shown in Figures 351 to 3.54, indicate that the loading history has little
effect on damage and amount of hyderetic energy disspated in the end of the
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higtories (at falure stage). As seen in Figures 3.51 and 353 dmog dl curves are
quite close to each other demondrating the ineffectiveness of the loading history on
the amount of energy to be disspaied at falure stage. The phenomenon can be
observed from the damage curves presented in Figures 352 and 3.54. At fallure,
damage curves of two series of Pujol specimens each reached dmogt at the same
levd following different paths. Despite reaching the same damage levd, the numbers
of cycles sustained by each specimen of both series are different (Figure 3.55).

Inspection on the variation curves, which are shown in Figures 3.51 to 3.54,
reveded that the most sendgtive parameters to loading history are the drength
deterioration and pinching parameters denoted by b and g. Damage error ratio vs.
parameter b curves form a trough and dip dowly through the solution points (Figure
3.52 and 3.54), whereas energy and damage error ratio vs. parameters a and g curves
dip sharply at that points (Figure 3.51 to 3.54). The less sendtive parameter is the
stiffness degradation parameter denoted by a..

1,6
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| J/”/ FH‘FF ’_',--"'Jf'
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Figure 3.55 Progressive damage curves for the two sets of specimens subjected to variable-
amplitude displacement histories (Pujol column specimens)
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Figure 3.56 Effect of loading history (Erberik and Sucuodlu specimens) @) varigble-
amplitude displacement histories b) Experimental (gray) and analytical (black) force-
displacement curves c) Damage curves

Figure 356 shows the variable-amplitude displacement histories imposed on
the Erberik and Sucuodlu beam specimens, experimenta (gray curves) and andytica

(black curves) force-displacement rdationships and damage curves. Discusson
related to the effect of loading hisory on damage and energy disspation mentioned
above is not valid for these specimens except for specimens labded as VH-2 and
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VH-3. In case of specimens VH-2 and VH-3, energy disspation and totd damage are
amost equd a the end of dislacement patterns despite opposte ordering of cyclic
amplitudes. This shows tha cumulative energy disspation and totd damege ae
independent from the order of amplitudes dong displacement paths conssing of the
same number and amplitude of cycles. However, varigdble amplitude loading higtories
condding of the different number and amplitude of cycles lead to congderably
different level of damage and energy disspated along the path.

3.4.3 Deterioration Parametersfor Several Deterioration Levels

The sengtivity of parameters a, b and g describing the level of deterioration
in the diffness, drength and pinching or dip, respectivdy, to severd dructurd
characteristics has been evduated by employing the experimenta database tabulated
in Table 3.2. In this study the tiffness degradation parameter, a, ranges between 1
100, the drength deterioration parameter, b, ranges between 0.0-0.8, and the
pinching parameter ranges between 0.0-1.0.

Materia properties such as amount and grade of longitudind and transverse
reinforcements implemented in condruction, concrete srength and axia load leve
excdluding loading higory are eadly identifiable parameters for an exiging building.
It is demondrated that the loading history has minor effect on the damage attained in
the end and energy disspated aong the path.

A proposed range of deterioration parameters indicating the level of
deterioration can be designed based on the range of vaues for these three parameters.
For seismic performance evauation of deteriorating structures, three different classes
of dructurd systems are defined based on the evauated experimentd database.
Table 3.3 contains the deterioration parameter vaues proposed for three different
deteriorating reinforced concrete structurd systems. These classes ae defined as
mildly deteriorating (MLD) systems, moderatdly deteriorating (MOD) systems and
svady deeioraing (SVD) sygems, a different combination of low cycle faigue
parameters (a, b, g) isassgned to each class.
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Table 3.3. Proposed range of parameters for deterioration levels of structural systems

L Stiffness Strength Pinching
Deterioration )
parameter parameter parameter Structural Properties
Leve
(a) (b) (9)

Mild High strength concrete,

Deterior ation 10 01 0.8 Low _aX|aI load, N£O.10chg,
Confinement ratio, r 3 0.01
Medium concrete strength

Moderat . '

Dot o ation 6 03 05 Axial load, 0.10f,A, ENEO.20F Ay,
Confinement ratio, 0.005£r (£0.007
Poor concrete strength, f. £15MPa
High axial load, N3 0.20f:Ag,

Severe . c

Deterioration 3 06 0.3 No confinement,
Lack of anchorage,
SA /(XA ) £0.01(for low-rise bldg)

SA. :thesum of the column areas at the base of a building
n : number of stories above the base

A : floor area of one story

SA, :thesum of the floor area above the base («Ap)

The generd properties of the two of three levd of deteriorating systems
showing the superior and inferior gdructurd performance can be summarized as

follows.

Mildly deteriorating (MLD) systems contain well detailed reinforced concrete
members with high concrete strength, transverse reinforcement ratios exceeding 1
percent and axid load level not exceeding 0.10fcAg for columns (Table 3.3). The
goecimens, such as Pujol column labded as C10-3-15S, with transverse
reinforcement ratios exceeding 1.0 percent and axia load level lower than 0.10fcAg
exhibited only mild deterioration.

Severdly deteriorating (SVD) sysems ae dructurd sysems having the
deficiencies commonly observed in damaged buildings after past earthquakes, such
as low concrete strength, poor or no confinement of concrete, lack of anchorage of
plain renforcement, axia load level exceeding 0.20fcAg, etc. Force-deformation
relationships of the beam tests shown in Figures 3.11, 3.12 and 3.13 indicate that,
plan bars placed in low to medium srength concrete leads to severe deterioration
due to anchorage dip (Erberik and Sucuodlu (2004). The SVD systems have concrete
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drength lower than 15 MPa reflecting the drength of concrete in the exiding
concrete congruction. It is known that mgority of the existing concrete congruction
in Turkey fdl into this range. The factored axid compressive force acting on column
members of such systems exceeds the level of 0.20fcAg. Low rise of such buildings
have the column ratio, which is defined smply as the ratio of the sum of the column
areas at the base of a building to the floor area above the base, lower than 1.0

percent.

The properties of the deterioration level in between the mildly deterioration
(MLD) levd and severdy deeioration (SVD) levd, namdy moderately
deterioration (MOD) level correspond to an ordinary properties of structura systems.

C10-2-3N 150 ~
N=0087(cA,

m=2
s=16.2mm 50 |/ HE

a=10 150 1 F(kN) a=6 150 1 F (kN) a=3 150 1 F (kN)
7 = . b=0.6

b C d
Figure 3.57(S)ensitivity anayss of threeéa)rameter model: a) Experim(erzt, b) Simulation
usng a=10, b=0.1 and g=0.8, Mild deteriorating system (MLD), ¢) Smulation usng a=6,
b=0.3 and g=0.5, Moderate deteriorating system (MOD), d) Smulaion usng a=3, b=0.6
and g=0.3, Severe deteriorating system (SVD)

Examples of the typicd anaytica force-displacement relationships for these
three different classes of structurd systems, obtained by using the proposed a, b and
g parameters and loading history of specimen C10-2-3N, are shown in Figure 3.57.
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3.5 Concluding Remarks

The discusson above underscores the fact that for the damage to be redidtic,
the modd parameters should be sdected such that the indagtic structurd behavior in
“redity” can be captured. Conducting a hysteretic energy error minimization exercise
for each damage prediction atempt is clearly not a feasble option. However, the
purpose in this section has not been the exact imitation of some beam and column
laboratory tests, but to assess the effects of diffness degradation, strength
deterioration and pinching parameters on low cycle fatigue damage and energy
disspation.

It has been demondrated that rationd prediction of damage and
damageability of reinforced concrete dtructures and their components  strongly
depends on the tuning of the diffness degradation, Strength deterioration and
pinching parameter values. Sdection of these parameter vdues plays a vitd role in
determination of damage index reflecting the levd of damege sustained by a
gructura component. Arbitrary choices of the parameter vaues may resut in a
considerable deviation of the damage index used in damage-decison making.

It has dso been demongrated that sdection of the parameter vaues plays a
vitd role in determination of damage index of the dructurd components reflecting
the observed damage of reinforced concrete components, with a reasonable accuracy.
An arbitrary choice of the parameter vaues results in a consderable deviation of the
damage index and tota amount of hysteretic energy to be dissipated.

Consequently, it should be dated that the dissipated hysteretic energy thus the
damage index ae dgnificantly sendtive to hyseretic modd parameters, and the
cdibration of these parameters is inevitable from gandpoint of quantifying the
damage date of a structurd component reasonably wdl. In the light of the brief
discusson mentioned above it can be stated that the parameters b and g govern high
damage whereas the parameter a governs smdl damage. Therefore for rationd
damage prediction, fine-tuning of the deterioration parameters, especidly parameters
b and g, isessentid. Table 3.3 isauseful guide for this purpose.
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CHAPTER 4

ASSESSMENT OF
CONTROLLING PARAMETERSON DAMAGE

4.1 General

The date-of-the-at of saismic design of reinforced concrete structures widely
requires and accepts that structures should be designed so that they will not collapse
even during severe dedructive earthquakes. Seismic provisons in the modern
saigmic codes prescribe minimum requirements that a Sructure must safdy resst
earthquake effects. Structures designed according to these requirements must have a
catan leve of diffness, drength and ductility. The generd design philisophy of the
modern seismic codes is damage-control based. Damage control depends on
sifying the minimum design requirements provided by severd dructurd
parameters. If the dtructures are properly designed, they absorb energy of the
earthquake so thét little or tolerable damage occurs.

The mgority of exising reinforced concrete condruction in Turkey and in
many other countries have common deficiencies. However, the dructurd damage
caused by earthquakes can not only be attributed to defects in design or construction,
but dso to severa dructurd parameters controlling damage during an earthquake.
The main object of this chepter is sysematic assessment of the principa sructurd
damage control parameters. To accomplish this purpose, a large number of two-
dimensond section andyses for reinforced concrete, indadic time higory and
damage andyses of SDOF sysems and seismic vulnerability assessment of severd
reinforced concrete buildings have been conducted.



4.2 Factors Governing Damage

One of the main purposes of this study is to shed light on design aspects and
damage control parameters not commonly taken into consderation but gpplied in
practice and cause dructural damage and partially/totdly collgpse of  buildings
located in seismic areas. Structurd damage caused by earthquake excitations is
dependent on many factors. These factors can be enumareted as axia load leve,
concrete drength, longitudind and transverse reinforcements ratios, ratio of tota-
cross-sectiond-area of an axid load carrying members to floor area, ductility ratio,
loading higtory, prior eathquake damage, number of yidd reversds, disspated
hygeretic energy. All these factors must be conddered interactively for a rationd
prediction of damage and damagesbility of dructures. Effects of these variables on
the structural behavior, damage and damagesbility of sructurd components will be
widdy examined usng moment-curvature and axia force-curvature reaionships,
interaction diagrams and damage progression curves.

4.2.1 Effect of Axial Load L evel

Many of the desgn codes limit the axid load on the column. Limitaion on
the axid load level specified in severd building and seismic codes are summarized

asfollows
TS 500 (2000) : N, £0.6 (4.2
fA
TEC (1998) : fN,dAt £05 (4.2

ACl 318 (1971) : Columns subjected to factored axiad compressive
forces less than 40 percent of that corresponding to balanced load level behave
essentidly as flexura members and may be designed in accordance with the
provisons governing beams. When the axia load on a column exceeds 40 percent of
the baanced load leve, the columns requires specid transverse reinforcement and
should be confined by closdly spaced transverse reinforcement near the ends (Park
and Paulay, 1975).
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ACl 318 (2002) : Columns subjected to factored axia compressive
forces less than axid load levd of fcAg/10 behave essentialy as flexura members
and may be designed in accordance with the provisons governing beams. However,
in case of axid load level exceeding the level of fcAg/10, the column should sisfy a
large number of drict requirements relating to the cross-sectional dimensoning, the
ratio of both longitudind and transverse reinforcements, concrete contribution in
shear design, development length, detailing of the connection joints, etc.

The axid load &ffects the curvaiure therefore there is no unique moment-
curvature curve for a given column section subjected to axid load in addition to
bending moment (Pfrang et d., 1964). Such curves are shown in Figure 4.1, for
svead levds of condant axid load ranging from smple bending (no axiad load) to
ultimate drength, including bdanced case. Both axes of the figure have been
normaized. These curves bdong to column sections with 2 percent of longitudind

reinforcement ratio.
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Figure 4.1 Effects of axid load level on moment curvature relationships

Figure 4.1 illudrates that axid load level subgtantidly affects the moment-
curvature reationships. By referring to these curves it is possble to date that
sections have large amount of ductility a low load levels. As the load leve increases,
ductility decreases consderably. In case of axid load levels equd or greater than the
badanced falure load, the amount of ductility remans for sections is dmost
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negligible. For the axid load level decreasing from baanced case towards smple
bending case the ductility rapidly increases.
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Figure 4.2 Strength and ductility of column sections with different values of reinforcement
ratio a) Interaction diagrams b) Axia load level versus curvature ¢) Curvature ductility
versus axia load level

It is possble to plot the combinations of axid load N and moment M which
cause the section to reach the ultimate capacity and the curvature f corresponding to
those combinations. The effect of both axial load and reinforcement ratio on the
relationships between moment and curvature can be shown in Figure 42. N-fh
curve shows the curvature corresponding to the combinations of N and M when
useful limit of concrete drain of 0.003 or ultimate condition is reached. The ratios
fu/fy obtained from the curves given in Figure 4.1, and they are plotted againgt the
axid load levels, N/fcAg, in Figure 4.2b. For the sake of comparison, the vertical scae
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for N is kept the same in the two plots arranged mutudly in Figure 4.2a and 4.2b. For
a good sense of evduation, the axid load is plotted in units of fcbh, the moment in
units of fbh? and the curvature in units of 2/h.

Axid load levels corresponding to that of baanced conditions, Np/No, are
0.370, 0.322 and 0.285 for reinforcement ratios of 0.02, 0.04 and 0.06, respectively.
Evidence show tha, increesng axid load, the section ductility Sgnificantly
decreases. This effect is mogst driking for the sections containing low ratio of
longitudind reinforcement. For example, if the column load is 20 percent of the axid
load capacity (No), the f/fy value is reduced to about 1.95, 2.60 and 3.25 for 2, 4 and
6 percent of reinforcement ratio, respectively. Curvature ductility ratios are smaller
for higher axid load levels.

4.2.2 Effect of Longitudinal Reinforcement Ratio

Effects of reinforcement ratio on ductility can be seen from the curves given
in Figures 4.2. Generd shape of the curves is remarkably influenced by the ratio of
reinforcement. The cross section shows negligibly smdl ductility for load levels
above bdanced case, while a certain degree of ductility dways exids a load levels
below baance. Increase of the longitudind reinforcement ratio results in reduction in
ductility. However, drength and iffness of the section increese as the ratio of

reinforcement increases.

A dudy of Figure 4.2a shows the effects of reinforcement ratio on the
interaction reationship. In addition to that the cross section is diffened and
drengthened by the addition of reinforcement, there are severa other features. The
magnitude of the balanced load level, as defined herein, is independent of the amount
of reinforcement. The moment corresponding to the baanced falure is increased
consgderably by the addition of reinforcement. It is thus apparent that at the balanced
load levd, addition of equa amounts of reinforcement in tenson and compresson
increases the cross-sectiond diffness but does not affect ductility. Incresse in
moment is directly proportional to the incresse in the ratio of reinforcement.
Smilarly, increese in the axid load capacity of the cross section is proportiond to
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the increese in the longitudind reinforcement ratio. Since the portion of the N-M
interaction between the bdance load levd and the N axis can be saidfectorily
gpproximated by a draight line, it can be sad tha the increase in moment for dl load
levels above baance is proportiona to the increase in the ratio of reinforcement.

4.2.3 Effect of Concrete Strength

In generd, due to lack of good care and supervison dgnificant variaions in
concrete strength are observed during the condtruction, and the concrete strength in
the structurd components is found to be much lower than the strength of the sdected
concrete grade. Experience gained from eathquakes and observations made on
reinforced concrete dtructures after the destructive earthquakes that occurred in
Turkey in the last decade reved that the great mgority of exising reinforced
concrete buildings do not have adequate concrete strength. For instance, after the two
mgor earthquakes experienced in 1999, investigaions made on 100 reinforced
concrete buildings located in Dizce reveded that compressve strength of concrete
used ranged from 7 MPato 15 MPa (Sozen, 2001).

0,45 i
f, =220 MPa
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0,00
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Figure 4.3 Effect of concrete strength and longitudina reinforcement ratio on moment
curvature relationships

In this section, effects of concrete compressve drength on both the latera
drength and deformation cepacity and seismic peformance and damagesbility of
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reinforced concrete systems will be evauated via section andyses and indadtic time
higory and damage andyses. Exemplifying the concrete drength of the exigting
buildings in Turkey, very low concrete srengths, such as 10MPa and 15MPa, have
been taken into consideration.

The moment-curvature curves presented in Figure 4.3 are obtained for a trio
of longitudind reinforcement ratio. The main varigble conddered in these analyses is
the concrete strength ranging from 15 to 40 MPa. The axid load considered in al
section analyses is kept constant as 400 kN corresponding to 0.167fcAg, 0.125fAg,
0.100fcAg, 0.083fcAq, 0.071fcAg and 0.063f:Aq for sections with concrete strengths of
15MPa, 20M Pa, 25M Pa, 30M Pa, 35M Pa and 40M Pa, respectively.

Figure 4.3 indicates that concrete strength has subgtantia effect on section
ductility. Cross-sections with lower reinforcement ratio exhibit rddively larger rétio
of ductility. By referring to these graphs, it can be dated that concrete strength does
not have a subgantid effect on the moment capacity of the section. These curves
reved that increase in concrete compressive drength, fe, result in diffening and
strengthening of the cross section.

N

i C10~C40 (variable)
220

N = 1600 kN (constant)
d’'= 25 mm (from centroid of long. steel bar)
r = 1% (min), Ay = 1600 mn?’ (8f 16)
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a=20
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g=05

h=3m
400 mmr

El Centro NS comp.

Figure 4.4 Cantilever column model properties
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Explicitly, the actuad seismic response of a gructure can be obtained by non
linear time higory andyds. A series of indadtic time hisory and damage anadyses of
SDOF sysems with concrete strengths ranging from 10MPa to 40MPa have been
conducted usng El Centro earthquake, NS record. Detalls and properties of the
column modd used in the andyses ae shown in Figure 4.4. Hyderetic modd
deterioration (dtiffness degradation, strength deterioration and pinching) parameter
values consgdered are 2.0, 0.5 and 0.5, respectively.
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Figure 4.5 Effect of concrete strength on drift ratio histories in time domain,

Table 4.1 Effect of concrete strength on seismic performance and damage

fe ‘(d/h)max Vi /W[ T ‘ Etys | Dae | Dsar | Dioa ‘
(MP3) (%) (%) | (9 |&kNmm)| @) | @ | 1+

10 | 400 | 508 | 1,06 | 40% | 0294 | 0188 | 0482 |
15 | 219 | 1967 | 059 | 11540 | 0,107 | 0,107 | 0215 |
20 | 218 | 3304 | 050 | 14120 | 0,107 | 0072 | 0179 |
25 | 178 | 3835 | 043 | 10970 | 0,107 | 0,046 | 0153 |
30 | 093 | 4144 | 039 | 7046 | 0054 | 0025 | 0079 |
35 | 076 | 4292 | 036 | 6648 | 0042| 0028 | 0071 |
40 | 060 | 4481 | 034 | 5097 | 0032 | 0014 | 0046 |
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Figure 45 shows the drift raio higories in time doman for the SDOF
sydems with various concrete drengths ranging from 10MPa to 40MPa. The
numerica vaues of ther maxima are presented in Table 4.1. Inspection on the drift
raio higories, shown in Figure 4.5, reveded that the concrete dsrength has
substantid  effect on the deformation capacity of the dructurd systems. Increase in
the concrete drength decreases the generd amplitude of the drift ratio histories in
time doman and thus the maximum drift ratio. The sysem with concrete strength
between 10MPa and 25MPa drifted beyond the dadtic limit. The maximum drift ratio
for the system with 10MPa concrete strength was determined as 4 percent, exceeding
the life safety limit of 2 percent, specified in ATC 40 (1996). Increasing the concrete
grength from 10MPa to 15 MPa, the maximum drift ratio decreases to 2 percent
corresponding to the upper limit of damage control performance leve. Increase in
the concrete dtrength brings about further steedy decrease in the maximum drift ratio.
However, for the systems with concrete strengths of 30MPa, 35MPa and 40MPa, the
values of the maximum drift ratio obtained as 0.93 percent, 0.76 percent and 0.60
percent, respectively. They are less than 1 percent, which is commonly accepted as
upper limit for damage in non-structura components only.
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Figure 4.6 Effect of concrete strength on base shear ratio histories in time domain
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Figure 4.6 shows the base shear ratio varidions in time doman for various
concrete drengths ranging from 10MPa to 40MPa, the numericd vaues of ther
maxima are presented in Table 4.1. As can be seen from the normdized base shear
higories and variation of ther maxima, increase in the concrete drength leads to
increase in the latera load resstance. Ingpection on the variation in maximum base
shear raio given in Table 4.1, reveds that the laterd load capecity of the system
influenced ggnificantly in case of concrete srengths between 10MPa and 20MPa
Since this portion of the variation can be saisfactorily gpproximated by a draight
ling, it can be dated that increase in the laterd load capacity is proportiond to
increase in the concrete strength in this interva. Then, there is a Seady increase in

laterd load capacity with increasing concrete strength.

The numericd vaues of the accumulated hyderetic energy and period are
presented in Table 4.1. The variation of the disspated hyseretic energy reached the
peak for the system with 20MPa concrete strength.  Inspection on  the base shear
higtories indicate that the cross section is drengthened by increase in the concrete
dgrength. The drengthening and diffening of the Structurd member diminishes the
ocillation period of the sysem as shown in Table 4.1. The data presented provides
evidence that the period values determined for low concrete strength, such as 10MPa,
is congderably longer than those obsarved for sysems with reatively higher
concrete strengths. This phenomenon can be observed from the oscillation traces of
drift ratio histories presented in Figure 4.5.

Figure 4.7 indicates the effects of concrete strength on damaege. This figure
contains damege variation curves in time domain and the total damage (deformation
and drength components) attained a the end. Table 4.1 presents the find damage
and its deformation and drength parts originating from the deformation and energy
terms of the combined type Park and Ang damage modd.

A sudy of Figure 4.7 indicates that the concrete strength has a substantia

effect on damage and damagedbility of dructurd sysems As seen in Fgure 4.7a,

sudden impacts of the strong parts of the ground motion cause rapid increases in
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damage. The firsd jump in damage corresponds to the initid srong pulse of the

ground moation. Afterwards, there are steady increases in damage.
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Figure 4.7 Effect of concrete strength on damage; a) progressive damage variation curves

b)total damage and their components

By referring to Figures 4.5, 46 and 4.7, it can be definitdy dated that the
sysem with low concrete srength seems to undergo relaively more damage, due to
excessve drifts and low laterd load capacity. As seen in Figure 4.7 the sysem with
concrete strength of 10M Pa was observed to undergo significant damage.
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4.2.4 Effect of Cross-Sectional Area of Load Carrying Members

Figure 4.8 shows moment-curvature curves for various sections identica in
al respects except for dimensons of the cross sections The unique vaiable
consdered is the cross-sectional area of the sections. The cross-sectiond dimensions
consdered range from 250 mm to 600 mm. The other variables such as axid load,
concrete strength and amount and yield strength of the reinforcement have been kept
congtant. For the sake of a good sense of comparison, bending moment and curvature
vaues are normdized. For this purpose, the curvature plotted in units of 1/h and the
moment capecity in units of f(bh®)2s. The normdization process of the bending
moment is performed considering the smalest cross-sectiond dimension, 250mm.
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Figure 4.8 Moment curvature relationships for various cross-sectiona areas

Since a load carrying structural member resists nearly constant axial force from
factored loads on al floors or roof, the axial load has been kept constant in the section
analyses performed in this study. Under constant axia load, increase in the cross-sectiona
area indirectly causes reduction in the axia load level. The resulted axial load levels for the
chosen symmetrically reinforced square-cross-sections are 0.320f.Ay, 0.222f A, 0.163f.A,,
0.125f.A;, 0.099f.A,, 0.080f.A,, 0.066fA; and 0.055f.A, for the cross-sections with
dimensions of 250, 300, 350, 400, 450, 500, 550 and 600 mm, respectively.

A comparison of the curves plotted in Figure 4.8 indicates the effects of the
cross-sectional area, Ay, on the relationship between moment and curvature. An
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increase the cross-sectiona area decidedly diffens and strengthens the section. It can
be shown that under a congtant axia load, increase in ductility accompanies an

increase in cross-sectiondl area of aload- carrying member.

Investigations made in saismic aess and experience ganed from past
earthquakes have shown that the average ratio of the total cross-sectional area of
vertical load carrying members to the total floor area islessthan 1 percent in the
mgority of the reinforced concrete buildings. However, andyticd and experimentd
research conducted by earthquake engineering community indicates that this criterion
plays a role in seigmic resstance of reinforced concrete members (Sozen, 1981;
Gulkan and Sozen, 1999).

Numerical Example: Celtiksuyu Regional Primary Education School Buildings

In this section of the dudy, effects of this criterion on the sdamic
performance and damagesbility of reinforced concrete structures will be examined
using the procedure proposed by Gilkan and So6zen (1999) for the seismic structura
vulnerability assessment of reinforced concrete frame buildings.
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Figure 4.9 The ground acceleration histories of May 1, 2003 Bingdl earthquake, Bingdl
Ministry of Public Work and Settlement Office Station records
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For this purpose three case study buildings, located a Cdtiksuyu village of
Bingdl and subjected to the 1 May 2003 Bingdl earthquake having a magnitude of
6.4, will be evauaed. The primary use has been the Regiona Primary Education
School. The ground acceleration histories recorded a Bingdl Ministry of Public
Work and Settlement Office Station are given in Figure 4.9.

*
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Figure 4.10 Location of the epicenter (star), the strong motion record station (circle) and the
investigated buildings (square)
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Figure 4.11 Key plan showing locations of buildings
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Locations of the epicenter, the srong motion record dation and the
investigated buildings are marked on a map presented in Figure 4.10. Figure 4.11
shows the dte plan showing locations of the buildings Generd properties,
engineering drawings and damege dae pictures of the Cdtiksuyu Regiond Primary
Education School buildings can be inspected in Appendix B. Three dimensond
views of these buildings and enginesring showing ground dories giving column,
beam and dab dimensons are presented in Figures B.1 to B.5. Findly to give an
opinion about the damaged date of the buildings, the photos of the buildings taken
right after the earthquake are put together in Figure B.6.

The Cdtiksuyu Regiond Primary Education School complex was comprised
of three reinforced concrete buildings five-story dormitory building which hed
basement story of 4.05 meters height, three-story school building without basement
sory and four-story residential building with basement. They have plan areas of 540,
594 and 193 square meters, respectively. There was a shdter at the basement of the
resdentid building surrounded by 60 cm thick shear walls. The stories above ground
had a total cross-sectional area of 0.95 nf shear walls. On the other hand, the load
carying sysdem of the five-story dormitory building and three-story school building
comprised dender column dements and they did not contan any shear wal
components as seen from the scaled engineering drawings given in Appendix B.

The three buildings were located in Cdtiksuyu village on top of an dluvid
deposit, gpproximatey 10 km away from the strong motion record station and Bingdl
city, and 25 km away from the epicenter of the earthquake, as shown in Figure 4.10.
These buildings were desgned and constructed during 1995 to 2000. The same
builder built dl buildings. Fidd surveys made in condruction Ste and examinations
on the design documents of these buildings &fter the earthquake have shown that, in
al three buildings there were dmogt the same deficiencies, condruction mistakes,
inadequate detailing and proportioning. In other words they came from the same
gpectrum  workmanship qudity, materids and dedgns. Lack of longitudind and
transverse reinforcements was one of the mgor deficiencies. There were differences
in the amount of reinforcement of the as-built and the required according to design
project. It was obsaved that the deficdency in the longitudind reinforcement
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exceeded 70 percent of the required amount of reinforcement in the ground floor
column members. It is edtimated that, the other reason of the observed failures was
the poor quality of concrete. There was only one ready-mixed concrete plant in the
vicinity. The contractor produced concrete by using the un-washed materid from the
Murat River as aggregate for al three buildings to minimize cog.

Of paticular interest were the damege dae levels of the three buildings.
Although the residentid building did not suffer any dructurd damege, brittle falure
of the other two buildings columns resulted in ther tota collapse during the
eathquake. As a result of the story mechanisms that occurred, the children’s five-
story dormitory building faled killing more eighty sudents The three-story school
building aso collgpsed due to the story mechanism at the ground story. However, it
is highly attractive that four-story residential building did not suffer any dructurd
damage.

Table 4.2 Comparison of the sum of the cross-sectiona areas of vertical load carrying
members to the floor areain both directions of the buildings

SA. | SA, n | A, | SA, e M w
Building | w?) | @ ) | A, ()| @ | @ | Comments
[1] [2] [ | A4 [5] [V9] | [29]
. 10.112 0.468
Dormitory| 12.216 (12.920) 4(+1)| 540| 2160 | 0566 (05%) Not safe
12.373 0.694
School 6.450 (14.150) 3 54| 1782 | 0.362 (0.794) Not safe
. 2.849 0.492
Residental| 7.910 (2608) 3(+1)| 193 579 | 1.366 (0.450) Safe

SA. : the sum of the column areas at the base of a building
SA,, : the sum of the column areas at the base of a building
(the values in parentheses are for transverse direction of the buildings)
n : number of stories above the base
A, :floor area of one story
SA, : the sum of the floor area above the base
re :columnrato
r :wal rato (the vauesin parentheses are for transverse direction of the buildings)
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For principa directions of the three buildings, the vaues of the ratio of the
sum of the column areas at the base to the floor area above the base and the ratio of
the sum of the wall areas at the base of a building to the floor area above the base
are cdculated using the aforementioned method and tabulated in Table 4.2.

The damage data gathered from the architecturd and engineering drawings of
the longitudind and transverse directions of three buildings are presented in Figure
4.12. As seen in this figure, in dl buildings the ratio of the sum o the wall areas at
the base of a building to the floor area above the base is congderably smdl and it is
about 0.5 percent. In this figure the solid symbols are for longitudind direction of the
buildings while the hollow symbols ae given for transverse direction of the
buildings
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—+—boundary forn = 4

Dormitory building long. dir. '
Dormitory building trans. dir.
School building long. dir.
School building trans. dir.
Residential building long. dir. -
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Figure 4.12 Damage data for the principa directions of three buildings

Gulkan and Sozen (1999) date that if the two indexes (the column and wall
ratios) define a point insgde a triangular region, drawn consdering the effect of
number of dories, a paticular building is judged to have heavy damage. The saismic
vulnerability of the three buildings had quite different levels of damage as assessed
usng this procedure. As a result, it was established that for principd directions of
both school building of three story and dormitory building of four dories above
ground the column and wall ratio indexes, r. and r,, digplay (circle and square) points
ingde the triangles, means they are judged to be candidates for heavy damage. For
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the principad directions the resdentid building which did not sustain any dructurd
damage, as shown in Figure B.6, these indexes define points outsde the triangles
(Figure 4.12).

The data presented put to evidence that the ratio of the sum of the column
areas at the base of a building to the sum of the floor area above the base has a
subgtantid  impact on the sasmic peformance and damegesbility of reinforced
concrete  dructures.  Consequently the accuracy of the sdsmic  vulnerability
assessment procedure, proposed by Glilkan and Sozen (1999) and based on limitation
of maximum drift ratio, has been validated via evauation of three buildings data.

All infill wals contribute to framing sysems in resding the laterd force
induced by eathquake forces in some degree. It is obvious that infill wals without
openings are much more efficient in carying laerd loads. In generd these wadls
have windows or doors, openings, decreasng ther efficiency condderably.
Additiondly, especidly in framing sysems the amount of the effident infill wals is
not enough to take into condderation in resstance of the earthquake induced latera
forces. As mentioned earlier, for the buildings examined in this gudy the ratio of the
sum of the wall areas at the base of a building to the floor area above the base is
aound 05 percent. By referring to Figure 4.12, it is recommended that, without
taking into account the contribution of the infill wdls to framing sysem in the
resstance of the seismic kterd load, the ratio of the sum of the column areas at the
base of a building to the sum of the floor area above the base should be taken at least
1.0 percent in low-rise buildings. The wals will then provide additiona protection.

4.3 Concluding Remar ks
Seigmic dructurd damage and energy disspation cgpacity of reinforced
concrete members depend on structurd  properties such as the axid load leve,

concrete drength, cross-sectiond area, amount of longitudind and transverse
reinforcements.
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Renforced concrete members subject to both axid load and flexure do not
have the ability to disspate hyderetic energy as much as members subjected to only
flexure. However, large deformations could not be attained safely because of the lack
of ductility causes brittle fallures. It is depicted tha when the desgn axid load is
1/6~1/8 of the axia load capacity, the member action is greatly improved. Actudly,
the revison of the building and seismic codes should be based on firm bases of the
effective parameters resulting from evidences of both extensve experimentd and
andytica researches and observations on the dructura behavior after actud
earthquakes. But, Ste observations after mgor earthquakes have shown that the great
magority of buildings do not have adequate concrete strength, confinement, etc., and
could not possess adequate ductility. Inadequate concrete strength indirectly causes
to increase in the axid load level. Commonly observed damages have shown that the
plastic hinges formed a the ends of the columns result in brittle falure a even
moderate levels of axiad compresson load. It should be emphasized that Sructura
member desgn closng to the limits of the code provisons is a poor tradition in
Turkey. Therefore, in order to make the deficiencies commonly observed in
reinforced concrete buildings ineffective, the limitation related to axid load leve
specified in the nationd building and earthquake codes, TS 500 (2000) and TEC
(1998), should be revised in such tha the limits specified in these codes should be
reduced to one-fourth or one-fifth of the limitsin force (Acar and Gulkan, 2004).

Concrete drength has a subgstantial effect on damage and damagesbility of
dructurd  systems. Specimens with rdativedy high concrete strength  exhibited
condderably larger energy disspation capacity with lower deterioration  of
parameters. The higher the concrete strength the larger was the amount of hysteretic
energy disspated before falure. The system with low concrete strength seems to
undergo relatively more damage, due to excessve drifts and low laerd load
capacity. According to Turkish Earthquake Code (1998), the concrete strength less
than 16MPa should not be used in dl buildings to be built in sasmic zones
Additiondly, in the firsg and second seismic zones it is mandatory to use 20MPa or
higher drength concrete in (i) the buildings with sructurd sysems comprised only
of frames of high ductility level, and (i) dl buildings with Building Importance
Factor of =15 and K14, without consdering the structurd sysem. The system
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with 15 MPa or lower concrete strength is a candidate to undergo significant damage.
Due to lack of good cae and supervison ggnificant variations in concrete srength
are observed during the condruction, and the concrete drength in the structura
components is found to be much lower than the srength of the sdected concrete
grade. Observations made after past earthquakes have shown that in the mgority of
exiging concrete condruction in Turkey and in many other countries do not have
adequate concrete strength and could not possess adequate ductility. If there is a
doubt in providing the required sufficient concrete drength, the cross-sectiond
dimensions should be kept larger deliberately.

It is revedled that the ratio of the sum of the column areas at the base of a
building to the sum of the floor area above the base has a subgtantia impact on the
sismic peaformance and damage of reinforced concrete dructures. It s
recommended that without taking into account the contribution of the infill wdls to
framing sysem in the resstance of the saiamic laterd load, the ratio of the sum of the
column areas at the base of a building to the sum of the floor area above the base
should be taken d least 1.0 percent in low-rise buildings. The walls will then provide
additional protection.
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CHAPTER 5

PRIOR AND SUCCESSVE EARTHQUAKES
DAMAGE

5.1 General

Damage accumulated during severe, long duration ground moations
asociated with a mgor earthquake as wel as during several severe earthquake
sequences that may occur during the service life of a reinforced concrete structure.
Fed surveys and observations made on reinforced concrete structures following
recent mgor successve earthquakes in Turkey indicate that successve earthquakes
can subgantidly increase dructurd damage. It is not unusud for this accumulation
of damage to lead to collgpse during the later events. But how can the damage from
these events be predicted and what intendgty of these excitations may cause to
noteworthy progress in the maor (or design) earthquake damage? Wha is the
contribution of the aftershocks to structurd damage caused by the main shocks, and
does the damage stemming from the aftershocks lead to collapse or not? The prior
earthquake or foreshock of what intensty may affect subgtantidly the damage to be
susained during the mgor earthquake ground motions is another question. Since
cumulative damage resulted from such sasmic events may exceed that predicted
usng ground motion records commonly employed in sdsmic response andyses,
more dringent desgn criteria may be necesstated where long duration and

success Ve motions can occur.

It can be edimated that, the loading higory may play vitd role in the
assessment of saismic performance and damage. Researchers have investigated the
issue of cydic loading higtories to be used in the tests of structura components
(Krawinkler, 1996), and the following questions have been raised;
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- How many cycles, wha deformation amplitudes, and what sequence of
cycles should be employed to evauate seismic performance?

- How can the results of one experiment under a predetermined loading
history be generalized so that conclusons can be drawn on the response of the same
component under different loading histories?

One of the primary purposes of this study is to investigete effects of loading
hisgory on dructurd damage and totd energy dissipation capacity of reinforced
concrete members. This purpose has been accomplished through the use of (i)
indadtic digplacement reversds of vaious condant amplitudes, (i) vaiadle
amplitude indadtic displacement reversds with increesng and decreasing order in
the inelagtic time history and damage analyses of SDOF systems. In these analyses,
the test model of a typicd beam specimen tested by Erberik will be subjected to the
same totd displacement higtories in which the sequence of the applied displacement
dtered without introducing additional cycles or dtering amplitudes. For dl loading
patterns the force-displacement relaionships and damage progresson curves have
been obtained.

Explicitly, the actud response of dructurd systems can be obtained by
indagtic time history analyss. Hence, to assess the effects of load paths on damage
of dructurd systems subjected to successve earthquakes, an indagtic time history
and damage andyses of SDOF systems will be carried out using a total of four red
earthquake records. Each synthetic ground motions comprises one of the ground
motion acceleration records and preceded or followed by its various times amplitude-
compressed record acting as a foreshock and aftershock. The sequence of the records
condtituting the path will be dtered so0 as to force the dructurd system to follow a
different loading history. These anayses will be performed using a cantilever column
specimen tested by Pujol (2002). For dl loading histories the damage progresson
curves will be presented.

In these andyses, the tet modd of a typica beam specimen, tested by
Erberik under displacement patterns of congstant amplitudes, has been used. The
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models are designated using two letters and severd numerds. the letter ‘CH’ or ‘VH’
is the abbreviation of the imposed loading higtories of 'Congant amplitude or
‘Variable amplitude’. The numerals 1, 2 and 3 indicate the cycles of 10mm, 20mm
and 30mm amplitudes, respectively. The beam specimens suffered severe damages
during the tests (Erberik and Sucuodlu, 2004). Therefore, the diffness degradation,
srength deterioration and pinching parameter values consdered are 7.0, 0.7 and 5.0,

respectively.

5.2 Congtant Amplitude L oading

The man vaiable in the quasdatic andyses was the amplitude of the
displacement reversds. Each loading pattern contained three subsequent cycles with
10mm, 20mm and 30mm amplitudes. These modes were labelled as CH-111, CH-
222 and CH-333. For each constant amplitude, corresponding damages (deformation,
drength components), and fina energy disspation capacity are obtaned. The
deformation damage is comprised of the first term, whereas the strength damage
gems from the energy term of the damage modd. These are tabulated in Table 5.1.
The loading higtories, hyseretic relationhips and progresson of the tota damege are
plotted in Figure 5.1.

Table 5.1 Damage variation and dissipated energy for VH-111, VH-222 and VH-333

Loading Damage I ndex Enyst
Pattern Do Dy Diotal (kNmm)
VH-111 0.181 0.195 0.376 372
VH-222 0.363 0.367 0.730 701
VH-333 0.544 0.502 1.046 959
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Figure 5.1 shows that, the totd damage increases linearly in the ascending
portion of the fird hdf-cycle. The damage that occurred in this stage, regardiess of
the amplitude of the imposed loading patterns, conditutes the mgor pat of the totd
damages. Later, the dructurd damage progresson seems to be in an dmost linear
path and reatively very low rate. Comparison of the the caculated damage vaues a
the end of the andyses, given in both the table and the figure, indicates that the tota
damage is increased in proportion to increase in the cycle amplitudes. However,
there is no dmilar vaiaion between the cycle-amplitude and disspated hyderetic
energy. Increese in the amplitude of the cycles caused rdativedy smdler amount of
disspated energy. For example 100 percent and 200 percent increase in the
amplitude result in 88 percent and 158 percent increase in the energy diss pated.

In the preceding discussion it is edtablished that different Structurd damage
levels are ataned under effects of congant amplitude cycles of different ductility
levels. But how many cycles and wha deformation amplitudes should be employed
to evauae seigmic peformance and to predict damagesbility of the sructurd
sysems? To accomplish this purpose the quasigatic andyses of the sructurd mode
of a beam test specimen, (N=0.0, a=7.0, b=0.7 and g=0.5) subjected to constant
amplitude displacement cycles with different ductility ratios of n¥3, 4, 5, 6, 8 and 10,
have been performed. In accordance with the damage classfication of the modd, the
damage index vaue of 0.25 corresponds to the upper limit of the light damage leve
as wdl as the lower limit of moderate damage levd. Smilaly, the damage levd of
045 corresponds to the upper limit and lower limit of the moderate and severe
damage levels, respectively. A damage level of 1.0 represents the totdly or patidly
collgpse of a dructurd system. Therefore, the damage level to be attained for dl
ductilities was decided as 1.0, while the upper limits of the light and moderate
damage levels are 0.25 and 0.4, respectively. However, three concrete grades are
taken into account to evaduate whether the concrete compressve srength influences
the number of cycles to falure. The number of cycles to falure, estimated to occur a
the target damage index equd to unity, are obtained for each ductility. These are
tabulated in Table 5.2.
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Table 5.2 Ductility and equivalent number of cyclesto failure (Ng;) for various concrete

strength
Ductility | f.=13MPa | f,=20MPa | f,=30MPa |
3 | 141 | 152 | 174 |
4 | % | 110 | 123 |
5 | 77 | 85 | 101 |
6 | 53 | 63 | 73 |
8 | 33 | 37 | 44 |
10 | 21 | 25 | 29 |

10 : :

Target Damage Index: 1.0
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Figure 5.3 Failure lines under constant amplitude displacement reversals

Figure 5.2 shows the variation of damage with increesng number of cycles a
each congant amplitude displacement history. The number of cycles a the topmost
points of the curves, corresponding to damage vaue of 1.0, is the cycle number at
falure, Neg. In this figure tota damage eventudly incresses parabolicaly with
increasing digolacement amplitude, thus the total damage is dependent on the
ductility leve. In this respect, for reinforced concrete members the damage rule
developed by Miner (1945) fals, because it assumes that the accumulation of
damage is linear and independent of load path. Figure 5.3 presented the failure lines
for the consdered three concrete grades. A comparison of the damage variation and
ductility vs. Neq curves presented in Figures 5.2 and 5.3 indicate that the number of
cycles to falure affected by variaion in concrete strength. By use of higher srength
concrete, for the same ductility leve, a rdatively grester number of cycles to failure,
Neg, is achieved as indicated in these figures.
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5.3 Variable Amplitude L cading

Sagmic loads induce severd indadic displacement reversds a rdativey
large ductility levels combined with many smdler cydes So the fatigue behavior of
the sructurd components should be assessed under variable-amplitude loading
higories, tha may differ from the monotonous congant-amplitude loading. In this
section, the nonlinear quas-datic and damage andyses of the same beam specimen
have been performed to evauate whether the load path has an effect on the resultant
energy disspation capacity and total damage.

The loading histories consdered in these andyses contain variably sequenced
cycles of the same number and amplitude. The loading paths are congsting of two
and three cycles sequenced in increasing, decreasing or mixed order.

To dgmulate the actua seismic behavior imposed by successve ground
motions, the quas-datic andyses have been peformed using the generated SDOF
displacement response of the El Centro 1940 record including of its smdler-scale
amplitude history as the pre and post-events.

5.3.1 Displacement Path Consisting of Two Cycles

Two inverse order of variable amplitude two-cyde-displacement-patterns are
used in the quasigtatic andyses of this section. The main varidble is the ordering of
cycdes dong the displacement path. The loading histories imposed on Specimen
models are exactly the same except for the sequence of loading. The displacement
amplitude of the cydes is 10mm and 20mm. The modes labeled in accordance with
the order of cycles. VH-12 and VH-21.

Figure 5.4 shows these loading patterns and corresponding damage curves
and force-digplacement reationships. The numericd damege (deformation and
strength components) values and hysteretic energy dissipated in the end are presented
inTable5.3.
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Figure 5.4 Vaiadble amplitude loading histories, damage progresson curves and force-
displacement relationships

Table 5.3 Damage variation and dissipated energy for VH-12 and VH-21

Loading Damage | ndex Enys
Pattern Dyes Dy Diota (kNmm)
VH-12 0.363 0.239 0.602 457
VH-21 0.363 0.222 0.585 425

Figure 5.4 and Table 5.3 show that, energy disspation and totd damage are
amos equa a the end of digplacement paterns in spite of oppodte ordering of
cydic amplitudes. This shows that cumulative energy disspation and totad damage
are reatvely independent from the order of amplitudes dong displacement paths
conggting of the same number and amplitude of cycles.
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5.3.2 Displacement Path Consisting of Three Cycles

The quasdatic andyses of the same sysem have been peformed under the
effects of the three-cycle digplacement paths. The cycles of the hidories are in
increasing order, decreasng order or mixed order. All displacement higtories are the
same with exception of cycle orders. The displacement amplitude of the cycles is
10mm, 20mm and 30mm. The models labeled in accordance with order of cycles as
VH-123, VH-132 and VH-321 for which the numerds referring to the sze of the
cycle amplitudes.

The loading histories and corresponding damage curves and force
displacement relationships are presented in Figure 5.5. For each loading case, the
numericd damage (deformation and strength components) vaues and hyderetic
energy dissipated in the end are tabulated in Table 5.4.

Table 5.4 Damage variation and dissipated energy for VH-123, VH-132 and VH-321

Loading Damage Index Enys
Pattern Dy Dy Diotal (kNmm)
VH-123 0.544 0.403 0.947 770
VH-132 0.544 0.381 0.925 727
VH-321 0.544 0.365 0.909 697

The comparison of the damage curves shown Figure 55 and the numerica
vaues given in Table 54 indicate that, despite variably ordering of the cycles in the
histories, the discrepancies reveded between the energy disspation and total damage
levd achieved a the end of the andyses ae negligibly smdl. The andyticd
evidence indicates the independency of the cumulative energy disspation and tota
damage from the order of amplitudes along displacement paths consging of the

same number and amplitude of cycles.
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Figure 5.5 Variable amplitude loading histories, damage progression curves and force-displacement relationships




5.3.3 Variable Amplitude Cyclic L oading Generated from Earthquake Response

Structures are  subjected to variable-amplitude cydlic loading, ad the
response varied from cycle to cycle throughout the earthquake. The fatigue behavior
of the dructura components should be assessed under variable-amplitude loading
higories, tha may be differ from the monotonous congant-amplitude loading. To
imtate the actud sdsmic behavior of the sructurad components imposed by
successive ground motions, the quas-datic analyses of the specimen are performed
under the smulated displacement response of ground motions with the foreshock (or

prior earthquake) and aftershock (or successive earthquake).
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Figure 5.6 Force-displacement relationships, imposed loading histories and damage curves
of the specimens VH-2 and VH-3
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Table 5.5 Tota damage and total damage values for the specimens VH-2 and VH-3

L oading Damage | ndex | -
Pattern | (Dr)eet | (Dr)sr | D: Dr /D, / D+ (kN::\?n)
@ @ (©) (1+2) or (3+4) %) @)

VH-2 | 0372 | 0.405 | 0.696 0.777 116 104 750
VH-3 | 0372 | 0437 | 0.344 0.809 74.0 57.5 929

Two specimens (VH-2 and VH-3) were subjected to variable-amplitude
displacement higtories, which were generated from the displacement responses of
nonlinear, diffness degrading SDOF systems under recorded ground motions. VH-2
and VH-3 loading patterns were obtained from the SDOF displacement response to
12 November 1999 Diizce earthquake, Bolu-L component (Erberik, 2001). Figure
56 shows the vaidion in displacement given by dark trace and labded as ‘first
phasg. In the displacement histories, the gray part labeled as ‘second phase’, was
obtained by scding the strong part of the displacement amplitude by two-thirds. The
gray part is consdered to act as a foreshock and aftershock to the origina response to
determine the path dependency of both damage progresson and cumulaive
hygeretic energy disspation. It is estimated that consdering two inversay ordered
displacement reversds, smilar to the histories shown in Figure 5.6, is a reasonable
way for assessment of the path dependency of the damage progresson and

cumulative energy dissipation response.

The imposed loading histories and andyticd damage curves and force-
displacement relationships of the specimen modes are shown in Figure 5.6. The gray
colored parts shown in these curves correspond to the foreshock and aftershock,
which condtitutes the ‘second phase of the loading path. Table 55 presents the
numerica vaues of the disspated hyderetic energy and sustained damege level and
their components. The second and third columns show the numerica vaues of
deformation, Or)qger, and strength, Or)str, components of the totd damaege level. The
damage levels atained a the end of each phase aone for the both composte
displacement higories, VH-2 and VH-3, are presented in the fourth and fifth columns
of the table, respectivdy. The following columns of the table contan the
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proportiond vaues reflecting the effect of the second phase damage to the first phase
damage and totd damage. In the last column of the table, the cumulative hyseretic
energy disspation vaues ataned in the end of the two inversdy ordered loading
sequences are given. The contribution of each of these two phases to total damage
obtained at the end can be observed from the same table.

A comparison of the loading history ad damage progresson curves given in
Figure 5.6 indicate that in spite of the inverse ordering of the strong (first phase) and
relaively wesker stage (second phase) of the displacement higtory, the tota damage
level and the cumulaive dissipated hysteretic energy atained in the end are dmost
equa and they do not differ much. The progressve damage reached to the nearly
sane levd following completdy different paths dong the inversdy-ordered
displacement hitories congsting of the same number and anplitude of cycles.

Graphicad representation of the damage progresson, plotted in Figure 5.6
indicate that the damage sustained by the aftershock (i.e., second) part of the loading
higory, VH-2, is condderably smal compared to the damage stemming from the
grong (i.e, firs) pat of the hisory. The numerical vaues of the first phase damage,
second phase damage and tota damage are shown in Table 5.5. The ratios of the post
event (labeled as second phase) damage (Dy) to the preceding main part (labeled as
first phase) damage (D1) and totd damage (Dt) are 11.6 percent and 10.4 percent,
respectively. In other words the contribution of the damage raised from the
aftershock (obtained by scding the displacement amplitude of the main part by two-
thirds)  the totd damage is consderably smal, and reman around one-tenth of the
total.

The study presented in this section reveds that the progresson of the
dructural damage and cumulative hydteretic energy disspation for smple systems
are path dependent and not linear. The resultant structurd damage and accumulated
hysteretic energy disspated adong a path seem apparently to depend on the number
and amplitude of cyces condituting the path. However, the resultant of the

cumulative hyderetic energy disspation and the totd damage sudained dong a
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loading path are independent from the ordering of the same number and amplitude
cycles dong the path.

5.4 Successive Earthquake Ground Motions

Fed surveys and obsarvations made on reinforced concrete structures
following recent magor successve earthquakes in Turkey in the past decade indicate
that successve earthquakes (or aftershocks) can subgtantidly incresse structura
damage. It is not unusud for this accumulation of damage to lead to collapse during
the later events. But how can the damage from these events be predicted and what
intengty of these excitations may cause to noteworthy progress in the mgor (or
design) earthquake damage? The prior earthquake or foreshock of what intensty may
dfect substantially the damage to be sustained during the mgor earthquake ground
motions is another question. To accomplish this purpose, an indadic time history
and damage analyses of SDOF systems subjected to two successive earthquakes
sequenced in increasing and decreasing order have been performed.

Center
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Figure 5.7 Description of test assembly (dimensions in mm)
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The indadtic time higory and damege andyses are peformed using the
cantilever column test specimen, labelled as C10-1-2.25N, tested by Pujol (2002).

The properties of the column test specimen are given in Fgure 5.7. The
column properties can be summarized as follows. The cross section of the specimen
was 152 mm wide and 305 mm deep and the shear span was 686 mm. The effective
depth @) was 254 mm, for a shear span to effective depth ratio (a/d) of 2.7. The
longitudind reinforcement conssted of four continuous 19 mm (3% in) diameter
deformed bars with average yied drength of 453 MPa and an average ultimate
srength of 642.6 MPa Transverse reinforcement outsde the center stub conssted of
57.2mm spacing hoops made from plain 6.35 mm (Y4in) diameter bars with average
yidd drength of 411 MPa and an average ultimate strength of 526.8 MPa. Average
concrete strength of 150x300 mm cylinder samples of the specimen was 36.48 MPa.
The axid load applied to the specimen was 136 kN (0.08f:Aq). The diffness
degradation, strength deterioration and pinching parameter values used are 5.0, 0.2
and 0.448, respectively.

The ground motions used in this study are described first. Then the indadtic
time higory and damage andyses of indagtic SDOF sysems are peformed using
gynthetic ground motion higtories. Findly, the effects of prior eathquake and
aftershock on the damage semming from the main earthquake are demonstrated.

5.4.1 Selected Ground Motions

An indadtic time history and damage andyses of SDOF systems subjected to
generated synthetic acceerograms, with durations ranging up to 130 sec., were
performed to assess whether the prior earthquake and aftershock damage has an
effect on the mgor or design earthquake damage. To accomplish this purpose, four
different ground motions are employed. The firsg one is the north-south component
of the ground motion recorded at El Centro, Cdifornia, in 1940 (Figure 5.8). The
reason for using this record is that it is a benchmark in earthquake engineering since
it has been used and referred by many researchers in the past. The second and third
records are the origina records of the 17 August 1999 Marmara Earthquake, Sakarya
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Station east-west component and Yarymca Petrochemica Complex (YPT) Station,
north-south component, respectively. The second record is a long (65 sec.) duration
record with the main shock and reativdy smadl shock. The forth record is the
transverse component of the ground motion recorded a the Diizce Station during the
12 November 1999 earthquake (Figure 5.8). For the sake of smplicity these ground
motions are referred as ELC, SKR, YPT and DZC, respectively. Table 5.6 shows the
characterigtics of ground acceleration data of these records. The intendty parameters

are described below.
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Figure 5.8 The ground motions used in this study. a) El Centro 1940, NS component, b) 17
August 1999 Marmara Earthquake, Sakarya Station, EW component, ¢) 17 August 1999
Marmara Earthquake, Y arymca Petrochemical Complex (Y PT) Station, NS component, d)12
November 1999 Diizce Earthquake, Diizce Station, NS component
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Table 5.6 Ground mation intensity parameters

Ground PGA EPA PGV VIA Teft
Motion (cm/s?) (cm/s?) (cm/s) () ()
ELC 340.3 278.7 34.67 0.1019 24.43
SKR 396.03 286.86 57.27 0.145 44.41
YPT 3135 222.8 73.20 0.2335 3185
DzC 399.61 427.20 69.48 0.174 11.14
PGA : Peak ground acceleration EPA . Effective peak acceleration

PGV : Peak ground velocity V/A Ratio : Ratio of PGV to PGA

T« : Effective duration

5.4.2 Prior and Successive Earthquakes

A number of synthetic accelerograms have been taken into consderation to
asess the effect of damage from prior earthquake (foreshock) and successve
eathquake (aftershock) on the dructurd performance of

dructures, via accumulaion of damage during successve ground motions. Indadtic

reinforced concrete

time hisgory and damage andyses of SDOF sysems subjected to synthetic
accelerograms, with durations ranging up to 130 s, have been performed. In order to
smulate the successive earthquake excitations, these records have been preceded or
followed by an equa or smdler amplitude atificiad-records without quiescent period.
The various amplitude artificid records acting as prior or successve earthquakes
have been generated from the origind main records. The synthetic accelerograms
have been condituted from two phases an origind ground motion record and a
foreshock or aftershock obtained by scding the amplitude of the origind ground
motion record by one, three-fourth, a hdf, one-third or one-fourth, successvdly.

Table 5.7 presents a complete summary of the synthetic ground motions that were
applied.
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Table 5.7 Synthetic ground motions generated from selected earthquake records

Synthetic Increasing Order Records | Decreasing Order Records |
Record ﬁr&t:gg Event Purpose‘ Scale*‘ P(Gg)A‘ Purpose ‘ Scale*‘ PS)A‘
L 1 | Pior | 100 | 035 | Man | 100 | 035 |

2 | Man | 100 | 035 | Successve | 100 | 035 |

) 1 | Pior | 075 | 026 | Man | 100 | 035 |

% 2 | Man | 100 | 035 | Successve | 075 | 026 |
g 3 1 | Foreshock | 050 | 017 | Man | 100 | 035 |
o 2 | Man | 100 | 035 | Afteshock | 050 | 017 |
% 4 1 | Foreshock | 033 | 012 | Man | 100 | 035 |
2 | Man | 100 | 035 | Afteshock | 033 | 012 |

5 1 | Foreshock | 025 | 009 | Man | 100 | 035 |

2 | Man | 100 | 035 | Afteshock | 025 | 009 |

L 1 | Pior | 100 | 040 | Man | 100 | 040 |

o 2 | Man | 100 | 040 | Successve | 100 | 040 |
§ ) 1 | pPior | 075 | 030 | Man | 100 | 040 |
o 2 | Man | 100 | 040 | Successve | 075 | 030 |
™~ 3 1 | Foreshock | 050 | 020 |  Man | 100 | 040 |
S 2 | Man | 100 | 040 | Aftershock | 050 | 020 |
- . 1 | Forehock | 033 | 013 | Man | 100 | 040 |
g 2 | Man | 100 | 040 | Afteshock | 033 | 013 |
5 1 | Foreshock | 025 | 010 | Man | 100 | 040 |

2 | Man | 100 | 040 | Afteshock | 025 | 010 |

1 1 | Pior | 100 | 032 | Man | 100 | 032 |

o 2 | Man | 100 | 032 | Successve | 100 | 032 |
éﬁ ) 1 | Pior | 075 | 024 | Man | 100 | 032 |
e 2 | Man | 100 | 032 | Successve | 075 | 024 |
™ 3 1 | Foresock | 050 | 016 | Man | 100 | 032 |
g 2 | Man | 100 | 032 | Afteshock | 050 | 016 |
E 4 1 | Foreshock | 033 | 011 | Man | 100 | 032 |
® 2 | Man | 100 | 032 | Afteshock | 033 | 011 |
> 5 1 | Foreshock | 025 | 008 | Man | 100 | 032 |
2 | Man | 100 | 032 | Afteshock | 025 | 008 |

) 1 | Pior | 100 | 041 | Man | 100 | 041 |

2 | Man | 100 | 041 | Successve | 100 | 041 |

% ) 1 | Pior | 075 | 031 | Man | 100 | 041 |
o 2 | Man | 100 | 041 | Successve | 075 | 031 |
S 3 1 | Foreshock | 050 | 021 | Man | 100 | 041 |
‘;{ 2 | Man | 100 | 041 | Afteshock | 050 | 021 |
Q 4 1 | Foreshock | 033 | 014 | Man | 100 | 041 |
A 2 | Man | 100 | 041 | Afteshock | 033 | 014 |
5 1 | Foreshock | 025 | 010 | Man | 100 | 041 |

2 | Man | 100 | 041 | Aftershock | 025 | 010 |

Y ultiplying factor on acceleration amplitude
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In gened, the intengty of the aftershock is either one-fourth, one-third or at
most a hdf of the main shock intensty. However, the amplitude of the foreshocks
and aftershocks consdered in this study is equa @ lower than that of the main event.
The amplitude of the seigmic events preceding or following the main ground motion
is equa or lower than the amplitude of main higory acting. However, the objective
of this study covers the assessment of not only the breshock and aftershock damage
effects but aso the prior earthquake and successve earthquake damage effects.
Hence, the foreshocks or aftershocks with intendty of the same and three-fourth

scaed of the ground motions have been taken into account.

The following sections contan plots of severa composte ground motion
histories and corresponding damage progresson curves. The plots were arranged
mutualy for the sake of smple comparison. The same comparison can be made by

means of numerica damage vaues given in tabular form.
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Figure 5.11 Comparison of damage curves for Pujol column subjected to the synthetic
ground acceleration histories comprising El Centro 1940, NS component and its various
amplitude a) foreshocks and b) aftershocks
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Figure 5.12 Effect of foreshock and aftershock damage on the damage sustained by the main
ground motion, El Centro 1940, NS component
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Figure 5.13 Effect of foreshock and aftershock damage on the total damage sustained by the
synthetic ground accel eration histories originated from El Centro 1940, NS component
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Table 5.8 Damage values for Pujol column subjected to synthetic ground acceleration
histories (El Centro 1940, NS component and its various amplitude foreshocks)

&lnthal c Dfore Dmai n Dtotal Dfore/Dmain Dfore/DtotaI
Ground Motion | (1) ) (1+2) @) ()

ELC+ELC | 0312 0226 | 0538 | 13805 57,99
3/AELC+ELC | 0122 | 0285 | 0407 | 4281 29,98

|

|
1/2ELC+ELC | 0065| 0265 | 0330 | 2453 | 19,70

|

|

|

1/3ELC+ELC | 0086 | 0279 | 0315 | 1290 1143
14ELC+ELC | 0026| 0279 | 0305 | 932 8,52
ELC | 0000| 0312| 0312 000 0,00

Table 5.9 Damage values for Pujol column subjected to synthetic ground accel eration
histories (El Centro 1940, NS component and its various amplitude aftershocks)

Synthetic Dmain | Dafter | Dtotar | Datter/Dmain | Dater/Drota
Ground Motion | (9 @ | 12 %) (6)
ELC+ELC | 0312 | 0226 | 0538| 7244 | 4201 |
ELC+3/4ELC | 0312 | 0087 | 0399| 2788 | 2180 |
ELC+1/2ELC | 0312 | 0038 | 0350| 1218 | 1086 |
ELC+1/3ELC | 0312 | 0016 | 0328 513 | 48 |
ELC+1/4ELC | 0312 | 0009 | 0321| 28 | 28 |
ELC | 0312|0000 | 0312] 000 | 000 |

Figures 59 and 510 show the synthetic ground accderation histories
comprisng El Centro 1940, NS component and its various amplitude foreshocks and
aftershocks and the corresponding time variation damage curves for Pujol Column
Specimen C10-1-225N. The gray parts of these curves correspond to the
foreshock/aftershock phases. For the sake of comparison, these curves are plotted al
together in Fgure 5.11a and b. The numericd values obtained in the end of both
foreshock/aftershock and main shock phases done and the overdl histories, labeled
3S Diore, Dafter, Dmain @nd Dota are tabulated in the first three columns of Tables 5.8
and 59. The ratio values denoted by Drore/Dman, Drore/Diotal, Dafter/Dman @nd
Daster/Diotar @€ given in the last two columns to reved the effects of foreshock and
aftershock damage on both main shock and overal damage.
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Figures 5.9 and 5.11a reved that the damage increases rapidly at the time
vaues corresponding to sudden increases in the reversd. A comparison of the
damage curves plotted in Figure 5.11a reveds the influence of the foreshock damage,
on the main shock and overdl damage of the SDOF system. Note here that damage
inflicted on the SDOF system by the foreshock is not proportiona to its intendty.
There is a nonlinear relaionship between the earthquake excitation intendty and the
damage attained in the end. In addition, it should be noted that increese in the
foreshock amplitude results in decrease in the damage inflicted by the nain shock as
can be seen from the third column of Table 5.8.

A comparison of the damage curves plotted in Figure 5.11b illudtrates the
effect of the aftershock damage, Dater, ON both the main shock and totd damage.
Increase in the aftershock amplitude does not lead to proportiona increase in the
damage atained in the end. Incresse in the aftershock amplitude results in the
relatively gregter rate of damage progresson. Damage curves given in Figures 5.10
and 5.11b show that the damage resulted by the aftershocks with one-fourth, one-
third and even a hdf of the main shock amplitude are negligibly smdl and they do
not lead to substantiad damage. The graphica representation of this evidence can be
seen asoin Figure 5.12 and 5.13.

A compaison of the damage progresson curves and numericd data
presented shown above in demontrate that the same intendty of loading history
acting as foreshock (or prior earthquake) and aftershock (or succeeding earthquake)
does not lead to the same amount of damage. As an example the L/2ELC higtory
acting as foreshock and aftershock caused to damage values of 0.065 and 0.038,
respectively. Comparison of the damage curves shown in Figure 5.11a and 5.11b
indicates that the totad damage level ataned in the end is dmost equa. The data
show the path independency of the tota damage from the order of amplitudes aong
loading paths conssting of the same number and amplitude of cycles.
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Figure 5.14 Synthetic gound acceleration histories (17 August 1999 Marmara Earthquake
Sakarya-EW component preceded by various amplitude foreshocks) and damage variation
curves for Pujol column
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Figure 5.15 Synthetic gound acceleration histories (17 August 1999 Marmara Earthquake
Sakarya-EW component followed by various amplitude aftershocks) and damage variation
curves for Pujol column
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Figure 5.16 Comparison of damage curves for Pujol column subjected to the synthetic
ground acceleration histories comprising 17 August 1999 Marmara Earthquake, Sakarya
station, EW component and its various amplitude a) foreshocks and b) aftershocks
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Figure 5.17 Effect of foreshock and aftershock damage on the damage sustained by the main
ground motion, 17 August 1999 Marmara Earthquake, Sakarya station, EW component
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Figure 5.18 Effect of foreshock and aftershock damage on the total damage sustained by the
synthetic ground acceleration histories originated from 17 August 1999 Marmara

Earthquake, Sakarya station, EW component
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Table 5.10 Damage values for Pujol column subjected to synthetic ground acceleration
histories (17 August 1999 Marmara Earthquake, Sakarya-EW component and its various
amplitude foreshocks)

Synthetic ‘ Diore | Dmain | Diota | Drore/Dmain | Drore/Diota
Ground Motion @) 2 (1+2) ) )
SKR+SKR | 0282 | 0138 | 0420 | 20435 | 6714 |
3/4SK R+SKR | 0,178 ‘ 0,245 | 0,423 ‘ 72,65 ‘ 42,08 ‘
1/2SKR+SKR | 0088 | 0265 | 0353 | 3321 | 2493 |
1/3SKR+SKR | 0,047 ‘ 0,285 | 0,332 ‘ 16,49 ‘ 14,16 ‘
14SKR+SKR | 0089 | 0292 | 0331 | 1336 | 1178 |
SKR | 0000 | 0282 | 0,282 | 000 | 000 |

Table 5.11 Damage values for Pujol column subjected to synthetic ground acceleration
histories (17 August 1999 Marmara Earthquake, Sakarya-EW component and its various
amplitude aftershocks)

&lnthetlc Dmain Dafter Dtotal Dafter/Dmain Dafter/DtotaI
Ground Motion @ ¥ (1+2) ©0) ©06)

SKR+SKR | 0282 | 0133 | 0420 | 4894 32,86
SKR+3/4SKR | 0,282| 0,059 | O,341| 20,92 17,30

| |
| |
SKR+12SKR | 0282 | 0023 | 0305 | 816 | 754 |
| |
| |
| |

SKR+1/3SKR | 0282 | 0010 | 0292 | 355 342
SKR+1/4SKR | 0282 | 0006 | 0288 | 213 2,08
SKR | 0282 | 0000 | 0282 000 0,00

The compogte ground acceeration higtories comprisng 17 August 1999
Marmara Earthquake, Sakarya-EW component and its various amplitude foreshocks and
aftershocks and the corresponding time variation damage curves, obtained for the
SDOF sygems, are given in Figures 5.14 and 5.15. The gray colored parts of the
curves denote the foreshock and aftershock phases. For comparison, damage curves
were introduced together in Figures 5.16a and b. The numerical vaues obtained in
the end of both foreshock/aftershock and main shock phases adone and the overal
history, are tabulated in the first three columns of Tables 5.10 and 5.11. The ratios
denoted by Drore/Dimainy Drore/Driotal; Datter/Dmain @d Daster/Diota @€ given in the last two
columns showing the foreshock and aftershock damage effects on both main shock

and overdl damage.
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It is observed from the damage curves in Figures 5.14 and 5.16a that the
damage increased rapidly due to the drong pulses a the beginning of the ground
motions. Comparison of the damage curves plotted in Figure 5.16a indicates the
effects of foreshock damage on the main shock and overdl damage. The variation of
the damage sustained due to foreshock is not proportiond to its intendty. The
damage caused by the foreshocks with one-fourth, one-third and even hdf amplitude
is relatively smdl remaining beow 25 percent of the totd damage. Increasing the
amplitude of the foreshocks result in comparably larger damage in the end. In
addition, it should be noted that increase in the foreshock amplitude results in
decrease in the damage inflicted by the man shock as can be seen from the third
column of Table 5.10.

A comparison of the damage curves plotted in Figures 5.15 and 5.16b
illustrates the effect of the aftershock damage, Dyter, ON both the main shock and tota
damage. Increase in the aftershock amplitude results in the relatively greater rate of
damage progresson. The damaege caused by the aftershocks with one-fourth, one-
third and even a hdf of the main shock amplitude are negligibly smdl compared to
tota damage, and even the aftershock with three-fourth amplitude does not lead to
substantid damage. These evidences can be inspected in Figures 5.17 and 5.18.

It was demondrated that the same intendty of loading history acting as
foreshock(or prior earthquake) and aftershock(successive earthquake) does not lead
to the same amount of damage. Comparison of the damege curves shown in Figure
5.16a and 5.16b indicates that there is no much difference between the damage
caused by synthetic ground motion histories containing the same intendty foreshock
and aftershock. The data presented underscores the fact that the total damage seem to
be independent from the order of amplitudes dong loading paths consdting of the

same number and amplitude of cycles.
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Figure 5.19 Synthetic gound acceleration histories (17 August 1999 Marmara Earthquake
YPT (Yarymca Petrochemical Complex) Station, NS component preceded by various
amplitude foreshocks) and damage variation curves for Pujol column
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Figure 5.20 Synthetic gound acceleration histories (17 August 1999 Marmara Earthquake,
YPT (Yarymca Petrochemica Complex) Station, NS component followed by various

amplitude aftershocks) and damage variation curves for Pujol column
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Figure 5.21 Comparison of damage curves for Pujol column subjected to the synthetic
ground acceeration higtories comprisng 17 August 1999 Marmara Earthquake, YPT
(Yarymca Petrochemica Complex) Station, NS component and its various amplitude
a)foreshocks and b)aftershocks
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Figure 5.22 Effect of foreshock and aftershock damage on the damage sustained by the main
ground motion, 17 August 1999 Marmara Earthquake, YPT (Yarymca Petrochemical
Complex) Station, NS component
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Figure 5.23 Effect of foreshock and aftershock damage on the total damage sustained by the
synthetic ground acceleration histories originated from 17 August 1999 Marmara
Earthquake, YPT (Y arymca Petrochemical Complex) Station, NS component
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Table 5.12 Damage values for Pujol column subjected to synthetic ground acceleration
histories (17 August 1999 Marmara Earthquake, Y PT (Y arymca Petrochemica Complex)
Station, NS component and its various amplitude foreshocks)

%’nthetic ‘ Dfore Dmain Dtotal ‘ Dfore/Dmain Dfore/DtotaI
Ground Motion @) ¥ (1+2) ©0) ()
YPT+YPT | 019 | 0142 | 0338 | 13803 | 5799 |
3/4YPT+YPT ‘ 0,044 | 0,168 ‘ 0,212 ‘ 26,19 ‘ 20,75 ‘
12YPT+YPT | 0022 | 0180 | 0202 | 1222 | 1089 |
1/3YPT+YPT | 0000 | 0196 | 019% | 000 | 000 |
1/4YPT+YPT | 0000 | 0196 | 0196 | 000 | 000 |
YPT | 0000 | 0,196 | 0196 | 000 | 000 |

Table 5.13 Damage values for Pujol column subjected to synthetic ground acceleration
histories (17 August 1999 Marmara Earthquake, Y PT (Y arymca Petrochemical Complex)
Station, NS component and its various amplitude aftershocks)

Synthetic ‘ Dmain | Dafter | Diotal | Datter/Dmain | Datter/Drota
Ground Motion @ ¥ (1+2) ) ©0)
YPT+YPT | 019 | 0142 | 0338 | 7245 | 4201 |
YPT+3/4YPT | 0196 | 0039 | 0235 | 1990 | 1660 |
YPT+VU2YPT | 019 | 0017 | 0213 | 867 | 798 |
YPT+L/3YPT | 0196 | 0006 | 0202 | 306 | 297 |
YPT+V4YPT | 0196 | 0003 | 0199 | 153 | 151 |
YPT | 0196 | 0,000 | 0,196 | 000 | 000 |

A combined representation of the synthetic ground acceleration histories
comprisng 17 August 1999 Marmara Earthquake, YPT Station, NS component and its
various amplitude foreshocks and aftershocks and the corresponding damage
vaiaion curves are given in Figures 519 and 5.20. The damage caused by the
foreshock/aftershock indicated by the gray colored parts of the curves. Damage
vaiation curves ae given together, in Figure 52la and b, to permit smple
comparison. The numerica vaues obtained in the end of both foreshock/aftershock
and main shock phases done and the overdl histories, labeled as Diore, Daters Dhnain
and Dita are tabulated in the first three columns of Tables 512 and 5.13. These
tables comprise the vaues denoted by Drore/Dmain, Drore/Diotal, Datter/Dmain @nd
Daster/Drota Showing the foreshock and aftershock damage effects on both main shock

and overdl damage.

The damage progressed rapidly during the sudden increases in the loading
history (see Figures 5.19, 5.20 and 5.21). The effects of the foreshock damage on the
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main shock and overall damage can be seen from the damage curves shown in Figure
5.21a There is no linear variation between the foreshock damage and its amplitude.
There is no damage from the foreshocks with one-fourth and one-third of the man
shock amplitude. It is interesting that the damage caused by the foreshock of half
amplitude is nearly zero. An increase in the amplitude of the foreshock leads to
rdaively higher damage levds in the end. The graphicd representation of this
evidence appears in Figures 522 and 5.23. Increases in the foreshock amplitude
result in increase in totad damage but decrease in the main shock damage, as can be
obsarved from the curves as wel as damage data given the third column of Table
5.12.

The damage curves presented in Figures 5.20 and 5.21b illustrate the dfect
of the aftershock damage on both the main shock and tota damage. Increase in the
aftershock amplitude results in the rdatively greater rate of damage progresson. A
comparison study of damage curves illusrated the non-linear redionship between
the earthquake excitation intensty and the damage vaues obtained in the end. The
damages caused by the aftershocks having 25 percent, 50 percent and 100 percent
amplitude of the main shock congtitute the 1.51 percent, 7.98 percent and 42.01
percent of the totd damage (Table 5.13). Damage curves given in Figures 5.20 and
5.21b show that the damage caused by the aftershocks with one-fourth, one-third and
even a hdf of the main shock amplitude are negligibly smdl and they do not lead to
substantid damage. The graphicd representation of this evidence can be seen d<o in
Figure 5.22 and 5.23.

The numerical data presented above illudrates that the same intensty of
loading higtory acting as foreshock and aftershock does not lead to the same amount
of damage. Comparison of the damage curves shown in Figures 5.21a and b indicates
that the totd damage level atained in the end are dmost equa and they do not differ
much for dl synthetic ground motion hidories containing the same intendty
foreshock and aftershock. Furthermore, the damage data, presented in Tables 5.12
and 5.13, shows the path independency of the totd damage from the order of
amplitudes dong loading paths condging of the same number and amplitude of

cycles.
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Figure 5.24 Synthetic gound acceleration histories (12 November 1999 Diizce Earthquake,
Dizce Station, NS component preceded by various amplitude foreshocks) and damage
variation curves for Pujol column
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Figure 5.25 Synthetic gound acceleration histories (12 November 1999 Diizce Earthquake,
Dlizce Station, NS component followed by various amplitude aftershocks) and damage
variation curves for Pujol column
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Figure 5.26 Comparison of damage curves for Pujol column subjected to the synthetic
ground acceleration histories comprisng 12 November 1999 Dizce Earthquake, Diizce
Station, NS component and its various amplitude a) foreshocks and b) aftershocks
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Figure 5.27 Effect of foreshock and aftershock damage on the damage sustained by the main
ground motion, 12 November 1999 Dizce Earthquake, Diizce Station, NS component
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Figure 5.28 Effect of foreshock and aftershock damage on the total damage sustained by the
synthetic ground acceleration histories originated from 12 November 1999 Dizce

Earthquake, Diizce Station, NS component
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Table 5.14 Damage values for Pujol column subjected to synthetic ground acceleration
histories (12 November 1999 Duizce Earthquake, Diizce Station, NS component and its
various amplitude foreshocks)

Synthetic ‘ Dtore | Dmain | Drotai | Drore/Dmain | Drore/Diotal
Ground Motion ()] () (+2 ) ©0)
DzC+DzZC | 0936 | 0367 | 1303 | 25504 | 7183 |
3/4DZC+DzZC | 0523 | 0597 | 1120 | 8760 | 4670 |
1/2bzC+DzC | 0161 | 0813 | 0974 | 1980 | 1653 |
1/3DZC+DzC | 0026 | 0897 | 0923 | 290 | 28 |
1/4DzC+DzC | 0017 | 0918 | 0935 | 186 | 182 |
DzC | 0000 | 0936 | 0936 | 000 | 000 |

Table 5.15 Damage vaues for Pujol column subjected to synthetic ground acceleration
histories (12 November 1999 Diizce Earthquake, Diizce Station, NS component and its
various amplitude aftershocks)

glnthetic Dmain Dafter Dtotal Dafter/Dmain Dafter/DtotaI
Ground Motion D %) (1+2) ) ©0)

DzC+DzC | 0936 | 0,367 \ 1,303 | 39,21 28,17
DZC+3/4DZC | 0936 | 0151 | 1,087 | 1613 13,89

| | |
| | |
DZC+1/2DZC | 0936 | 0070 | 1006 | 748 | 6% |
| | |
| | |
| | |

DZC+1/3DZC | 0936 | 003L | 0967 | 331 321
DZC+1/4DZC | 0936 | 0018 | 0954 | 192 189
DzC | 0936 | 0000 | 0936 | 000 0,00

The composte ground acceeration higtories and the corresponding time
varigion damage curves for Pujol Column Specimen C10-1-2.25N are represented
mutudly in the Figures 524 and 5.25. The gray parts of these curves correspond to
the foreshock/aftershock phases. The damage progresson curves are comparable n
form and characterigtized with loading history curves. The numerica vaues obtained
in the end of each shock phase soldy and the overal history are given in tabular
form in the firgt three columns of Tables 5.14 and 5.15. In the last two columns of
the table the ratios denoted by D ore/Dmain, Diore/Drotal, Dafter/Dmain @Nd Daster/Diota @€
given illugrating the foreshock and aftershock damage effects on both man shock

and overdl damage.

The dructurd damage increases indantaneoudy whenever the reversa
increases suddenly (Figure 524 and 5.26a). A comparison of the damage curves
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plotted in Figure 5.26a reveds the influence of the foreshock damage, on the man
shock and overdl damage during thelr complete histories. Note here that damage
inflicted to the SDOF system by the foreshock is not proportiond to its intengity. It
was demondtrated that the damage caused by foreshocks of one-fourth, one-third and
even haf amplitude do not lead to substantid damage. Increase in the foreshock
amplitude result in rdativey lager damage leveds in the end. It refers to the
nonlinear relationship between the event's intendty and damage attained in the end.
The grephicd representation of this evidence appears clearly in Figure 5.27 and 5.28.
It should be noted that increase in the foreshock amplitude leads to decrease in the
main shock damage, as can be seen from the third column of Table 5.14.

Damage curves plotted together in Figure 5.26b show the aftershock damage
effect on both man shock and totd damage. Increase in the aftershock amplitude
does not lead to a proportiona but relatively more rapidly increese in the damage
ataned in the end. The comparison of the andyticd damage results put forward by
this nortlinear reationship between the eathqueke excitation intendty and the
damage vaues obtained in the end. Damage curves given in Figures 5.24 and 5.26b
show tha the damage from the aftershocks with one-fourth, one-third and even a haf
of the main shock amplitude are negligibly smdl and they do not lead to substantia
damage. The graphica representation of this evidence can be seen dso in Figure 5.27
and 5.28.

The discussons mentioned above are related to the prior earthquake and
aftershock damage effects on the mgor or design earthquake damage, consdering
each of the sdected ground motions separately. These randomly selected ground
motions have different forms, characteridics, durations and intensties It should be
emphasized that, in many cases a dructure will not be subjected to an earthquake
with magnitude equivaent to the design earthquake during its lifetime. However, the
probability is very high that it may be subjected to several smdler past earthquakes.
Because of the series of various smdler-magnitude earthquake, no visble damage
may occur and the dtructure will retain its integrity after it is subjected to these
successive earthquakes. However, this does not mean that no damage occurs in the

dructure. Furthermore, there is no redidic quantification of the magnitudes of these
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gndler-amplitude successve earthquakes that the dructure may experience during
its life time, or of the structura or nongructurd damage likely to occur. Because of
these uncertainities, the damage variations obtained as a result of the indadic time
hisgory and damage andyses of the SDOF systems subjected to various composite
ground motions generated from four randomly sdected ground motions should be

compared to expose common sense on the foreshock and aftershock damage effects.
5.4.2.1 Effects of Foreshock and Aftershock Damage on Main Shock Damage

The effects of foreshock and aftershock damage on the man earthquake
damage can be inferred from Figure 529 and Tables 5.16 and 5.17. Figure 5.29
contains two plots. One shows the relationships between Atore/Aman @nd Dore/Dmain
and the other reationships between Agter/Aman @d Daster/Dman, Where A and D
denotes the acceeration amplitude and damage, respectively. The resultant damage
vaues dtained in the end of the foreshock and aftershock have been normalized with
the damage vaues obtained in the end of man shocks. Dsore/Dman @d Daster/Dimain
vaues are plotted dl together usng bar column representation, for the four different
consgdered composte ground motions. The variaion of Diore/Dman @d Daster/Dimain
vaues are comparable in form and characterigtics with each other and the foreshock
or aftershock intengty. The ratios of the foreshock and aftershock damage vaues to
the main damage vaues atained in the end are tabuated in Tables 5.16 and 5.17.

The average of these ratios are given in the last rows of the tables.
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Figure 5.29 Effect of foreshock and aftershock damage on the main ground motion damage
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Table 5.16 Contribution of foreshock damage to main ground motion damage

Ground Diore / Dmain (%) |
Motion | (1)+(1) | (314)+(1) | (1/2)+(1) | (113)+(1) | (UA)+(1) |
ELC | 13805 | 4281 | 2453 | 1290 | 932 |
SKR | 20435 | 7265 | 3821 | 1649 | 1336 |
YPT | 13803 | 2619 | 1222 | 000 | 000 |
DZC | 25504 | 8760 | 1980 | 290 | 18 |
Average 183,87 57,31 22,44 8,07 6,13 |

Table 5.17 Contribution of aftershock damage to main ground motion damage

Ground Daster / Dmain ©6) |
Motion | (1)+(1) | (D+E4) | ()+A/2) | (D)+H3) | (1)+(/4) |
ELC | 7244 | 278 | 1218 | 513 | 28 |
SKR | 4894 | 2092 | 816 | 35 | 213 |
YPT | 7245 | 1990 | 867 | 306 | 153 |
DzC | 3921 | 1613 | 748 | 331 | 1% |
Average 58,26 21,21 9,12 3,76 2,12 |

By referring to Figure 529 and Tables 516 and 5.17 the following
conclusions can be drawn,

1. The resultant damage caused by the foreshocks and aftershocks is not
proportiond to ther intendty in tems of cyde-amplitude Increase in the
aftershock amplitude leads to more damage attained in the end.

2. A higory with a definite intengty acting as a foreshock and aftershock leads to
ubgantialy different amounts of damage. Damage effects of a definite
intengty loading history as a foreshock (prior earthquake) and aftershock
(succeeding earthquake) can be infered by comparing both plots given in
Figure 529, and damage variaions presented in Tables 5.16 and 5.17. In
respect of the main shock damage, the damage caused by a loading history
acting as an aftershock is approximatey one-third of the damage resulted by
the same higory acting as a foreshock. The higtories with a quarter of the main
shock ampliude acting as foreshock and aftershock, for instance, caused to
average damage of 6.13 percent and 2.12 percent of the main shock damage,

respectively.
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5.4.2.2 Effects of Foreshock and After shock Damage on Total Damage

The effects of foreshock and aftershock damage on the total damage caused
by the composite grond motions can be inferred from Figure 5.30 and Tables 5.18
and 5.19. Figure 5.30 illugtrates the relationships between Aore/Aman and Dore/Dimain
and the relaionships between Aater/Aman @and Dyter/Dman. [N this figure the resultant
damage vaues ataned in the end of the foreshock and aftershock have been
normaized with respect to the damage values obtained in the end of the composte
ground motion. For the sske of Imple comparison, the variations in Dsore/Diota @nd
Dater/Diota VAlUes are plotted together. These vaues are comparable in form and
characterigtics. The ratios of the foreshock and aftershock damage vaues to the tota
damage vaues atained in the end are presented in Tables 5.18 and 5.19. The average

of these ratios are given in the last rows of the tables.
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Figure 5.30 Effect of foreshock and aftershock damage on the total damage

Table 5.18 Contribution of foreshock damage to total damage

Ground | Drore / Drotar %) |
Motion | (1)+(1) | (3/4)+(1) | (12)+(1) | (U3)+(1) | (14)+(1) |
ELC | 579 | 2998 | 1970 | 1143 | 852 |
SKR | 6714 | 4208 | 2493 | 1416 | 11,78 |
YPT | 579 | 2075 | 1089 | 000 | 000 |
DzC | 7183 | 4670 | 1653 | 28 | 18 |
Average 63,74 34,88 18,01 7,10 553 |
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Table 5.19 Contribution of aftershock damage to total damage

Ground ‘ Dafter / Dtotal (0/0) |
Motion | (1)+(1) | (1)+(3/4) | ()+(1/2) | ()+W3) | (1)+(/4) |
ELC | 4201 | 2180 | 108 | 48 | 28 |
SKR | 328 | 1730 | 754 | 342 | 208 |
YPT | 401 | 1660 | 798 | 297 | 151 |
DzC | 2817 | 1389 | 6% | 321 | 18 |
Average 3626 17,40 8,34 362 207 |

The following conclusons can be made based on the damage vaiaions
presented in Figure 5.30 and Tables 5.18 and 5.19;

1. The find damage from foreshocks and aftershocks is not proportiona to
ther intendgty in terms of the amplitude of the ground acceeration.
Increase in the aftershock amplitude leads to more damage atained in the
end. As can be seen from Table 5.18, as an average of the four different
composite ground motions, the foreshocks with 25 percent, 50 percent, 75
percent and 100 percent amplitude of the main shock caused to average
damage of 5.53 percent, 18.01 percent, 34.88 percent and 63.74 percent of
the damage resulted by the main shock phase of the hitories.

2. The amounts of damage by the foreshocks and aftershocks with the
intengty (in terms of acceleration amplitude) up to one-third of the man
shock are negligibly small.

3. The damage caused by the foreshocks with intendty ranging from 25 to
50 percent of the main shock intensity does not exceed about 18 percent
of the totd damage in average. The same hidories acting as aftershocks
that follow the man shock lead to approximately 8 percent of the tota
damage.

5.5 Concluding Remarks

On the bads of indadtic time higory and damage anayses of SDOF systems
under congtant and variable amplitude indagtic displacement reversds and synthetic
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ground motions, caried out to assess the effects of prior damage on Sructura

response to subsequent earthquakes, the following conclusions are made:

1. The number of load cycles has an effect on the level of damage sustained by a
reinforced concrete component. Increase in the amplitude of the congant
amplitude cycles diminishes the number of cyclesto failure.

2. Structurd damage progresson and accumulated disspated energy follow
different paths in variable amplitude loading histories. Hence, damage and
cumulative hysteretic energy disspated aong a path seem to depend on the
number and amplitude of cycles condituting the path. However, the resultant
damage attained in the end of the loading history and accumulated hyderetic
energy disspated dong the loading path are independent of the ordering of
the same number and amplitude cycles dong the path. The damage levels
ataned in the end of the different paths with the same number and amplitude
cycles ae dmost eqguad. The same interpretation is vaid for disspated

energy.

3. Structurd damage is dependent on the ductility level for congant amplitude
reverss. Damage increases rapidly during the firg pulse of the congant
amplitude loading hisgtory. Regardless of ductility, this damage conditutes the
mgor pat of the totd damage. Later, damage progresson seems to be in an
damog linear pah and reativey very low raie. Damage increases dmogt in
proportion to increase in the cycle amplitudes. In this respect, the damage
rue developed by Miner (1945) fals for reinforced concrete members,
because it assumes that the accumulation of damage is linear and independent
of load path.

4. The reationship between the earthquake excitation intensty and the resultant

damage attained in the end is not linear. Increase in the amplitude leads to

asymptotical increase in damage.
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5. The prior earthquake damage has subgstantia effect on the SDOF system
response to subsequent future earthquakes. Increase of the prior earthquake
intendty causes reduction in the damage from the succeeding man
earthquake. Damage from prior earthquakes of one-fourth and one-third
amplitude of the man earthquake record is negligibly smal compared to the
damage caused by the main earthquake.

6. A ground motion record acting as prior earthquake and successive earthquake
leads to subgantidly different amounts of damage. In comparison with the
totd damage, damage caused by such ground motion acting as prior
earthquake is two-times of the damage resulted by the same ground motion
acting as subsequent earthquake.

7. The same or smdler amplitude intensty succeeding earthquakes cause
damage ranging up to about 60 percent of the man earthquake damage.
Successve earthquake with intendty ranging from one to one-fourth of the
main earthquake intensity cause to damage ranging from about 58 percent to
2 percent of the main earthquake damage, respectively.
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CHAPTER 6

DAMAGE EVOLUTION FOR SELECTED BUILDINGS
SUBJECTED TO REPEATED EARTHQUAKES

6.1 General

Engineering structures built in an area where earthquakes occur quite often
may be subjected to earthquake excitations of smaller magnitude prior to being
shaken by severe destructive earthquake excitations. The damage inflicted to
structures by prior milder intensity earthquake excitations may have substantial
effects on the response of structures to subsequent earthquakes. Structural damage
caused by successive earthquakes can not only be attributed to defects in design or

construction, but also to low cycle fatigue effects due to accumulation of damage.

In the last decade, two destructive successive ground shakings, with
magnitudes exceeding 7.0, have been experienced nearly 3 months apart in the north-
western region of Turkey. The distance between the epicenters of these successive
ground motions was about 110 km. The two major successive earthquakes, that
occurred on 17 August and 12 November 1999 in Marmara region, provide a unique
possibility to verify the effect of prior earthquake damage on the structural damage
and performance to future earthquakes. It is the first time that such strong successive
earthquakes hit structures producing either accumulated extensive damage or
collapse. It is worthwhile to note that these events constitute benchmarks to shed

light on effects of low cycle fatigue on successive damage.

In this chapter it is aimed to assess the effects of prior damage on response of
damaged reinforced concrete structures to subsequent future earthquakes. The

motivation has arisen from the collapse or heavy damage suffered in many reinforced
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concrete structures subjected to the major earthquakes occurred in 1999, in Marmara
region, Turkey. These unusual building failures observed after the two major
successive earthquakes in Marmara region, especially surroundings of Diizce and
Bolu cities, attracted special attention of the earthquake engineering community
(S6zen, 2000; Sucuoglu and Yilmaz, 2001). S6zen stated that there may be no linear
relation between the earthquake intensity and damage. Basically it was estimated that
collapses probably resulted from damage accumulation that had been caused by the
first (Marmara) long duration earthquake and increased by the following (Duzce)
motion. It is believed that the reasons behind the seismic performance observed of
the structures may be expressed via bases of low cycle fatigue phenomenon.

To assess the low cycle fatigue effects in the damage caused by the prior
earthquake, two five-story reinforced concrete buildings were selected. The buildings
have experienced the two destructive earthquakes. For this purpose, an inelastic time
history and damage analyses of these two five-story case study buildings have been
carried out using composite ground motion accelerograms composed of base input

provided by these two recorded successive ground motions.

6.2 Strong Ground Motions in 1999 Marmara and Duzce Earthquakes

The Marmara earthquake strongly affected the north-western part of Turkey,
especially izmit, Sakarya, Bolu, Bursa, Diizce, Yalova, istanbul, Zonguldak and
Eskisehir. According to official records about 20 thousand people died, over 25
thousand people were injured. The number of residential houses that suffered light-
to-heavy damage during this earthquake was about 214000 (USGS, 1999).

During this earthquake, ground motion was recorded totally at 34 stations, 24
of Ministry of Public Works and Settlement and 10 operated by Bogazici University
Kandilli Observatory and Earthquake Research Institute (KOERI). The ground
acceleration trace recorded in Dizce is shown in Figure 6.1. Ground acceleration
during the Marmara earthquake could not be recorded at Bolu because the instrument
at the branch office of Ministry of Public Works and Settlement in this site was

placed immediately after the Marmara earthquake.
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Figure 6.1 The ground motion acceleration histories of 17 August 1999 Marmara
earthquake, Diizce records

The second one of the two destructive strong earthquakes shaken the west
region of the North Anatolian Fault is Diizce earthquake occurred about three months
after the Marmara earthquake. Officially, more than 760 people died and about 5000
people were injured during this earthquake. Loss of life was rather limited since
buildings that had been damaged by the previous Marmara earthquake had already
been vacated. The buildings, sustained heavy damage or collapsed during the
succeeding Duizce earthquake, were generally suffered damage ranging from light-to-

moderate during the earlier Marmara earthquake.

Severe effects of the 12 November 1999 Diizce earthquake were mainly
concentrated in the cities of Dlzce and Bolu. The buildings that sustained heavy
damage in Dizce were evenly distributed over the city. Severely damaged buildings
in Bolu were situated at the north of the city where one of the case study buildings is
located. The high-rise buildings (5-6 story buildings) sustained more damage
compared to low-rise buildings (1-2 story buildings) in both Diizce and Bolu. The 40
km long surface trace of the strike-slip fault rupture was well exposed and could be

traced between Dizce and Bolu. Fault movements caused collapse of many low-rise
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masonry buildings located near the line of fault rupture. Nevertheless, many other
buildings that were close to the rupture surprisingly did not sustain severe damage.
Occurrence of strong horizontal and vertical ground motions in Duzce resulted in

overturning of parked trucks and busses.
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Figure 6.2 The ground motion acceleration histories of the 12 November 1999 Diizce
earthquake, Diizce and Bolu records
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During the Duzce earthquake, ground motion was recorded at 20 different
stations of Ministry of Public Works and Settlement. The horizontal components of
the ground acceleration trace recorded by the instruments at the branch office of
Ministry of Public Works and Settlement in Diizce and Bolu are shown in Figure 6.2.
Both East-West and North-South records of Bolu station have peak acceleration
values over 0.7g, which are the highest maximum ground acceleration values ever

recorded in Turkey.

Table 6.1 Ground Motion Intensity Parameters

Earthquake | Station | Dir. | Soil ED 1 FD PGAZ EPA; PGV || Ter

(km) |/ (km) | (cm/s%) | (cm/s%) | (cm/s)| (s)
Duzce | EW| S | 107.0| 11.0| 356.52| 349.16 | 58.56 | 11.93

Marmara

Dizce | NS | S | 107.0| 11.0| 305.82| 271.47| 56.49 | 11.89

Dizce | EW | S 9.3 | 7.0 | 507.03| 391.36| 88.01| 8.55
Dizce | NS | S 9.3 | 7.0 | 399.61| 427.20| 69.48 | 9.03

Dizce

Bolu | EW| S | 39.0 | 55 | 790.09| 473.11| 65.15| 11.14
Bolu NS | S | 39.0 | 55| 725.13| 624.40| 54.91 | 10.89

Table 6.1 shows the characteristics of ground acceleration data of the two
earthquakes recorded at Dilizce and Bolu (Sucuoglu et al. 2000). PGA values of
Dizce eartquake-Bolu station records are relatively high compared to Duizce station
components recorded during both Marmara and Dizce earthquakes. High PGA
values were recorded at the Dizce station due its being near the epicenter and at the

Bolu station due possibly to directivity effect.

6.3 Synthetic Ground Motions

Inelastic time history and damage analyses of two five-story case study
buildings have been conducted, to assess the effects of prior earthquake damage on
the response of MDOF frame type reinforced concrete structures to future
earthquakes. In these analyses two families of synthetic accelerograms, created by
superposing strong parts of the base input data provided by these two major recorded

successive ground motions, have been used.
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Figure 6.3 Synthetic ground acceleration histories used in the analyses of the building
located at Bolu
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Figure 6.4 Synthetic ground acceleration histories used in the analyses of the building
located at Diizce
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The seismic inputs are provided successively as a continuous ground motion without
a quiescent period during which the structure comes to rest. Hence the effect of first
event will be carried forth to the following without returning the system to
undamaged conditions. All records were scaled to ground acceleration of g. The
synthetic acceleration histories used in the analyses are shown in Figures 6.3 and 6.4.
In these figures, the gray colored parts of the histories denote the first event
(Marmara), while the dark parts belong to the following event (Dilizce) records. As
far as the intensity in terms of the ground acceleration amplitude is concerned, the
first earthquake excitation is relatively milder compared to the second one in both
Dizce and Bolu.

The recording instrument at the branch office of Ministry of Public Works
and Settlement in Bolu was placed shortly after the Marmara earthquake, hence
ground acceleration during the Marmara earthquake could not be recorded at this
site. The synthetic ground motion, used in the analyses of the first case study
building located at Bolu, has been constituted by using the base input recorded in the
nearest station placed in Dlzce. Duzce is about 40 kilometers away from the location
of the case study building at Bolu.

6.4 Structural Damage

In general, traditional building codes have used strength as the main
parameter to judge the seismic performance problem, relegating limitation of the
inter-story drift ratio in the design process. However, experience gained from past
earthquakes and seismic design knowledge developed as a result of analytical and
experimental research has revealed that there is a good correlation between damage
and the drift ratio: the low drift ratio reflects low damage level. The importance of
drift control is established when it is accepted that the earthquake induced
displacements are the main causes and measure of seismic structural distortion and
damage. Seismic drift calculation is required by the several seismic codes such as
TEC (1998), UBC, ACI. Seismic drift control procedure is based on imposing limits
on maximum seismic drift or its relative values (Sozen, 1981; Giilkan and S6zen,
1999; ATC 40, 1996).
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The interstory drift ratio, defined as the difference in maximum drift response
between two consecutive stories divided by the story height, was used by Sdzen
(1981) as a measure of damage at the story level. A drift ratio equal or smaller than 1
percent corresponds to damage in non-structural components while drift ratio greater
than 4 percent may lead to irreparable structural damage or collapse. Failure is
considered to occur when the drift ratio exceeds 6 percent.

Performance levels based on limitation of inter-story drift ratio are prescribed
in ATC 40 (1996). In accordance with the judgmental performance limits specified in
ATC 40, maximum drift ratio of 1 percent is the upper limit of the immediate
occupancy performance level, while maximum drift ratio ranging from 1 percent to 2
percent corresponds to damage control level. The requirement of life safety
performance level can be satisfied whenever the drift ratio does not exceed 2 percent
(Table 6.2). According to the Turkish Earthquake Code (1998), residential buildings

should be designed for life safety performance level under the extreme loading.

Table 6.2 Deformation limits (ATC 40, 1996)

Performance Level
Inter-story
Drift Limit Immediate Damage Life Structural
Occupancy | Control | Safety | Stability®
V.
Maximum total drift ) (%) 1 1-2 2 0.33 P—'
Maximum inelastic drift @ (%) 0.5 0.5-1.5 | Nolimit| No limit

W Maximum total drift is defined as the inter-story drift at the performance point displacement.

@ Maximum inelastic drift is defined as the portion of the maximum total drift beyond the effective
yield point.

@ v, iis the total calculated lateral shear force in story i, P; is the total gravity load (i.e. dead plus
likely live load ) at story i.

Two-dimensional models of the buildings were used in these analyses. The
program includes the option to determine the response of the structure at instants
during the analyses. Several types of response snapshots are displacement profile,
element stress ratios, dynamic characteristics, structural collapse state and element,
story and overall damage indices. The program keeps track if a structural element has
cracked, yielded or failed. This information is automatically reported graphically at
the end of the analyses. Additional information about the damage state of the
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structure can be recovered at any step of the damage analysis using the response
snapshot option that can be requested by the user during pushover, quasi-static or
time history analyses. This feature makes it easy to monitor the damage state of the
system at stages in between the successive ground motions. The structural damage
state is reported for each frame in the structure following a simple graphical
convention to identify cracked or yielded elements. The symbol used for cracking is
‘x”, while ‘0’ identifies the yielding state. The symbol ‘ [J’ used to denote component

failure.

6.5 Case Study Buildings

Effects of the prior earthquake/s damage on the structural response of
damaged buildings have been investigated using selected two five-story reinforced
concrete buildings. This purpose is accomplished by performing inelastic time
history and damage analyses of these two case study buildings. These analyses have
been carried out using the artificial ground motion accelerograms comprised of base
input provided by these two recorded ground motions. One of these buildings was
located in Bolu and, the other was in Dizce city. They were designed considering
the Seismic Code. The first case study building was a public building and used as the
branch office of the Ministry of Public Works and Settlement at Bolu. The second
one was a private building located in Dizce. Analytical damage analyses results are
interpreted considering the observed damage state of the structures. To determine the
prior earthquake damage effects, the overall structural damages caused by the
following 12 November Dizce earthquake has been quantified using the overall

structural damage index of the previous (Marmara) destructive ground motion.

6.5.1 The Ministry of Public Works and Settlement Building at Bolu

The building was a five-story reinforced concrete building located in Bolu,
approximately 39 km away from the epicenter of the 12 November 1999 Diizce
earthquake. This building was designed and constructed in the 1980s. The
photographs of the exterior perspective and backside of the building taken after the

earthquake are shown in Figure 6.5. In the same site, there are four buildings other
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than this building. Their primary use has been as the branch office of Ministry of
Public Works and Settlement. A simple key plan showing locations of these

buildings is given in Figure 6.6.

Figure 6.5 Damage state of the case study building
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Figure 6.6 Key plan showing locations of buildings
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The building was rectangular in plan and the dimensions measured from out
to out are 20.65 by 13.71 meters. A story plan area is 230 m?. It has three bays both
in the longitudinal (north-south) and transverse (east-west) directions of the building.
The exterior frames of the building were perimeter beams with depths of 1.2 m.
Seven columns of this structure can be classified as ‘shear walls’ according to the
Turkish Earthquake Code (TEC), 1975 that was applicable when the building was
designed. Four of these are oriented in the North-South direction and the other three
are L-shaped columns. Except for L-shaped columns at corners and three shear walls
oriented in the longitudinal direction of the building, dimensions of the columns in
addition to amount of longitudinal reinforcement in these members decrease
progressively from the lower to the upper stories. However, dimensions of beams
and amount of longitudinal reinforcement in them do not vary from story to story.
The longitudinal direction of the building is about 25° counterclockwise from the
north-south direction. Effect of this deviation is ignored in the analyses.
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Figure 6.7 Ground floor plan
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The snapshot of three-dimensional elevation of the building model is
presented in Figure C.1 of Appendix C. The ground floor plan is presented in Figure
6.7. Samples of floor and column application plans indicating the dimensions and
reinforcements of beams and columns can be seen in Figures C.2 and C.3. The
ground story height was 3.8 m, while the height of the upper stories was 3.2 m. Slab
thickness was 15 cm unchanging throughout the building. At the ground floor and
the fourth floor, the number of masonry infill walls is less than that at other floor
levels. Therefore the infill walls will not be taken into consideration in the analytical
models. Seismic performance of the building was evaluated by Cagnan (2001) via

performing its three dimensional nonlinear dynamic analyses.

In the design calculations, the following characteristic material properties
had been specified for the building. Normal weight concrete having a characteristic
strength of 16 MPa was required for the beams, columns and slabs. Grade-220 (St-1)
reinforcement was required as longitudinal and transverse reinforcement in all-
structural members. After the 12 November 1999 Duzce earthquake, engineers of the
Ministry of Public Works and Settlement took several concrete samples for testing.
The average compressive strength was found to be 20 MPa. They also checked the
amount of longitudinal reinforcement in some of the columns. It is seen that the
required area of reinforcement was provided in almost all columns. Although some
design and construction mistakes such as short columns, deep beams and inadequate
confinement at joints had been made, the building is a well designed and built
structure. It was well maintained before the 12 November 1999 Diizce earthquake
and might have sustained light or non-damage during the 17 August 1999 Marmara

earthquake that occurred approximately three months before the Diizce earthquake.

Note here that damage in this building by the successive earthquake of 12
November 1999 was rather heavy. The damage consisted primarily of shear failures
at the top of columns. The major limitation of the existing damage indices is that
they are formulated and validated almost exclusively on the basis of flexural
response, neglecting the effect of shear as a cause of seismic damage (Williams et al,
1997). However, experience in recent earthquakes suggests that structures often fail

in shear or in combined shear and flexure. On the basis of comparisons against
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one set of shear-dominated tests, Williams et al (1997) maintained that the relatively
simple, deformation-based damage indices such as modified Park and Ang damage
model provide a more reliable indication of the various damage levels than many of
the apparently more sophisticated models. Since the case study buildings damage is
shear-dominated, it is believed that use of the IDARC incorporating general features
of modified Park and Ang damage model is an appropriate choice.

6.5.1.1 Observed Damage

Damage state of the building after the Marmara earthquake of August 17,
1999 was not recorded. However, after the Diuizce earthquake of 12 November 1999,
the sustained damage distribution was recorded carefully throughout the building. It
was determined that during the Dulzce earthquake, the case study building sustained
severe damage that included column shear failures at various locations of the lowest
three stories. All structural failures occurred as a result of inadequate shear capacity
of columns. The short column effect due to masonry infill walls with opening and
peripheral beams with unusual depths (1.2 m) and inadequate confinement in
columns were the main causes of these failures. Flexural cracks were visible in
almost all beams. Some of the ground story beams had diagonal shear cracks. The
recorded damage distribution after the Dizce earthquake is presented in the

following photographs in Figures 6.8 to 6.38.

Figure 6.8 Front and rear elevations of the building after Duzce earthquake
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Figure 6.9 Diagonal crack in column D8  Figure 6.10 Diagonal crack in column D9
at the ground story at the ground story

Figure 6.11 Failed D10 columns at the ground and first stories
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Figure 6.12 Failed column D10 Figure 6.13 Column D12 at the ground story
at the ground story

Figure 6.14 Shear cracks in column E8 Figure 6.15 Diagonal crack in column E9
at the ground story at the ground story
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Figure 6.16 Diagonal cracks in column E10 Figure 6.17 Diagonal cracks in column E12
at the ground story at the ground story

Figure 6.18 Cracked masonry infill walls between D9 and D12 columns at the ground and
first story levels (rear elevation)
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Figure 6.19 Diagonal crack in column F8 Figure 6.20 Diagonal crack in column F9
at the ground story at the ground story

Figure 6.21 Crack observed in column F10 Figure 6.22 Diagonal crack in column F12
at the ground story at the ground story
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Figure 6.23 Diagonal crack in column G8 Figure 6.24 Diagonal crack in column G9
at the ground story at the ground story

Figure 6.25 Column G10  Figure 6.26 Flexural cracks in the beam spanning between
at the ground story D10 and D12 at the ground story
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Figure 6.27 Severely damaged column D10 at the first story

Figure 6.28 Column G12 Figure 6.29 Diagonal cracks in column E9
at the first story at the first story
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Figure 6.30 D9 columns at the Figure 6.31 G12 and F12 columns
first and second stories at the first story

Figure 6.32 Collapsed infill wall between columns D10 and E10 at the first story
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Figure 6.33 Severely damaged infill wall between columns F9 and F7 at the first story

Figure 6.34 Severely damaged infill wall between columns D12 and F12 at the first story

Figure 6.35 Severely damaged infill wall between columns G12 and F12 at the first story
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Figure 6.36 Column G9 at the second story

Figure 6.37 Diagonal crack in column F9  Figure 6.38 Diagonal crack in column G10
at the second story at the second story
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6.5.1.2 2D Modeling and Inelastic Time History and Damage Analyses

At this stage of the research, the inelastic time history and damage analyses of
this building were performed under artificial composite ground motions comprising
the damageable strong parts of the experienced ground motions. Figure 6.3 shows the

synthetic ground motion acceleration traces.

The building is modeled as a series of plane frames linked by rigid horizontal
elements. Setting the hinge moment to zero and condensing out the corresponding
degree of freedom model the rigid link member hinges. Each frame is in the same
vertical plane, and no torsional effects are considered. Since the floors are considered
infinitely rigid, identical frames are simply lumped together. Input data is only
prepared for each of the typical frames. Two-dimensional frame models of the
building were prepared in both longitudinal and transverse directions for the inelastic
time history and damage analyses. The structural system has three bays in both
principal directions. As indicated in Figure 6.6, the east-west and north-south
directions are slightly deviated from the longitudinal and transverse directions of the
building. Except for one rectangular column located in the corner, the system is
symmetric in plan in both directions as shown in Figure 6.7. The structural system
having ordinary properties is evaluated as moderately deteriorating system (MOD).
Hence the hysteretic model deterioration parameter values proposed in the third
chapter for such systems have been used in the analyses.

6.5.1.2.1 Transverse (East-West) Direction of Building

Figure 6.39 shows the 2D models composed of frames in transverse (east-
west) direction of the building. Damage states of the corresponding frames computed
after the Marmara and Duzce earthquakes are given mutually in Figures 6.40 and

6.41, respectively.

The roof drift ratio and base shear ratio variations and overall damage
progression curve, which were computed by applying only the transverse component

of the synthetic ground acceleration, are presented in Figure 6.42.
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Figure 6.39 2D Frame model used in the inelastic analyses in transverse (EW) direction
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Figure 6.40 Damaged state of 2D Frame model used in the inelastic analyses in transverse
(EW) direction after Marmara earthquake (x : crack , o : yield, g: failure)
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Figure 6.41 Damaged state of 2D frame model used in the inelastic analyses in transverse
(EW) direction after Diizce earthquake (x : crack, o : yield, g: failure)
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The curves placed at the topmost of Figure 6.42 are the single (Dlzce) and
synthetic (Marmara + Diizce) ground acceleration histories used in the analysis. The
story drift histories in the transverse direction of the building are shown in Figure
6.43. The gray parts of the relationships in Figures 6.42 and 6.43 are belonging to the

Marmara earthquake.

Table 6.3 Maximum response values for the transverse (EW) direction of the building

. PGA Roof Drift Ratio Vipase | W Overall
Ground Motion @ (%) (%) Damage
Diizce 0.805 0.94 39.9 0.57
Marmara+Duzce 0.52
[1] 2] 0.363[1], 0.805[2]| 0.31]1], 1.23[2] | 37.5[1],33.8[2] (0.05+0.47)

Maximum response values obtained for the transverse (east-west) direction of
the building, subjected to both single and synthetic ground motion, are presented in
Table 6.3. Peak values of the inter-story drifts and drift ratios resulted by both single

and synthetic ground motion are summarized in Table 6.4.

Table 6.4 Maximum drift response in the transverse (EW) direction of the building

‘ Diizce Marmara + Diizce
Story Earthquake Earthquakes
‘ Interstorey | Drift Ratio Interstorey | Drift Ratio
Drift (mm) (%) Drift (mm) (%)
5 | 3 | 0.11 | 13 | 044 |
4 | 7 | 0.21 | 14 | 0.47 |
3 | 22 | 067 | 29 | 097 |
2 | 57 | 1.77 | 71 | 220 |
1| 72 | 190 | 80 | 212 |

Inspection on the roof drift ratio, base shear ratio and damage curves in
Figure 6.42 and inter-story drift ratios in Figure 6.43 revealed that there is rapid
increases at time values corresponding to the sudden increases in both single and
synthetic ground motions. The overall damage inflicted to the system by the
Marmara earthquake remains below the light damage level, meaning non-damage

would occur at the first event of the synthetic ground motion.
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Maximum roof drift ratio of 1.23 percent is obtained during the synthetic
ground motion whereas it is found as 0.94 percent during the single (Diizce) ground
motion. As seen in Figure 6.43 the structure was observed to undergo significant
permanent sway in the transverse direction. At the ground floor the permanent drift
was about 0.7 percent, and it was less than 1 percent, which is commonly accepted as
the permanent drift ratio about which significant structural strength deterioration and

stiffness degradation occurs and second order effects become significant.

It is observed from the inter-story drift ratio histories resulted by the synthetic
ground motion that peak story drift ratios obtained for the lowest two floor levels are
significantly higher than those obtained for the other three floor levels. Peak story
drift ratios obtained for the ground and first floor levels exceed drift limit of 2
percent given by ATC 40 (1996) for life safety performance level. Peak story drift
ratios obtained for the other floor levels did not reach the drift limit of 1 percent
given by ATC 40 (1996) for immediate occupancy performance level (Figure 6.43).
It should noted that peak drift response at each floor and at the top of the model
exposed to synthetic ground motion is slightly larger than that for the same system
subjected to single (Dulzce) ground motion. It is shown that prior damage does not

have substantial effect on maximum drift response in future larger earthquakes.

Similarly, base shear attains peak values of 37.5 percent and 33.8 percent of
the total building weight for the first and second events of the synthetic ground
motion, whereas it reaches 39.9 percent whenever the same system exposed to single
ground motion (Figure 6.42 and Table 6.3). Reduction in the lateral load carrying
capacity strongly indicates the softening and deterioration of the system during the
prior earthquake.

It has been demonstrated that although the prior earthquake damage does not
substantially affect the maximum drift response in future larger earthquakes, it has
significant effects on the damage due to succeeding earthquake. It can be stated that a
structural system with a prior damage suffers less damage in an earthquake in

comparison with the one without a prior damage (Figure 6.42).
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IDARC2D v5.0 provisions were made so that the user can request printing of
the variation of the fundamental period of the structure as the analysis progresses
(Valles et al, 1996). The user can request response snapshots during the analysis. To
monitor the softening of the system the variation of the fundamental period, at the
ends of both the single and each of the two successive ground motions and
undamaged state of the building, is determined via requested snapshots.

Table 6.5 Modal Period variations in the transverse (EW) direction of the building

| Undamaged | Diizce | Marmara + Diizce Earthquakes |
Mode ‘ State Earthquake| End of firstevent | End of second event
(Marmara Earth.) (Dlzce Earth.)

1 | 037 | 081 | 0.54 | 0.94 |
2 | 012 | 018 | 0.18 | 0.22 |
3 | 006 | 009 | 0.10 | 0.12 |
4 | 003 | 006 | 0.06 | 0.07 |
5 | 002 | 004 | 0.04 | 0.05 |

The first five vibration modes, for the case study building states at the end of
each event in addition to its undamaged state, were computed by carrying out an
eigenvalue analysis. Results obtained from this analysis are presented in Table 6.5.
As can be seen from the variation of the modal periods, the period affected by each
event, resulted in softening of the system. In case of the synthetic ground motion, the
first mode period reached a value of about 1 s at the end of the second event (Dizce
earthquake), whereas it is 0.81 s during the single ground motion. Prior earthquake
damage reduces the lateral stiffness of the structure significantly; letting the structure
take less lateral load. This accompanies with increase in the fundamental period. The
softening of the systems can be observed also from the distances in between the tips
of the roof drift ratio and base shear ratio traces given in Figure 6.42.

6.5.1.2.2 Longitudinal (North-South) Direction of Building

2D models of the frames in the longitudinal direction of the building are
shown in Figure 6.44. Damage distribution in the frames after the first and second
events are presented in Figures 6.45 and 6.46, respectively.
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Figure 6.44 2D Frame model used in the inelastic analyses in longitudinal (NS) direction
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Figure 6.45 Damaged state of 2D Frame model used in the inelastic analyses in longitudinal
(north-south) direction after Marmara earthquake (x : crack , o : vield, n: failure)
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Figure 6.46 Damaged state of 2D frame model used in the inelastic analyses in longitudinal
(north-south) direction after Duzce earthquake (x : crack , o : yield, g: failure)
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variations and damage curves for longitudinal (north-south) direction model of the building

located at Bolu
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Figure 6.48 Interstory drift ratio histories for longitudinal (north-south) direction model of
the building located at Bolu
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In addition to the synthetic ground acceleration history used in the analysis,
the roof drift ratio, base shear ratio variation and overall damage progression curve,
are presented in Figure 6.47. The topmost figure indicates the synthetic ground
acceleration histories used in the analysis. The gray parts of these relationships are
belonging to the first event, the Marmara earthquake. Maximum response values
obtained at the ends of the single and synthetic ground motions for the longitudinal
(north-south) direction of the building are tabulated in Table 6.6.

Table 6.6 Maximum response values for the longitudinal (NS) direction of the building

. PGA Roof Drift Ratio Vpase | W Overall
Ground Motion © (%) (%) Damage
Duizce 0.739 0.44 39.6 0.06
Marmara+Duzce 0.06
] 2] 0.312[1], 0.739[2] | 0.24[1], 0.45[2] (38.3[1], 33.9[2] (0.03+0.03)

Table 6.7 Maximum drift response in the longitudinal (NS) direction of the building

Dizce Marmara + Duzce
Story Earthquake Earthquakes
Interstorey | Drift Ratio Interstorey | Drift Ratio
Drift (mm) (%) Drift (mm) (%)
5 | 9 | 0.28 | 10 | 045 |
4 | 15 | 046 | 16 | 050 |
3 | 17 | 0.55 | 19 | 060 |
2 | 19 | 0.59 | 19 | 0.61 |
1 18 | 047 | 16 | 042 |

Figure 6.47 reveals that sudden increases in the reversals cause to rapid
increases in the roof drift ratio, base shear ratio and damage. At the end of the first
event, the overall damage of the system remains below the light damage level,
meaning that no damage would occur at this stage of the history. The overall damage
caused by the succeeding Dizce earthquake is also negligibly small. The overall
damage index, obtained at the end of the synthetic ground motion history, does not

reach the light damage level specified for modified Park and Ang damage model.
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The roof drift ratio history is shown in Figure 6.47. In this direction,
maximum roof drift ratio of 0.446 percent was obtained at 20 s, during the second
event of the synthetic ground motion. The story drift histories in the longitudinal
direction of the building are shown in Figure 6.48. The peak response values (roof
drift ratio, base shear, overall damage index and inter-story peak drift ratios) are
tabulated in Tables 6.6 and 6.7. Inter-story peak drift ratios obtained for all floor
levels did not reach the drift limit of 1.0 percent given by ATC 40 (1996) for

immediate occupancy performance level.

Calculated base shear ratio history in the transverse direction of the building
is presented in Figure 6.47. Base shear is quite high between 4-7 s of the single
ground motion, and 3-7 s during the first event and between 18-23 s during the
second event of the synthetic ground motion. The base shear reaches to 39.6 percent
when the undamaged system exposed to the single ground motion. It attains its peak
values of 38.3 percent and 33.9 percent of the total building weight for the first and
second events of the synthetic ground motion. (Figure 6.47 and Table 6.6).
Reduction in the lateral load resistance apparently indicates the softening and
deterioration of the system during the prior earthquake.

It can be shown that although the prior earthquake damage does not
substantially affect the maximum drift response in future larger earthquakes, it has
significant affects on the damage from succeeding earthquake. The structural system
with a prior damage suffers less damage in an earthquake in comparison with the one

without a prior damage (Figure 6.47).

Table 6.8 Modal Period variations in the longitudinal (NS) direction of the building

Mod Undamaged Diizce Marmara + Dlzce Earthquakes |

oae State Earthquake| End of first event | End of second event
(Marmara Earth.) (Dlzce Earth.)

1 | 038 | 054 | 0.48 | 0.68 |
2 | 011 | 017 | 0.15 | 0.20 |
3 | 006 | 008 | 0.07 | 0.10 |
4 | 003 | 005 | 0.04 | 0.06 |
5 | 002 | 003 | 0.02 | 0.03 |
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Determination of structural response at instants during the time history and
damage analysis is optional in IDARC. Hence, response snapshots are requested
during the analysis to determine the variation of the fundamental vibration period at
the ends of the successive motions. The first five vibration modes are obtained for
the state of the longitudinal direction of the building. The vibration periods are found
for the undamaged state and end of the first and second events, respectively. Results
obtained are presented in Table 6.8. As can be seen from the variations in the modal
periods, the system affected by both events. The first mode period of the undamaged
state of the building in this direction is 0.38 s. It is 0.54 s at the end of the single
ground motion. During the synthetic ground motion, it rises up to 0.48 s at the end of
the Marmara earthquake and increases further at the end of the succeeding Duzce
earthquake, reaching a peak value of 0.68 s. Increase in the fundamental stems from
degradation in the lateral stiffness of the structure caused by sustained certain level
of damage. Deterioration in the system lets the structure to take less lateral load. The
variation of the fundamental vibration period of the structure can be observed from
variation of distance between the tips of each two successive cycles shown in the

roof drift ratio trace (Figure 6.47).

6.5.1.3 Discussions on Calculated and Observed Damages

Reliable information about the damage state of the building after the Marmara
earthquake, 17 August 1999, was unavailable. The damage state due to the first
event, found analytically, dominated of cracks (Figures 6.40 and 6.45). This refers to
non-damage or minor damage state according to the damage classification specified
for IDARC. Comparison of the observed and the analytically found damage could
not be performed, since there is no available information about the observed damage
state of the building after the Marmara earthquake.

However, it was determined that during the 12 November 1999 Diizce
earthquake, the case study building sustained severe damage including column shear
failures at the top of the columns at various locations of the ground and first floors.
Main structural damage was concentrated in the first three floors. Damage consisted

primarily of shear failures. Crushing of concrete was accompanied with buckling of
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longitudinal steel bars. Diagonal shear cracks, which are indicative of shear distress,
were also observed in many columns. Flexural cracks were visible in almost all
beams. Some of the ground floor beams had diagonal shear cracks. Damage
distribution was recorded throughout the building carefully and presented in Figures
6.8 to 6.38. Analytically computed damage results due to the synthetic ground
motions are shown in Figures 6.41 and 6.46 for both transverse and longitudinal

directions of the building.

It should be emphasized that a good match was observed between the damage
states found analytically and observed after the Diizce earthquake, especially in the
first two stories that suffered heavy damage. At the ground and first stories of the
transverse (east-west) direction of the building suffered severe damage due to
excessive drifts exceeding limit of 2.0 percent given by ATC 40 (1996) for life safety
performance level (Figure 4.42). The damage sustained includes beam failures at the
ground floor and is captured analytically. Consequently, on the basis of the damage
analyses and evaluation of damage distribution in both directions of the building, the

case study building is judged as being severely damaged.

6.5.2 Five-Story Private Building in Dlzce

The selected case study building is a five story, reinforced concrete building
located in Duzce, nearly 8 km away from the epicenter of the 12 November 1999
Dizce earthquake. The general view of the building can be seen from the
photographs shown in Figure 6.49. The distance between the location of the case
study building and the strong motion record station is about 250 m as shown in
Figure 6.50. A simple key plan showing location of the building is given in Figure
6.51.

The building was designed and constructed in 1991, and it has been used for
residential purposes. The structure experienced the two successive major
earthquakes. Seismic performance of this structure during the 12 November 1999

Diizce earthquake was evaluated by Bayili (2002).
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Figure 6.49 General views of the building after Diizce earthquake
(Photographs taken by Bayili, 2002)

ﬂN

~250m

Figure 6.50 Location of the strong motion record station (solid star) and the investigated
building (solid circle)
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Figure 6.51 Key plan showing location of building

The structural system of the building was composed of reinforced concrete
shear walls and moment resisting frames. Poor concrete strength and inadequate
transverse reinforcement are the main deficiencies in the building. The concrete
strength used in the building and considered in the analyses is 12 MPa. Steel yield
strength is taken as 191 MPa.

The building was rectangular in plan and the dimensions measured from out
to out are 24.25 by 17.20 meters. The floor plan area is 417 m?. It has four bays in
the transverse (east-west) direction and six bays in the longitudinal (north-south)
direction of the building. As indicated in Figure 6.51, the east-west and north-south
directions are slightly deviated from the longitudinal and transverse directions of the

building. Inclination effect is ignored in the analyses.

The height of all stories was 2.80 m. The load carrying system was composed
of frames and shear walls. The U-shaped shear walls were present around the two
staircases. Column and shear wall locations were fixed, but column cross-sectional
dimensions were reduced at the upper stories. In general, dimensions of beams and
amount of longitudinal reinforcement in them do not vary from story to story. Slab
thickness was 12 cm. Sample ground story plan of the building is given in Figure
6.52.

225



P @

130
220 +
220 W 2
130

=

I -
200 185 @ | w0 |ss
1720

s [Pk

®
b
®

g E| El
s s
i — = h— =
Lo
g E
8

= !
| s

[0 35
1 2665

of o e W .
© eoo o
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6.5.2.1 Observed Damage

The case study building was used for residential purposes only. After
Marmara earthquake it was still in service. After the Dlzce earthquake, the building
was evacuated. Damage state of the structure after the Marmara earthquake is not
available. Damage state of the building was recorded first after the Dizce
earthquake. After this earthquake, damage distribution was recorded carefully
throughout the building (Bayili, 2002). Majority of the beams were observed to be
without damage. Flexural and diagonal shear cracks were visible in some of the
beams at the ground story. However shear walls of the structure exhibited flexural
and shear cracks. After detailed inspections on structural members, the columns were
discovered to sustain almost no damage. Distributions of the recorded damage are
illustrated in the following photographs of the building taken after the Dizce
earthquake (Figures 6.53 to 6.68). Considering the amount of damage observed
throughout the Diizce city and the magnitude of the earthquake, damage level of the
case study building was quite acceptable.
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Figure 6.53 Rear elevation of the building after Diizce earthquake of 12 November 1999

Figure 6.54 Columns F3 and F5 at the ground story
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Figure 6.55 Columns F8 and F10 at the ground story

Figure 6.56 Cracking on the second story exterior infill wall at the back side (east-west
direction) of the building
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Figure 6.57 Cracking on of the second story exterior infill walls at the right-side (south) of
the building

Figure 6.58 Diagonal cracks on the web portion of the shear wall P1 at the ground story
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Figure 6.59 Diagonal cracks on the web portion of the shear wall P2 and horizontal crack
along the slab level of the ground story

Figure 6.60 Diagonal crack about 60 cm away from the end of beam spanning between E5
and E6 at the ground story
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Figure 6.61 Diagonal crack in the beam spanning between B2 and C2 at the ground story

Figure 6.62 Flexural crack at the end of the beam spanning between A6 and B6 at the
ground story
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Figure 6.63 Flexural crack at the end of the beam spanning between B8 and C8 at the
ground story

Figure 6.64 Flexural crack at the end of the beam spanning between B9 and C9, where it
spans into the shear wall P2, at the ground story

232



Figure 6.65 Flexural crack, about 80 cm away from the end of the beam spanning between
A8 and A1l at the ground story

Figure 6.66 Flexural crack, about 30 cm away from the end of the beam spanning between
D12 and F12 at the ground story
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Figure 6.67 Flexural crack, about 50 cm away from the left end of the beam spanning
between B7 and B8 at the ground story

Figure 6.68 Flexural crack at the right end of the beam spanning between B7 and B8 at the
ground story
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6.5.2.2 2D Modeling and Inelastic Time History and Damage Analyses

At this stage of the research, the inelastic time history and damage analyses of
this building were performed using synthetic ground motions comprising the
damageable (strong) parts of the ground motions experienced in 1999 in Marmara
region, Turkey. The synthetic ground motion acceleration histories used in these

analyses can be seen in Figure 6.4.

The system is almost symmetric in plan in both directions as shown in Figure
6.51. The building is modeled as a series of plane frames linked by rigid horizontal
elements. Setting the hinge moment to zero and condensing out the corresponding
degree of freedom model the rigid link member hinges. Each frame is in the same
vertical plane, and no torsional effects are considered. Since the floors are considered
infinitely rigid, identical frames are simply lumped together. Input data is only
prepared for each of the typical frames. Two-dimensional frame models of the
building were prepared in both longitudinal and transverse directions for the inelastic
time history and damage analyses. The structural system having ordinary properties
is evaluated as moderately deteriorating system (MOD). Hence the hysteretic model
deterioration parameter values proposed for such systems in the third chapter have

been used in the analyses.

6.5.2.2.1 Transverse (East-West) Direction of Building

The 2D models composed of frames in transverse (east-west) direction of the
building used in the analyses are presented in Figure 6.69. Damage states of these
frames reported after the Marmara and Diizce earthquakes are given mutually in
Figures 6.70 and 6.71, respectively.

The roof drift ratio, base shear ratio variation and overall damage progression
curve, which were computed by applying only the transverse component of the
synthetic ground acceleration, are presented in Figure 6.72. The topmost figure
indicates the synthetic ground acceleration history used in the analysis. The gray

parts of these relationships are those caused by the Marmara earthquake. Maximum
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response values of both events obtained for the transverse (east-west) direction of the
building are given in Table 6.9.

rigidbeam rigidbeam rigid link rigid link

rigid beam | rigid beam rigid link rigid link
rigid beam | rigid beam rigid link rigid link
rigid beam | rigid beam rigid link rigid link
rigid beam | rigid beam rigid link rigid link
(2] (2] ez ezza i) A ezza [z ezzA ezza ezza ezza ezza ez ezza ezza
Frame 3 Frame 2 Frame 1

Figure 6.69 2D Frame model used in the inelastic analyses in transverse (EW) direction
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Figure 6.70 Damaged state of 2D Frame model used in the inelastic analyses in transverse
(EW) direction after Marmara earthquake (x : crack , o : yield)
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Figure 6.71 Damaged state of 2D frame model used in the inelastic analyses in transverse
(EW) direction after Duzce earthquake (x : crack , o : yield, g: failure)
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Figure 6.72 Ground acceleration histories, roof drift ratio variations, base shear ratio
variations and damage curves for transverse (east-west) direction model of the building
located at Diizce
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Figure 6.73 Interstory drift ratio histories for transverse (east-west) direction model of the
building located at Diizce
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Table 6.9 Maximum response values for the transverse (EW) direction of the building

Roof Drift
. PGA . Vpase | W Overall
Ground Motion Ratio
@) (%) (%) Damage
Diizce 0.517 0.34 34.4 0.087
Marmara+Duzce 0.085
[1] 2] 0.363 [1], 0.517 [2]| 0.29 [1], 0.35[2]| 40.1 [1], 29.9 [2] (0.072+0.013)

Table 6.10 Maximum drift response in the transverse (EW) direction of the building

Dizce Marmara + Duzce
Story Earthquake Earthquakes
Interstorey | Drift Ratio Interstorey | Drift Ratio
Drift (mm) (%) Drift (mm) (%)
5 | 11 | 0.39 | 11 | 040 |
4 | 11 | 0.41 | 12 | 041 |
3 | 11 | 040 | 11 | 041 |
2 | 10 | 0.36 | 10 | 037 |
1 5 | 018 | 6 | 021 |

The roof drift ratio, base shear ratio and damage increase rapidly at times
corresponding to sudden increases in the single and synthetic ground motion traces,
as shown in Figure 6.72. At the end of the first event, the overall damage of the
system remains below the light damage level, meaning that non-damage would occur
at this stage of the history. However, although the ground motion intensity of the
Dizce earthquake is relatively larger than that of Marmara earthquake, Dulzce
earthquake does not cause substantial damage compared to Marmara earthquake
(Table 6.9). The overall damage index obtained at the end of the second event, Diizce
earthquake, which is representative of the cumulative damage, is 0.085 remaining
below the light damage level of 0.1. This means that non-damage would occur in this

direction of the case study building.

Maximum roof drift ratio of 0.351 percent was obtained during the second
event at 30 s. The inter-story drift histories in the transverse direction of the building
are shown in Figure 6.73. Peak values of inter-story drift and peak story drift ratios
obtained for both single and synthetic ground motions are summarized in Table 6.10.
Inspection on the inter-story drift ratio histories revealed that the peak story drift
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ratios obtained for all floor levels did not reach the drift limit of 1 percent given by
ATC 40 (1996) for immediate occupancy performance level. Calculated base shear
ratio history in the transverse direction of the building is presented in Figure 6.72.
Base shear is quite high between 7-9 s during the first event and between 30-33 s
during the second event of the synthetic ground motion. It attains peak values of 40.1
percent and 29.9 percent of the total building weight for the first and second events,
respectively (Table 6.9).

It has been demonstrated that although the prior earthquake damage does not
substantially affect the maximum drift response in future larger earthquakes, it has
significant affects on the damage from succeeding earthquake. The structural system
with a prior damage suffers less damage in an earthquake in comparison with the one

without a prior damage (Figure 6.72).

Table 6.11 Modal Period variations in the transverse (EW) direction of the building

o | Undamaged | Diizce | Marmara + Diizce Earthquakes |

ode State ‘ Earthquake| End of first event | End of second event
(Marmara Earth.) (Dlzce Earth.)

1 | 021 | 047 | 0.36 | 0.49 |
2 | 006 | 009 | 0.08 | 0.10 |
3 | 003 | 004 | 0.04 | 0.04 |
4 | 002 | 002 | 0.02 | 0.02 |
5 | 002 | 002 | 0.02 | 0.02 |

The variation of the fundamental period is determined via snapshots at the
end of the two ground motions. The first five vibration modes are obtained for the
state of the transverse direction of the building. The vibration periods are found for
the undamaged state and end of the first and second events, respectively. Results
obtained are presented in Table 6.11. As can be seen from the variation of the modal
periods, the period affected by each event, resulted in softening of the system. The
first mode period of the undamaged state of the building in this direction is 0.21 s. It
rises up to 0.36 s at the end of the Marmara earthquake, and its increases further at
the end of the Dizce earthquake reaching a peak value of 0.49 s. Sustaining a certain
level of damage the lateral stiffness of the structure reduced significantly, and have

increased the fundamental period; letting the structure take less lateral load.
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Figure 6.74 2D Frame model used in the inelastic analyses in longitudinal (NS) direction
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Figure 6.75 Damaged state of 2D frame model used in the inelastic analyses in longitudinal
(NS) direction after Marmara earthquake (x : crack , o : yield)
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Figure 6.76 Damaged state of 2D frame model used in the inelastic analyses in longitudinal

(NS) direction after Duzce earthquake (x : crack , o : yield, g: failure)
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Figure 6.77 Ground acceleration histories, roof drift ratio variations, base shear ratio
variations and damage curves for longitudinal (north-south) direction model of the building

located

at Diizce
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Figure 6.78 Interstory drift ratio histories for longitudinal (north-south) direction model of

the building located at Diizce
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6.5.2.2.2 Longitudinal (North-South) Direction of Building

The models of the frames in this direction of the building are presented in
Figure 6.74. Figures 6.75 and 6.76 show the damage state of the frames after the

Marmara and Duiizce earthquakes, respectively.

The roof drift ratio, base shear ratio and overall damage progression curves,
obtained by applying the longitudinal components of the single and synthetic ground
acceleration histories, are presented in Figure 6.77. The topmost figure indicates the
single and synthetic ground acceleration histories used in the analyses. The Marmara

earthquake causes the gray parts of these relationships.

Table 6.12 Maximum response values for the longitudinal (NS) direction of the building

. PGA Roof Drift Viase | W Overall
Ground Motion © Ratio (%) (%) Damage
Duzce 0.407 0.44 94.3 0.084
Marmara+Dizce 0.120
[1] 2] 0.312[1], 0.407[2]| 0.20[1], 0.53[2] | 40.3[1], 75.2[2] (0.043+0.077)

Table 6.13 Maximum drift response in the longitudinal (NS) direction of the building

Duzce Marmara + Dlzce
Story Earthquake Earthquakes
Interstorey | Drift Ratio Interstorey | Drift Ratio
Drift (mm) (%) Drift (mm) (%)
5 | 15 | 0.55 | 16 | 059 |
4 | 15 | 054 | 17 | 059 |
3 | 15 | 0.52 | 16 | 058 |
2 | 13 | 0.45 | 15 | 0.55 |
1 | 6 | 0.22 | 10 | 034 |

Maximum response values of obtained during both single and each event of
the synthetic ground motion for the longitudinal (north-south) direction of the

building are given in Table 6.12.
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Figure 6.77 reveals that the roof drift ratio, base shear ratio and damage
increase suddenly at some time values corresponding to strong pulses in the ground
acceleration reversals. The overall damage index obtained at the end of the first event
remains below the light damage level. This means that no damage would occur
during the Marmara earthquake. The overall damage caused by the succeeding
Duzce earthquake is 0.077. The cumulative damage attained at the end of the second

event exceeded the light damage level.

Figure 6.77 contains the roof drift ratio history obtained for this direction of
the building. The roof drift ratio attained its first peak value of 0.20 percent during
the first event at 9 s. In this direction, maximum roof drift ratio of 0.53 percent was
obtained during the second event at 36 s. The stories peak response values (peak
story shear, peak displacement, peak inter-story drift and peak story drift ratios) are
tabulated in Table 6.13. The story drift histories in the longitudinal direction of the
building are shown in Figure 6.78. Peak story drift ratios obtained for all floor levels
did not reach the drift limit of 1.0 percent given by ATC 40 (1996) for immediate
occupancy performance level. As seen in Figures 6.77 and 6.78 the structure was
observed to undergo significant permanent sway in the transverse direction. At all
floors the permanent drift was about 0.4 percent, and it was less than 1.0 percent,
which is commonly accepted as the permanent drift ratio about which significant
structural strength deterioration and stiffness degradation occurs and second order
effects become significant. It is shown that prior damage does not have substantial

effect on maximum drift response in future larger earthquakes.

Calculated base shear ratio history in the transverse direction of the building
is presented in Figure 6.77. Base shear is quite high between 7-13 s during the first
event and between 30-40 s during the second event. During the first and second
events, the base shear reaches its peak values of 40.3 percent and 75.2 percent of the

total building weight, respectively.

Determination of structural response at instants during the time history and

damage analysis is optional in IDARC. Hence, response snapshots are requested
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during the analysis to determine the variation of the fundamental vibration period at
the ends of the successive motions.

Table 6.14 Modal Period variations in the longitudinal (NS) direction of the building

o | Undamaged | Diizce | Marmara + Diizce Earthquakes |

ode State ‘ Earthquake| End of firstevent | End of second event
(Marmara Earth.) (Dlzce Earth.)

1 | 029 | 036 | 0.32 | 0.38 |
2 | 006 | 006 | 0.06 | 0.06 |
3 | 003 | 003 | 0.03 | 0.03 |
4 | 002 | 002 | 0.02 | 0.02 |
5 | 001 | 001 | 0.01 | 0.01 |

The first five vibration modes are obtained for the state of the longitudinal
direction of the building. The vibration periods are found for the undamaged state
and end of the first and second events, respectively. Results obtained are presented in
Table 6.14. As can be seen from the variation of the first mode period, the system
affected by both events. The first mode period of the undamaged state of the building
in this direction is 0.29 s. It rises up to 0.32 s at the end of the Marmara earthquake,
and its increases further at the end of the Diizce earthquake reaching a peak value of
0.38 s. Sustaining a certain level of damage the lateral stiffness of the structure
reduced significantly, and have increased the fundamental period; letting the
structure take less lateral load. As seen in Figure 6.77 and Table 6.12, although the
intensity of the second event in larger than that of first event, the maximum lateral
load resisted during the second event (40.1 percent of the total building weight) is
considerably smaller than that of the first event (29.9 percent of the total building

weight).
It should be noted that although the prior earthquake damage does not have

substantial effects on the maximum drift response in future larger earthquakes, it

significantly affects the damage due to the succeeding earthquake (Figure 6.77).
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6.5.2.3 Discussions on Calculated and Observed Damages

The case study building was used for residential purposes only. After
Marmara earthquake, as it was still in service, the damage state of the building was
expected to be very little. The building was evacuated after the Diizce earthquake.
Damage state of the building was recorded first in July 2000. Observed damage
distribution was recorded throughout the building by Bayili (2002) and presented in
Figures 6.53 to 6.68. After detailed inspections on structural members it was seen
that majority of the beams were undamaged. However shear walls of the structure
exhibited flexural and shear cracks. The columns were discovered to sustain almost
no damage. Considering the amount of damage observed throughout the Diizce city
and the magnitude of the earthquake, the damage state level of this case study

building was quite acceptable (Bayil1, 2002).

After the Marmara earthquake, almost no damage was found analytically
especially in the transverse (east-west) direction of the building. As inspected from
the analytical damage distribution given in Figures 6.70 and 6.75, only sparsely
distributed cracking damages were observed. Localized minor cracking refers to non-
damage state level according to the damage classification specified for IDARC’s
damage model. Comparison of observed and analytically found damage could not be
performed, since since there is no available information about the observed damage
state of the building after the Marmara earthquake. Analytically computed damages
caused by the synthetic ground motions are presented in Figures 6.71 and 6.76 for
both transverse and longitudinal directions of the building.

It should be noted that a good match was observed between the damage states
found analytically and observed after the Diuizce earthquake. In both transverse and
longitudinal directions of the building, peak story drift ratios obtained for all floor
levels are about 0.5 percent at most and do not reach the drift limit of 1.0 percent,
given by ATC 40 (1996) for immediate occupancy performance level (Figures 6.73
and 6.78). As a result, on the basis of the damage analyses and evaluation of damage
distribution in both directions of the building, the case study building is judged to

have been suffered only minor damage.
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CHAPTER 7

CONCLUS ONS

7.1 Summary

In modern building codes, Sructures are designed so that they would not
collgpse during desgn-level earthquakes likely to occur a the Ste of the building. In
many cases, dructures would not experience an eathquake with equivaent
magnitude to the desgn-levd eathquake during ther lifetime. However, it is
possble that structures, built in seismic zone where earthquakes occur quite often,
may be subjected to severa smdler-magnitude earthquakes. After being subjected to
one or more of such earthquakes neither structural damage nor non-structural damage
may occur and the dructure could gill retain its integrity. Although no visble
damage may occur during such repeated earthquakes, structures subjected to them
may experience degradation in structurd characteristics due to resdud deformations

from previous ones.

If a structure undergoes successve earthquakes, and does not collapse, the
resdud deformations may build up. This build-up will result in accumulaion of
ovedl reduction of avalable dructurd atributes, such as diffness,  srength,
ductility, energy dissipation capacity etc., during subsequent earthquakes.

The accumulated damage sustained under earthquake excitations with milder
intendties may dgnificantly affect the response of a building to desgn-leve
earthquakes. Observations of the behavior of reinforced concrete structures subjected
to successive earthquakes, andytica dudies and laboratory experiments have al
contributed toward placing the accumulated damage due to low cycle fatigue on a
firm rationd bas's and gpecifying this phenomenon in building seismic codes.
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This study addresses the problem of estimating the prior earthquake damage
effects on the response of reinforced concrete Structures subjected to future design-
level earthquakes. The motivation has arisen from the heavy damages or collgpses of
many reinforced concrete structures that experienced two mgor earthquakes recently
in the Marmara Region, Turkey.

Comprehensve reviews of many of the damage modes proposed by severd
researchers indicate that he man drawback of most damage modds is the need of
tuning ther coefficients for a paticular sructurd component and the lack of
cdibration agangt varying degees of damage observed after actua earthquakes or
laboratory tests (Williams and Sexamith, 1995). The more rationd prediction of
cyclic response and damage for a particular structurd type can be provided on the
condition of fine-tuning of hyderetic mode deterioration parameters. In this sudy
attempts have been made to cdibrate the deterioration parameters of IDARC
hyseretic modd. Deterioration (stiffness degradation, strength deterioration and
pinching) parameters of IDARC's modd have been calibrated to assess their most
auitable combination providing more redisic damage prediction. Cdibration of the
parameters has been carried out by using a gradient seerch method via minimization
of the difference between the amounts of experimentaly and analyticdly computed
disspated hyderetic energy. In the cdibratiion process the experimental database
belonged to a totd of twenty-two beam and column modd tests, drawn from two
sources. It has been demondrated that fine-tuning of the hyderetic modd
deterioration parameters is essentid for more redidic predictions about ingagtic
behavior and dructurd damage. In addition, sendtivities of the damage index and
disspated hyseretic energy to both IDARC's hyseretic mode deterioration
parameters and some of the principal sructural characteristics have been designated.
Three ranges of parameters are proposed for three deterioration levels of structura
components in order to provide more rationd dructurd damage prediction. Effects
of some principa dructura parameters, such as axia load leve, concrete strength,
renforcement yidd drength and cross-sectional area, on structura damage have
been investigated.
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The underlying generd objective of this sudy has been the quantitative
prediction of the intermediate and the resultant damage levels in a Structure subjected
to successve earthquake ground motions. To meet the objective indadic time
higory and damage andyses of numerous SDOF systems have been carried out to
determine whether the loading higtory has an effect on disspated hyseretic energy
and dructura damage. Then this emphass is directed to the andyses of MDOF
gysdems. The importance of the effects of prior damage induced in reinforced
concrete structures on their response to future earthquakes is widdly recognized.

In addition to various condant and variable amplitude indagtic digplacement
reversas with increesng and decreasing order, synthetic ground motions composed
one of the four earthquake records preceded or followed by its various times
amplitude-compressed record acting as a prior earthquake and successive earthquake
have been used n the indadtic time history and damage andyses of numerous SDOF
sysems.

An indadic time higory and damage andyses of two reinforced concrete
buildings are peformed to assess the prior earthquake damage effects on the
dructura response of damaged buildings. One of the buildings was located in Bolu,
and the other was in Duzce city. The firg building is a public building wheress the
second is a private one. The anadyses have been caried out usng the created
synthetic accelerograms comprised of base input provided by these two recorded
ground motions. Effects of verticd components of ground motions and infill walls
are not addressed. The overall structurad damage caused by the subsequent (Diizce)
eathquake has been quantified usng the overal dructurd damage index of the
previous (Kocadi) dedructive ground motion. The anayticd damage results are
compared with the observed sructural damage. It has been demonsrated that the
indadic time higory and damage andyss is competent to indicate the damage Hate
of the dructura systems. A good match was observed between the damage states
found andytically and observed after the Diizce earthquake.
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7.2 Conclusions

On the bass of the obsarvations and results achieved in this study the

following conclusons are drawn:

The deterioration parameters of IDARC's hyderetic mode have been
cdibrated by minimization of the differences between the amounts of
experimentaly and andyticaly computed disspated hyderetic energy.
Disspated hyderetic energy and damage index of a reinforced concrete
member are quite sendtive to sdection of the hyseretic modd deterioration
parameters. Redidic damage predictions of dructures and members strongly
depend on the appropriate sdlection of the <iffness degradation (a), strength
deterioration (b) and pinching (g) parameters. A random sdection of these
parameters result in a condderable error in the damage index and energy
disspation, thus may cause to serious midead in damage prediction. The
most effective parameters are pinching and drength deterioration, whereas
diffness degradation parameter has less effect. In order to get reasonable,
accurate estimates of cyclic response and damage for a prescribed path, fine-
tuning of the parameters, especidly g and b, is highly essentid.

Structural characterigtics of reinforced concrete members (axid load levd,
concrete strength, amount of transverse reinforcement, etc.,) influence the
diffness degradation, strength deterioration and pinching parameters of the
hyseretic behavior, aso have subdantial effects on energy disspation
characteristics and damage index. Hence, for reasonable, accurate predictions
of dructurd damage and energy disspation, deterioration parameters of the
hyseretic mode should be sdected atentively, considering the sructura

properties of the reinforced concrete members.

For a successful prediction of structurd damege, firdly the hysteretic mode
deterioration parameters should be sdlected so as to the hysteretic behavior in
‘redlity’ is captured. The importance of the fine-tuning of deterioration
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parameters, especidly for b and g, to pemit more rationa damage
predictions, is demondtrated. As a result of extensve parametric analyses and
evauation of experimenta data of reinforced concrete specimens subjected to
consdant and vaiable amplitude displacement cycles, three ranges of
parameters are proposed, condituting the most suitable combination of
parameters for deterioration levels of reinforced concrete members. These
clases ae defined as mildly deteriorating (MLD) systems, moderately
deteriorating (MOD) systems and severdy deteriorating (SVD) sysems. A
different combination of low cycle fatigue parameters (a, b, ) is assigned to
each class. For MLD systems a=10, b=0.1, and g=0.8 are assigned as the low
cycle fatigue parameters. The vaues of the parameters a, b and g for MOD
sydems are taken as 6.0, 0.3 and 0.5, respectively and deterioration
parameters of SVD systems are proposed as a=3, b=0.6, and g=0.3.

There is a large difference between the damage predictions from the modified
Pak and Ang damage mode incorporated into IDARC and damage mode
proposed by Erberik and Sucuodlu (2004). The damage index implemented in
IDARC is closly related to the hysteretic behavior of the reinforced concrete
member being dudied. The hysteress modd is controlled by three
parameters, namely diffness degradation (a), strength deterioration (b) and
pinching (g) parameters. The formulation of the modd isasfollows.

f -f YE

T,

h
degradation, but not on pinching. The model expresses the totd damage a the
n" full-cycle as follows;

:n11-1+$ni] g%ie_é]- -]_g
m-1 gm-15&5E,, 5

It should be noted that there is a amilarity in between the firs components of

en

both models, but the second components are based on different concepts. The
inspected difference may be atributed to the philosophy of both concepts
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folowed by the modds and omits of the pinching effect by Erberik and
Sucuodlu modd.

The damage mode incorporated in IDARC is composed of two parts
deformation and drength. The deformation damage is comprised of the firg
term, whereas the strength damage stems from the energy term of the damage
modd. Since the enclosed area of moment-curvature hyseress loops is a
measure of the accumulated disspated hyderetic energy of reinforced
concrete components, the varigbles affecting the energy disspation of the
gructurd members are the same as those affecting their damage leve atained
in the end. Seismic dructurd damage and energy disspation capecity of
reinforced concrete members depend on the axia load leve, amount of
confinement reinforcement, concrete srength, amount and yiedd drength of
longitudind reinforcement and cross-sectiona area.

Increese in the axid load level to bdanced levd leads to diffening and
drengthening of the cross section, accompanying reduction in ductility. This
effect is more driking for the sections contaning low longitudind
reinforcement ratios. In case of axid load levds equal or greater than the
baanced falure load, the amount of ductility is dmost negligible The axid
load level has a subgtantid effect on the energy disspation capacity and thus
the deeioration levd. The smdler the axid load leve the larger is the
amount of hysteretic energy disspated before falure. However, the axia load
does not affect sgnificantly the number of congtant amplitude cycles that can
be sugtained before failure. 1t has been ingpected that the higher the axid
load, the more abrupt is the fallure. When the axia load capacity of a column
member is 6~8 times the desgn axid load, i.e, when the column is
proportioned dmost as a girder, the frame action is greetly improved. The
revison of the building or ssismic codes shoud be based on firm bases of the
effective parameters resulting from evidences of both extendve experimentd
and andyticd research and observations on the dtructurd behavior after
actua earthquakes, laboratory tests. Experimentd and andytica evidence

indicate that, under reversas of displacement into the nonlinear range, a
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factored axid compressve force exceeding 0.20fcAg acting on column
members causes an abrupt falure process. However, structura desgn close
to the limits of the code provisons is a tradition in Turkey. In order to
address this and defuse the deficiencies commonly observed after earthquakes
(especidly inadequate concrete strength leading to increase in axia load leve
and thus expected behavior) in reinforced concrete buildings the limitation
related to axid load level specified in the nationd building and earthquake
codes, TS 500 (2000) and TEC (1998), should be reduced to one-fourth or
one-fifth of the limits currently in force.

Concrete srength does not have substantia effect on the laterd load capacity
of the framing sysems. However, increase in concrete strength leads to a
dgnificant decreese in  deformation of the framing sysems. Hence
deterioration levd of the dructurd system affected ggnificantly by the

vaiations in concrete strength.

Concrete drength has a subgtantid effect on damage and damagesbility of
dructurd  sysems. Specimens with reatively higher concrete  srengths
exhibited congderably larger energy disspation cgpacity. The higher the
concrete drength the larger was the amount of hyseretic energy disspated
before falure. The sysem with low concrete drength seems to undergo
relatively more damage, due to excessve drifts and low lateral load capacity.
The system with 15 MPa or lower concrete strength is a candidate to undergo
sgnificant damage. Due to the lack of good care and supervison, significant
variations in concrete srength are observed during the congruction, and the
concrete srength in the structura components is found to be much lower than
the strength of the selected concrete grade. If there is a doubt in providing the
required sufficient concrete strength, the cross-sectiond dimensons should
be kept larger deliberately.

The energy disspatiion capacity and thus the deterioration level of the
dructura system ae dfected ggnificantly by the ratio of transverse
reinforcement. The specimens with transverse reinforcement ratios exceeding

254



one percent exhibited condderably larger energy dissipation cgpacity with
dight changes in deterioration parameters. It should be dated that the smaller
the hoop spacing the larger was the amount of hyseretic energy disspated
before failure.

The number of load cycles has an effect on the level of damage sustained by a
reinforced concrete component. Increase in the amplitude of the congtant

amplitude cycles diminishes the number of cycles up to falure.

Both damage progresson and accumulation of disspated hyderetic energy
folows different paths in vaiadle amplitude loading histories. Hence,
damage and cumulaive hyderetic energy disspaed dong a path seem
goparently to depend on the number and amplitude of cycles condtituting the
path. However, resultant damage attained in the end of the loading history
and accumulated hyderetic energy disspated dong the loading path are
independent from the ordering of the same number and amplitude cycles
adong the path. The damage levels ataned in the end of the different paths
with the same number and amplitude cycles are dmost equal. The same
interpretation is vaid for disspated energy.

Structurd damage depends on the ductility levd of congant amplitude
reversas. Damage rapidly incresses during the firg pulse of the congant
amplitude loading history. Regardless of ductility, this damage condtitutes the
mgor pat of the totd damage. Later, damage progresson seems to follow
dmog a linear path with reatively very smdl rates. Damage increases dmost
in proportion to the increase in the cycle amplitudes. In this respect, the
damage rule developed by Miner (1945) fals for reinforced concrete
members as it assumes that the accumulation of damege is liner and
independent of load path.

There is a nonlinear relationship between the earthquake excitation intensity
and the resultant damage attained in the end. Increase in the amplitude leads

to exponentia increase in damage.
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The prior eathquake damage has dgnificant effect on the SDOF system
response to subsequent future earthquakes. Increase of the prior earthquake
intengty causes reduction in the damage from the succeeding man
earthquake. Damage from prior earthquakes of one-fourth and one-third
amplitude of the main earthquake record is negligibly smal compared to the
damage caused by the main earthquake.

A definite ground motion record acting as prior earthquake and successve
eathquake leads to subgtantialy different amounts of damage. In comparison
with the tota damage, damage caused by such ground motion acting as prior
earthquake is two-times of the damage resulted by the same ground motion
acting as subsequent earthquake.

The same or gmdler amplitude intendty successve earthquakes cause
damage ranging up to about 60 percent of the man earthquake damage.
Successive earthquakes with intengties ranging from one to one-fourth of the
main earthquake intendity cause to damages ranging from about 58 percent to
2 percent of the main earthquake damage.

Prior earthqueke damage does not subgantidly affect the maximum drift
reponse in future larger earthquakes. The two-dimensona models of two
five-story reinforced concrete frame-wal dructures are exposed to single
(Duzce) and synthetic (Marmara and Duizce) ground motions. Each of the
gynthetic ground motions congds of two different-intengty ground motions
that are sequenced in increasing order. The pesk drift response at each story
and a the top of buildings was dightly affected by the previous (Marmara)
shakes of gsmaler intendties. Synthetic ground motions caused pesk drifts
that ranged from O to 25 percent larger than those obtained in single (Duizce)

ground motions.

The prior eathquake damage sgnificantly influences the damege of MDOF
frame type dructures from succeeding earthquakes. Although it seems
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illogicd, a dructurd sysem with a prior damage suffers less overdl damage

in an earthquake in comparison with the one without a prior damage.

7.3 Possible Future Work

The reserch conducted in this dissertation can be extended in the future as
explained below:

This study can be repeated by using three-dimensond nonlinear andyses
tool. Such a study would enable comparison of efficiency and accuracy of the
two nonlinear analyses tools used.

The more reasonably accurate estimation of cyclic response is essentia for
damage assessment. The cdibration process of hysteretic mode deterioration
parameters (diffness degradation, strength  deterioration and  pinching
parameters) has been performed using experimental database beong to
twenty-two beam and column test specimens drawn from two sources.
Disspated hyseretic energy and damage index are quite sengdtive to sdection
of the deterioration parameters, o fine-tuning is indispenssble. Therefore in
the future, it is possible to cdibrate the deterioration parameters using the test
data of a large number of different sets of gpecimens with various ructurd
properties to determine more suitable combingtion of parameters including
additiona ones for a paticular dructurd component with pre-identified
material properties, axid load, and geometry.

The indadic time history and damage andyses conducted to understand the
effects of loading higory on sdsmic peaformance and damage given in
Chapter 5 may be carried out with a large number of red earthquake records

to make more definite conclusions.

In this dissertation indadgtic time higory and damage andyses of two
reinforced concrete buildings have been performed without congdering the
infill wals. It is beieved that effective infill wals without windows, doors or
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openings contribute to the framing sysems in resding the laterd force
induced by earthquake forces in some degree. Hence, these analyses may be
repested for severd other reinforced concrete buildings considering the
effident infill wals

In the indadtic time higory and damage anadyses performed in this study ‘soil
dructure interaction (SSl)’ effects are not taken into account. Congderation
of SS effects in the models is believed to be essentid for more rationa
damage prediction. SSI effects would cause reductions in sasmic demands
and dructurd damage. Extending the scope of this sudy by considering SSI
effects would be highly useful.
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APPENDIX A

TABLESOF HYSTERETIC MODEL PARAMETERS
TABULATED SEARCH STUDY RESULTS

Appendix A contains the sample table of the hydteretic modd deterioration
(dtiffness degradation. strength deterioration and pinching) parameters search study
results of the two sets of beam and column test specimens. The fird set of the
specimens was tested at Purdue University and the second set specimens were tested
a METU Structural Mechanics Laboratory.
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Table A.1 Andytica results of dissipated hysteretic energy and damage index for varied
values of Hysteretic Model Parameters a, b and g- Pujol column test specimen C10-2-3N

(E,,, = 20514kNmm)

a| b | g Eana Eap ~ Eana |Ef'xp  Eupa| | [Eep - Bana| D, ||D- D

(KNmm) | (kNmm) | (kNmm) Eeo | |

5.0 080| 050 | 11352 -9162 9162 0.447 0.856( 0.186
50| 070| 050 | 16442 -4072 4072 0.198 0.994| 0.048
5.0 | 061 | 050 | 20247 -266 266 0.013 1041] 0.001
5.0 060| 050 | 20514 0 0 0.000 1.042| 0.000
5.0 | 050| 0.50 | 23627 3113 3113 0.152 1.009| 0.033
5.0 ] 040 | 050 | 25841 5327 5327 0.260 0.924( 0.118
5.0 | 030| 050 | 27483 6970 6970 0.340 0.803| 0.239
5.0 020| 050 | 28728 8214 8214 0.400 0.660( 0.382
5.0 010| 050 | 29713 9199 9199 0.448 0501 0541
5.0 | 0.00| 0.50 | 30498 9985 9985 0.487 0330 0.712
5.0 [ 060]| 000 | 5445 -15068 15068 0.735 0.547| 0.495
50]060] 010 | 7607 -12906 12906 0.629 0618 0424
5.0 |1 060| 020 | 11560 -8953 8953 0.436 0.747| 0.295
5.0 | 060| 030 | 14981 -5533 5533 0.270 0.859( 0.183
5.0 | 0.60 | 040 | 18028 -2486 2486 0.121 0.958| 0.084
5.0 | 060| 050 | 20514 0 0 0.000 1.042| 0.000
5.0]060| 060 | 22823 2310 2310 0.113 1113] 0.071
5.0 |1 060| 0.70 | 24681 4167 4167 0.203 1174] 0132
5.0 |1 060| 0.80 | 26383 5869 5869 0.286 1.229| 0.187
5.0 060| 090 | 27821 7307 7307 0.356 1.275] 0.233
5.0 ] 060| 1.00 | 29150 8636 8636 0421 1.318| 0.276
5.0 | 000| 1.00 | 5777 -14737 14737 0.718 0330 0.712
5.0 | 0.00| 0.00 | 60352 39839 39839 1.942 0330 0.712
5.0]080| 1.00 | 4831 -15683 15683 0.764 0.584( 0458
5.0 080 | 000 | 11627 -8887 8887 0.433 0.836| 0.206
1.0 | 060 | 050 | 14177 -6337 6337 0.309 0831 0.211
2.0 | 060 | 050 | 17288 -3226 3226 0.157 0.933| 0.109
3.0 |1 060| 050 | 18928 -1586 1586 0.077 0.987| 0.055
5.0 060| 050 | 20514 0 0 0.000 1.042| 0.000
7.0 | 060 | 050 | 21465 951 951 0.046 1069| 0.027
10.0| 060 | 050 | 22211 1697 1697 0.083 1.094| 0.052
20.0] 0.60| 050 | 23144 2630 2630 0.128 1.124] 0.082
50.0] 0.60 | 0.50 | 23809 3295 3295 0.161 1146| 0104
100.0| 0.60 | 0.50 | 24046 3532 3532 0.172 1154 0112
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APPENDIX B

STRUCTURAL PROPERTIES AND ENGINEERING AND
ARCHITECTURAL DRAWINGSOF THREE BUILDINGS

Appendix B contains the engineering drawings of the Cdtiksuyu Regiond
Primary Education School buildings which was located a Cdtiksuyu village, Bingdl
and subjected to the May 1, 2003 Bingdl Earthquake. In addition to sngpshots of the
three dimensond devaions of thee buildings engineering drawings showing
ground stories column, beam and dab dimensions of the are presented in Figures B.1
to B.5. Findly to give an opinion about the damaged date of the buildings, the
photographs of the buildings taken right after the earthquake are presented in Figure
B.6.

Although one of these buildings did not suffer any dructurd, the brittle
falure of columns of the other two buildings resulted in ther tota collapse during
the earthquake. The story mechanisms occurred in the five-story dormitory building,
result in falure killing more than eghty students. Three-story school building aso
collapsed due to the story mechanism a the ground story. However, four-story
residential building did not suffer any structural damage.
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Figure B.1 Three dimensiona eevation of the dormitory building
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Figure B.2 Ground story plan of the dormitory building
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Figure B.3 Three dimensond eevation of the school building
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Figure B.4 Ground, first and second stories plan of the school building
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Figure B.5 Ground story plan of the residentia building




(a) Dormitory building (Totally collapsed)

(b) Schoal building (Fully collapse of ground story)

(c) Resdenta building (No damage)

Figure B.6 Photographs of the Celtiksuyu Regiond Primary Education School buildings after
Bingdl earthquake of May 1, 2003
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APPENDIX C

ENGINEERING AND ARCHITECTURAL DRAWINGS OF
FIVE STORY BUILDING

Appendix C contains the three-dimensond mode sngpshot and engineering
drawings of the branch office building of the Minisry of Public Works and
Settlement  located at Bolu, experienced the August 17, 1999 Marmara and
November 12 1999 Diizce eathquakes. Three dimensond view of the building is
shown in Fgure C.1. Enginesring drawings that are giving beam, dab and column
details of the ground story are presented in Figures C.2 and C.3.
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Figure C.1 Three Dimensona Elevation of The Building
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Figure C.2 Ground floor beams and dabs details
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