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ABSTRACT

This study concentrates on evaluation and estimation of collapse of two 3-story and
9-story steel moment resisting frames designed by SAC/ FEMA for the place of Los
Angeles California. “Collapse” in this research is defined as the loss of lateral load-
resisting capacity of frame structural system by the application of ground motion and
by considering P-A effects on the dummy column. Dummy column is connected to
the steel moment-resisting frame in order to consider the effects of gravity loads of
the real 3-D structure while 2-D frame is extracted from 3-D frame. Estimation of
collapse performance requires the relation between a ground motion intensity
measures (IM) and the probability of collapse defined as collapse fragility curve as
well as the relation between the same ground motion IM and the seismic hazard for

the building defined as seismic hazard curve.

Among two methods of estimating the collapse fragility curve; IM-based and EDP-
based, the first method is carried out in this research because of its better
performance in collapse limit state according to the previous research. In this
approach, collapse is associated with ground motion IM and it is obtained by using
Incremental Dynamic Analysis. The collapse performance criteria that are obtained
from this research are compared with the collapse performance criteria recommended

by Haselton and SAC/FEMA guidlines.

Keywords: Incremental dynamic analysis, Fragility curve, Mean annual frequency,

Seismic Hazard Curve, Probabilistic.



0z

Bu calismada SAC/FEMA ilkeleri dikkate alinarak Los Angeles California bolgesi
icin tasarlanan 3 katli ve 9 katli gelik ¢ergeve sistemlerin gogme durumunun tahmini
yapilmistir. Bu tez ¢alismasi kapsaminda “gé¢me”, fiktiv kolonlarda ikinci mertebe
moment etkisinin de gdz Oniine alindig1 halde bir gerceve sistemin sismik yiik altinda
yatay yiik tagima kapasitesini kayibetmesi durumunu anlatmaktadir. Fiktiv kolonlar
gercek 3 boyutlu tasiyict sistemde diisey yiik etkisinin 2 boyutlu modele yansitilmasi
amaci ile ana cerceve sisteme eklenen kolonlar olarak ele alinmistir. Gogme
performansinin tahmin edilmesi kirilganlik egrisi olarak tanimlanan deprem siddeti
ile gocme olasiligr iliskisi ve buna paralel olarak deprem siddeti ile sz konusu

bolgede bina i¢in tanimlanan deprem tehlike egrisinin olusturulmasi ile yapilmstir.

Gogme olasiliginin tahmin edilmesi igin var olan iki yontemden siddet 6l¢iisiiniin
kullanilmasi 6zellikle gogme limit durumunda 6nceki ¢alismalarda daha iyi sonuglar
verecegininin belirtilmesinden dolay1 bu ¢alismada da kullanilmis, bir diger yontem
olan muhendis-talep-parametrsi  kullanilmamistir. Bu ¢alismada gogme durumu
deprem siddeti ile iligkilendirilmis ve Artimsal Dinamik Analiz yontemiyle elde
edilmistir. Bu calisma sonucunda elde edilen gé¢me performansi, Haselton ve

SAC/FEMA tarafindan onerilen kriterler dogrultusunda degerlendirilmistir.

Anahtar Kelimeler: Artimsal Dinamik Analiz, Krilganlik egrisi, ortalama yillik

frekans, Sismik Tehlike Egrisi, olasilik.
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Chapter 1

INTRODUCTION

1.1 Motivation

One major purpose of seismic deign is to protect the structure against “collapse”.
This general word is defined as the loss of capacity of a structure when subjected to
seismic excitation. Global collapse may be the cause of dynamic instability in a side-
sway mode, which is started by large story drifts and increased in amplitude by
second order P-A effects and loss of strength and stiffness of the components of

structural system.

Capability of predicting the dynamic response of deteriorating structures is almost
the most significant part in the assessment of collapse, particularly for those older
structures that the failure occurs at the relatively smaller deformations in comparison
with the modern structures. For such systems, the global collapse is assumed to be
associated with *“acceptable” story drift or a “limited” value of deformation in any
elements of the structural system. It is noted that these assumptions for collapse
mechanism are just because of the lack of information about hysteretic models that
are able to simulate failure behavior for the older constructions. The approach used
in this research has the ability to consider the effects of redistributions of damage and
also mentions the capacity of the system before collapse to sustain deformations
larger than those that are associated with loss in the resistance of individual

components.



Therefore, the approach that is integrating all the sources of global collapse of the
structural systems should include the effects of strength deterioration, cyclic
deterioration (CD) as well as second order P-A effects. In this research, global
collapse occurs due to the incremental “side-sway” collapse of at least one story of

the structure.
1.2 Objective

The objective of this research is to apply a methodology for prediction of global side-
sway collapse performance that results the relation between a ground motion
intensity measure (IM) and the probability of collapse known as “collapse fragility
curve” as well as the relation between that ground motion intensity measures and the

seismic hazard for the building, known as *“seismic hazard curve”.

The approach applied for predicting the collapse fragility curve of a structure is name
as IM-based approach in which, collapse is obtained by Incremental Dynamic

Analysis (IDA).

Two 3-Story and 9-story Steel Moment Resisting Frames (SMRF) are analyzed to
obtain the estimates of collapse performance with the collapse performance criteria

recommended in SAC/ FEMA guidelines.

The modeling and IDA analyses are done by the use of OpenSEES software
published by Pacific Earthquake Engineering Research (PEER) center and by the
application of TclEditor computer programming language published by PEER in

2001.



1.3 Organization

Chapter 2 of this research concentrates on a brief literature surveying of the most
salient findings in the evaluation of structural collapse including the general
methodology for assessing side-sway collapse as well as illustrating the advantages
and limitations of the procedure, a brief literature survey on ground motion selection,
IDA curves, collapse fragility curves (FCs) and mean annual frequency (MAF) of

collapse.

Chapter 3 concentrates on the modeling considerations such as utilized material
characteristics, hysteretic behavior of steel0l and steel02 from the manual of
OpenSEES software, place of the formation of plastic hinges, an example on the
application of P-A effect on a cantilever beam modeled by OpenSEES software,
explanation about fiber sections, their behavior and the related assumptions, damping

in our structures, fatigue phenomena and calibration of Damage Index, DI.

Chapter 4 focuses on the methodology considered in this research for collapse
investigations and application in OpenSEES, Ground Motion selection and scaling,
post-processing and generating IDA curves and related algorithms used for analyzing
SMRFs, discussion of fragility IM-based curve, Log-Normal distribution function
and also Fraction-based approach in order to generate fragility curve and finally

generating seismic hazard curve in order to find Mean Annual Frequency.

Chapter 5 focuses on analyses and results of two SMRFs according to the
methodology discussed in Chapter 4 and representation of the related figures

and tables of results.



Chapter 6 of this study is related to the conclusions and discussions as well as

recommending possible future works that can be done in this research area.



Chapter 2

LITERATURE SURVEY

2.1 Introduction

“Collapse” in earthquake engineering refers to the incapacity of a structural system
or a part of it to maintain gravity load-carrying capacity under seismic excitation that
is generally categorized in global and local, respectively [1]. Local collapse may take
place, for example, if a column fails in compression or if the shear transfer is lost

between a flat slab and a column.

Global collapse has a lot of causes; one of the reasons is the propagation of an initial
local failure from element to element that may result in cascading or progressive
collapse [2], [3]. The other type of global collapse is “Incremental Collapse” that is
because of very large displacement of an individual story and second-order P-A
effects fully offset the first-order story shear resistance. In both cases, replication of
collapse necessitates modeling of deterioration characteristics of structural

components subjected to cyclic loading and the consideration of P-A effects [1].

In this research, global collapse is expected to be occured due to the incremental
“side-sway” collapse of at least one story of the structure by considering
deteriorating hysteretic models. This approach permits a redistribution of damage
and takes into account the ability of the system to maintain stability until structure P-

A effects become the deteriorated story shear capacity.



2.2 Previous Research on Global Collapse

Collapse assessment approaches have been improved on several fronts.
Understanding and quantifying P-A effects and developing deteriorating nonlinear
component models that can reproduce experimental results are the intersections of
the attempts of researchers up to now [1]. In addition, some studies have been done
to integrate all of the factors that influence collapse in a unified methodology. The
following is a summary of remarkable studies.

2.2.1 P-A Effects

The start point of global collapse is to include the P-A effects in seismic response of
structures. Although hysteretic models considered a positive post- yielding stiffness,
the structure tangent stiffness became negative under large P-A effects, on the pattern
of leading to collapse of the system [1]. By utilizing springs at the end of the
columns of a one-story frame as well as using bilinear hysteretic models, it was
concluded that the most significant parameters in collapse are the height of the
structure, the ratio of earthquake intensity to the yield level of the structure and the
slope of bilinear hysteretic model. Also, they concluded that the intensity of ground
motion needed for collapse depends strongly on the duration of ground motion. It is

noted that, this was concluded without considering the cyclic behavior [4].

The gravity effect on the dynamic behavior of a SDOF system and its effect on the
change of period of the system were also studied and it was shown that the maximum
displacement that a system may bear without collapse is directly related to the

stability coefficient and the yield displacement of the system [5].



Another study was done in order to consider the previous coefficient in depth and
amplification factors were suggested based on the ratio of spectral acceleration
generated with and without P-A effects. The elastic-plastic SDOF systems and the
same stability coefficient for all the period range of interest were considered. Under
these assumptions, no significant correlation between amplification factors and
natural period was concluded [6]. Some further studies were done to extend the
results of previous study to address structures with more complex hysteretic response

while considering the P-A effect [7].

Two-dimensional moment-resisting frames were analyzed and it was concluded that
the minimum strength (base shear capacity) required to withstand a given ground
motion without collapse is strongly dependent on the shape of the controlling
mechanism. Dynamic instability was evaluated from an equivalent elastic-plastic
SDOF system that included P-A effects. A remarkable feature of this model is the
applicability to buildings that may have different failure mechanisms [8], [9]. The
importance of the failure mode had been investigated in a previous research [10], but
the former studies had been limited to single-story structures or had been restricted to
buildings with global failure mechanisms.

2.2.2 Degrading Hysteretic Models

Bilinear elastic-plastic hysteresis models were firstly used because of their simplicity
and then experimental studies illustrate that the hysteretic behavior depends on
plenty of structural parameters affect deformation and energy-dissipation
characteristics. This dependency was the cause of generating versatile models, such
as smooth hysteretic degrading model. This model includes rules for stiffness and

strength deterioration but it does not consider a negative stiffness [11].



Another model has the capability of representing cyclic strength and stiffness
deterioration based on hysteretic energy-dissipation. This model is a “peak-oriented”
that consider pinching based on deterioration parameters. In this model the
degradation of the reloading stiffness is based on the maximum displacement that
occurred in the direction of the loading path and that’s why it is called a “peak
oriented” model. The backbone curve includes a post-capping negative stiffness and
residual strength branch. Unloading and accelerated cyclic deterioration are the only
models included and before reaching the peak strength the model is incapable of
reproducing strength deterioration, because the original backbone curve does not

have deterioration [12].

In this study, deteriorating models are developed for bi-linear, peak oriented and
pinched hysteretic models vastly discussed in Chapter 3.

2.2.3 Analytical Collapse Investigations

The first attempts to consider P-A effects and material deterioration in evaluation of
collapse examined the capacity of reinforced concrete frame under seismic
excitation. The model was an equivalent SDOF system characterized by degrading

tri-linear and quadri-linear (strength-degrading) hysteretic curves [13].

More recently, a systematic study was carried out to assess the effects of prior
earthquake damage on peak displacement response of SDOF systems. Prior damage
was modeled as a reduction in initial stiffness under neglecting the residual
displacements as an assumption; the models were modified to illustrate that SDOF
systems with negative post-yield stiffness were prone to collapse whether or not the

models had experienced prior damage [14].



The other collapse investigation was done for composite structures consisting of RC
columns and steel or composite beams. Second- order inelastic time history analysis
were carried out for a given structure and intensity of the ground motion record. The
damaged structure was reanalyzed through a second-order inelastic static analysis
considering residual displacement and including only gravity loads. When the
maximum vertical load the damaged structure could sustain was less than the applied
gravity loads, global collapse was assumed to take place otherwise, the record was
subsequently scaled up to determine the ground motion intensity at which collapse

occurs [15].

Performances of new steel moment-resisting frames were evaluated as a part of
FEMA/SAC project. The analytical models included a fracturing element

implemented in the Drain-2DX program [16].

IDA concept was employed for estimating the global dynamic instability capacity of
a regular RC structure including strength deterioration caused by shear failure of

columns [17].

Response of SDOF systems subjected to several ground motion records were studied
including P-A effects and material deterioration based on Park and Ang damage

model [18].

Lateral strengths required to prevent collapse in bilinear SDOF systems with
negative post-yielding stiffness was evaluated by detecting a remarkable influence of
the period of vibration for short-period systems with small negative post-yield

stiffness. Dispersion of the aforementioned lateral strengths and the negative post-



yield stiffness are in the opposite direction, while one increases, the other will

decrease [19].

Difference in response of highly nonlinear systems under different analytical
formulations was investigated and finally it was concluded that, large displacements
formulation produces about the same response as conventional (small displacement)
formulations, even in cases that are in vicinity of collapse [20].

2.2.4 Experimental Collapse Investigations

Plenty number of experiments have been carried out to relate collapse with shear
failure and finally with axial failure in columns. For example, several reinforced
concrete were tested to detect lateral and axial deformation and it was ultimately
concluded that the input energy at collapse differ depending on the protocol of
loading imposed on each specimen. On the other hand, the vertical and lateral
deformations do not vary with the loading path. It was also concluded that collapse

takes place when lateral load decreases to 10% of maximum load [21].

Full-scale shear-critical RC building columns under cyclic lateral loads were tested
until the column could not sustain the applied axial load. The tests showed that the
loss of axial load capacity does not follow immediately after loss of lateral load

capacity, necessarily [22].

Other study concluded that shear failure in columns does not necessarily lead to
collapse of the system. Several factors affect reduction of axial load capacity that
shear failure is usually accompanied by that. It was obtained that in columns having
lower axial loads, failure takes place at relatively large drifts, without considering

either shear failure had just taken place or shear failure had taken place at much

10



smaller drift ratios. For columns with larger axial loads, failure due to axial load will
occur at smaller drift ratios and might occur almost immediately after loss of lateral
load capacity. This research was also collected data for developing an empirical

model to estimate shear strength deterioration [23].

A series of shaking table tests of a SDOF steel frame systems were done subjected to
earthquakes of progressively increasing intensity up to collapse due to P-A effects
(geometric nonlinearity) and it was concluded that stability coefficient has the most
important effect on the structural behavior. There was a decrease in the maximum
sustainable drift and spectral acceleration that could be resisted before collapse while
this coefficient increases [24]. In order to extend the previous work, testing
additional SDOF systems was done and it was detected that current methods of
nonlinear dynamic analysis as the OpenSEES platform are very accurate for
estimating collapse for systems that the P-A effect dominates the onset of collapse

[25].

In conclusion, although the plenty numbers of research have been done on this topic,
the response of structures has not been investigated in detail under the combination
of geometric nonlinearities and material deterioration for Steel Moment Resisting
Frames. Therefore, a need exists to carry out systematic research on global collapse

considering all sources lead to this limit state.
2.3 Incremental Dynamic Analysis

Fortunately, improvements in computer processing power and developed software
engineering make it possible to move toward an increasingly accurate but

coincidentally more complex analysis methods. The old concept of scaling ground

11



motion records (scaling to the design spectrum) and conventional nonlinear dynamic
analysis was about running one to several different records, each one, to produce one
to several “single-point” analyses mostly used for checking the designed structures.
On the other hand, nonlinear static analysis methods in a “continuous” picture
investigate the complete range of structural behavior and facilitate our understanding.
By analogy with passing from a single static analysis to the incremental static
pushover, an extension of a single time-history analysis to an incremental one where
the seismic loading is scaled establishes the current state of the art. This concept was
mentioned by many researchers since 1977 (by Bertero) in research literatures in
several forms. A few years ago, United States Federal Emergency Management
Agency (FEMA) guidelines adopted this concept as Incremental Dynamic Analysis
(IDA) to determine global collapse capacity. Now, IDA is widely applicable method
and multi-purpose study and it can provide accurate estimation of the complete range

of the model response. IDA objectives are summarized below [26]:

e How the structure behaves in a rare and stronger ground motion level.

e Estimating the dynamic capacity of the global structural system.

e Producing a complete picture of the range of the demand versus the range of
the potential levels of earthquake ground motion record.

e How the nature of the structural response changes as the intensity of
earthquake ground motion increases.

e Putting all above concerns in a multi-record IDA study to investigate how
stable or variable are these from one earthquake ground motion record to

another.
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As it was explained before, IDA method basically takes the old concept of scaling
ground motion records and develops it into a way to accurately describe the full
range of structural behavior to collapse. In this method a structural system is
subjected to ground motion records scaled to multiple levels of intensity. This will
yield response curves, parameterized versus intensity level. Finally, by defining the
limit-state and combining the results with standard Probabilistic Seismic Hazard
Analysis (PSHA), one can reach the aims of performance-based earthquake
engineering [27].

2.4 Selection of Ground Motions

The approach of collapse is based on time history analysis. Therefore, a set of ground
motions must be carefully selected according to specific objectives. The GM set
should be large enough to provide reliable statistical results. For mid-rise buildings,
ten to twenty ground motions records are usually enough to provide sufficient
accuracy to estimate behavior of structure under seismic loads and its seismic
demand [28]. The more ground motion records undoubtedly result more accurate
response of structures in order to decrease record to record uncertainty (RTR) and
hopefully by the use of powerful computers and using OpenSEES Software it is
possible to perform analyses for forty four ground motion records as discussed in

Chapter 4.

2.5 Collapse Fragility Curves and Mean Annual Frequency of

Collapse

Computation of the mean annual frequency (MAF) of collapse is a direct application
of collapse capacity evaluation. MAF of collapse is developed from collapse
capacities for a set of ground motions and it is assumed that the distribution is

lognormal and the first and second order moments are computed from individual
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point of collapse. This information is utilized to generate the cumulative distribution
function (CDF) corresponds to a fragility curve and describes the probability of
collapse that may be very sensitive to the hysteretic properties of the system. For
computing the mean annual frequency of exceeding, the fragility curves should be
normalized by a specific standard deviation value that defines the strength of the
structural system [1]. Once a fragility curve is computed and hazard information for
the site is available, the mean annual frequency of collapse can be computed as

follows [29]:

(2.1)

Where:
Fcsac(X): Probability of S, capacity
Sac: Exceeding x

Jsa(X): Mean annual frequency of S, exceeding x (ground motion hazard)

Fcsac(X) corresponds to the fragility curve obtained from individual collapse
capacities.

2.5.1 Collapse Fragility Curves (FCs)

A fragility function for a limit state represents the conditional probability of
exceeding the limit state capacity for a given level of ground motion intensity. The
aim is to estimate the limit state of collapse by utilizing the spectral acceleration at
the fundamental period of the system as the ground motion is intensified. Therefore,

the FC for these conditions is:
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(2.2)

Where:

Fc, sac(X) Corresponds to the value of the fragility curve (FC) at spectral acceleration,
x, for the limit state of collapse, i.e., the “Collapse fragility curve”. By considering
that the demand (S, = x) is statistically independent of the capacity of the system
(Sac), the FC is expressed as the probability of being S; less than or equal to x. The
collapse FC is shown also as a cumulative distribution function (CDF) of random

variable, the collapse capacity, S .

In literatures, “Collapse Capacity” is used as the parameter for collapse evaluation.
This parameter is normalized and defined as the ratio of ground motion intensity to a
structural strength parameter when collapse takes place. Thus, it is possible to
generate “normalized collapse fragility curves” instead of the ground motion
intensity. One of the advantages to assess collapse according to the relative intensity
(collapse capacity) is that the parameter is easily de-normalized and plugged in
Equation 2.2 directly [1].

2.5.2 Mean Annual Frequency of Global Collapse (MAF)

The mean annual frequency of collapse (/) is obtained when the normalized fragility
curves of the system and hazard curves for the site of interest are available. The
MAF of collapse is defined as the mean annual frequency of strong motion intensity
(Sa) becomes larger than collapse capacity multiplied by the probability of having

such a strong motion intensity:
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(2.3)

Where:
fsa(X): The probability density function (PDF) at the spectral acceleration value x
given an event of interest.

v: The annual rate of occurrence of such events (rate of seismicity).

As it is known, the first term of the integral was defined as the collapse fragility

curve. Thus:

(2.4)

The PDF of the spectral acceleration value is defined as the complementary

cumulative distribution function (CCDF) [17]:

- (2.5)

Where:
CCDF[Gs, (X)]: The probability of exceeding a certain value
CDF[Fsa (X) = fsa (x).dx]; The probability of being less than or equal to a certain

threshold.

Thus, their derivatives are equal in absolute values but have opposite signs. By

substituting Equation 2.5 in Equation 2.4:
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(2.6)

Also:

(2.7)
Where:
DJsa(X): The spectral acceleration hazard. So:

(2.8)

The MAF of collapse in terms of the collapse fragility curve for a given median base
shear strength over a S, hazard curve pertaining to a specific site is explicitly

expressed by Equation 2.8.

Note that this approach called “IM-Based approach” is more straightforward than the
other methodology for calculating collapse based on displacement demands and
capacities. The “EDP-Based approach” breaks down the collapse limit state into two
steps and requires an additional integration [17]. First, the EDP hazard is calculated
as the probability of exceeding a demand threshold given that the IM is equal to a
certain value; x. In a second step, the probability of collapse is calculated as the
probability of having an EDP demand hazard larger than the EDP capacity.
Therefore, evaluation of global collapse based on the relative intensity of the system

facilitates the calculation of the mean annual frequency of collapse [1].
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Chapter 3

MODELING

3.1 Introduction

The results of a nonlinear analysis are mainly based on the modeling assumptions. At

least some basic principles are significant in modeling:

e Material behavior

e Damping

e Modeling of elements behaviors

e Considering or neglecting of the large deformations and large stresses
e Step by step analysis algorithm under earthquake loads

e Analysis algorithm of each step

In modeling for the aim of nonlinear analysis, according to the type of analysis, the
behavior of materials should be considered in suitable forms. For example, in order
to analyze under cyclic loads, the cyclic behavior of the materials should be clearly
understood and a consistent mathematical models should be utilized. In contrast,
when the aim is static analyses and in obvious word nonlinear static analyses,
loading has just one direction so, the mathematical behavior of the material is
different. Also, if this type of analyzing is substituted by dynamic analysis,

appropriate assumptions should be contrived [30], [31].
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In this chapter, after a short review on hysteretic behavior of steel, the accuracy of
considered models will be improved by introducing the mathematical modeling
provided in OpenSEES software, defining the parameters of these models and
determining or defining the appropriate values of those parameters. In general, some

concepts are mentioned:

Steel behavior in elastic zone

Steel behavior after yielding

Changing of the behavior of steel due to cyclic loading

Cyclic strength degradation

The last one usually occurs because of starting or propagating the micro-cracks [30].
3.2 Plastic Cycles of Steel

By increasing the domain of loading or by increasing the number of cycles in cyclic
loading, the structural steel becomes harder and in other words, it can experience the
larger stress-strain cycles. Figure 3.1 shows an example of stress-strain cycle of a
structural steel that is made of steel of type A-36. In current example, the hardening

is more than 40% [31].
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Figure 3.1: Cyclic Stress-strain diagram of structural steel of Type A-36

Starting and propagating cracks will be problematic when the strain domain or
number of cycles is very large and this will ultimately results the stress degradation
in cycles and finally it will be the cause of failure. Therefore, steel looks a suitable
material for the structures that should dissipate energy due to nonlinear behavior

[31].

In parallel with the suitable cyclic behavior, there are some probable weaknesses.
The first weakness is due to tensile loading. Local defect, even small, may result very
large stresses and finally can be the cause of the formation of cracks and failure.
Particularly if that crack is in the direction of thickness of steel element (for example,
thickness of steel plates). Such defect may occur in production phase, assembling the
elements and structural parts. Shortly, it has lots of sources but, the most important
cause is due to welding problems at the intersection of base metal and welding metal.
Crack formations and propagations may start at the points of stress concentration
such as coped parts, wall of bolt holes or chopped edges of steel plates. Therefore,
there are limitations in codes and standards for methods of punching and plate

chopping particularly in higher thicknesses. For example, drilling is better than
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punching in order to make holes for thick plates, although punching is more

economical and has a better final appearance [31].

Propagation and enlargement of cracks to the critical values will be the cause of
instantaneous failure and unexpected decrease of strength, like what is shown in
Figure 3.2. This figure is related to the response of force- displacement of a
cantilever beam made of steel. Instantaneous decrease in strength is because of weld

failure of the connection of the upper flange of beam [31].
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Figure 3.2: Load- deformation response showing rapid deterioration

The second problem is related to the compressive loading. One steel section is
generally consisted of steel plates manufactured by different methods such as warm
and cold forming, total or staggered welding due to the length of element. Each plate,
individually, has the capacity of local buckling and after local buckling occurs in
section compnents, gradual decrease in strength and stiffness of element will take
place, like what is demonstrated in Figure 3.3. The most significant factors affect on
elemental buckling and also the behavior of the structural elements after buckling are

connection conditions and slendernness ratio (width over thickness of section). Most
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of manuals and handbooks recommend criteria of controlling premature buckling of
components of the sections and they are usually based on limiting the slenderness
ratio. The aim of such a criterion is “the inclinity” to pospone the local buckling to
the large magnnitudes of strain, that in expected strains during high intensity

earthquakes, these strains will not result inappropriate strength [31].
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Figure 3.3: Load-deformation response showing gradual deterioration

The other phenomenon decreases the strength and stiffness of elements is lateral
torsional buckling (LTB). This phenomenon is related to the bending elements and
mainly, I-shape beams those torsional capacities are very low and shortly, take place
when the element is loaded on the strong axis, the torsional stiffness is low and the
strong axis is very stronger than the weak axis. In these conditions, the element
would rather to have sidesway than to bend. The cause of this event is the buckling
tendency of compressive web and resistance of tensile web to the sidesway,
simultaneously. Among all of the effective factors, unbraced length and bending
moment variations are more remarkable. If the unbraced length of compressive web
is controlled, this phenomenon will be limited. Also, I-shape sections can be replaced

by H-shapes (wide flanges) that because of the nearer stiffness values of two axes
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will be better in behavior (variations of moment of inertia of weak axis for 1 and H
sections with respect to the width of the web is third order and for the strong axis it is
first order). Because of this phenomenon, a similar figure like Figure 3.3 is obtained

but just the trend of stiffness decrease will be greater [31].

Two major investigations followed in cyclic behavior of steel are; Bauschinger effect
[32] and Isotropic hardening [33]. Figure 3.4.a shows the stress-strain diagram under
incremental static loading. In this figure, two remarkable characteristics of steel in
plastic zone is visible, one in the identified yielding point and the other is plastic

zone and strain hardening after that.

According to Figure 3.4.b, if the loading direction changes to the opposite direction
at point A, the stress-strain curve descends with the equal slope of elastic part. After
tensile stress vanishes, not any specified yielding point is recognized in compression.
So, the identified yielding point of steel occurs at the half-cycle of the first nonlinear
cycle (without mentioning whether this half-cycle is due to tensile or compressive
loading). Promptly started the inelastic behavior in cyclic behavior of steel is called

Bauschinger effect [32], [33].
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Figure 3.4: Stress-strain diagram of structural steel. (a) Stress-strain diagram of
structural steel for cyclic loading. (b) Stress-strain diagram of structural steel under
incremental static loading.

Figure 3.5 illustrates the stress- strain diagram of a sample that its strain of unloading

is less than the strain of starting strain hardening. In this condition, beside

Bauschinger effect, steel will move horizontally on the vyielding line known as

plastic zone. In first cycle that loading enters strain hardening; the horizontal line is
not visible. After passing yielding point in each cycle, strain hardening is started. In

other words, horizontal line and hardening after that is visible just once (the same as

identified yielding point explained in Figure 3.4.) [32].
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Figure 3.5: Cyclic stress-strain diagram of structural steel. (a) With strain hardening.
(b) Without strain hardening.
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3.3 Menegotto-Pinto Model

This model is initially suggested by Giuffré and Pinto. After that, Menegotto and

Pinto improved that model and published in 1973 [32]. The material recommended in

OpenSEES named Steel02, is the result of corrections and improvements of Filippou

and his group on the parameters of hardening that was published in 1983 in System

International units (Figure 3.6.).

Steel02 is capable to consider the Bauschinger effect as well as strain hardening in

nonlinear cycles.
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Figure 3.6: Menegotto- Pinto model of steel.

Equation 3.1 shows the manner of passing the tangent line with slope of Ej to the

other tangent with slope of E; (lines a and b in Figure 3.6).
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— (3.2)

E— (3.3)

Where:

op and &o: Stress and strain at the intersection of the tangents (point a at Figure 3.6).
o1 and &;: Stress and strain at the point where unloading is started.

b: Hardening ratio; Eq / E;.

R: A parameter that identifies the transient curve between two tangents (lines a and b
in Figure 3.6). This parameter is identified by £, strain difference between
intersection of two tangent lines of the last cycle (point A in Figure 3.7) and
corresponding strain of the unloading point of prior cycle (point B in Figure 3.7).

The related equation of R is as follow:

— (3.4)

Where: the values of Ry, a; and a; are determined experimentally. Ry is the value of

R at the first half-cycle (Figure 3.7)

If the data of prior cycles are available and unloading takes place, the reloading path
will be in the direction of the previous path so, it is needed to keep all of the required
information to check all