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ABSTRACT
Nonlinear pushover analysis of medium and high rise buildings with X-braces
ESA, Rushdi Khalis
M.Sc. in Civil Engineering o
Supervisor: Assoc. Prof. Dr. Esra METE GUNEYISI
March 2013, 102 pages

This study aims to investigate the structural behavior of medium and high rise frame
buildings with and without X-brace. The performance of the concentrically X-braced
frame structures were examined using pushover analysis. For this purpose, steel
moment resisting frame buildings having four to sixteen stories were considered. All
buildings have the same plan and contain three bays on each direction. The existing
steel frames had two different design properties and designated as flexible
moment-resisting frames and rigid moment-resisting frames. Then, X-braces were
introduced into the middle bay of each frame. The nonlinear analyses were performed
using the finite element analysis program of SAP 2000. The parameters such as
capacity curve, inter-storey drift index, global damage index, and base shear were
evaluated for the frame systems. It was observed that the incorporation of concentric

X-braces into the frame resulted in a significant enhancement in the structural

behavior of the existing frames.

Keywords: Bracing elements; Moment-resisting frame; Pushover analysis; Steel

structures; Structural performance.



OZET
Merkezi X-¢caprazl orta ve yiiksek kath yapilarin dogrusal olmayan

itme analizi

. Esa, Rushdi Khalis
Ingaat Mithendisligi Yiiksek Lisans
Danisman: Dog. Dr. Esra METE GUNEYISI
Nisan 2013, 102 sayfa
Bu calismada, X-gaprazli ve c¢aprazsiz orta ve yiiksek katli binalarin yapisal
davraniglarinin arastirilmasi amacglanmistir. Mekezi X-gaprazli ¢erceve yapilarin
performansi statik itme analizi kullanilarak incelenmistir. Bu amagla, yukseklikleri
dort ila onaltt kat arasinda degisen, moment aktaran ¢elik yapilar arastirmada
kullanilmigtir. Biitiin binalar ayn1 plana sahip olup, her yonde (¢ agikliktan
olusmaktadir. Mevcut gelik gerceveler, esnek ve rigit moment aktaran cerceveler
olmak {izere iki farkli tasarim Ozelligine sahiptir. Sonrasinda, X-gaprazlar her bir
cercevenin orta aksmna yerlestirilmistir. SAP2000 programi kullanilarak, dogrusal
olmayan analizler gergeklestirilmistir. Cerceve sistemleri igin kapasite egrisi, Katlar
arasi  Otelenme, hasar indeksi ve taban kesme kuvveti parametreleri

degerlendirilmistir. X-gaprazlarin mevcut cercevelerin yapisal davranigini Onemli

ol¢iide iyilestirdigi gézlenmistir.

Anahtar kelimeler: Capraz elemanlar; Moment aktaran cerceve; Itme analizi; Celik

yapilar; Yapisal performans.
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CHAPTER 1
INTRODUCTION

1.1 Generals

The performance based design led to the development and use of methods based on
nonlinear analysis, namely pushover analysis. This analysis is a nonlinear static
analysis in which the magnitude of the structural load is increased according to a
certain predefined pattern. In the process of increasing the magnitude of the loading,
the weak connections, sections or collapse modes of the structure can be found

(Braz-César and Barros, 2009).

The nonlinear static pushover analysis during the last decade has been gaining interest
among the structural engineering society as an alternative mean of analysis. The
assessment is based on the estimation of important structural parameters such as global
and inter-storey drift, element deformations, and internal forces. To assess the
structural performance by estimating the strength and deformation capacities using
nonlinear analysis and comparing these capacities with the demands at the
corresponding performance levels is the purpose of the pushover analysis. The
geometrical nonlinearity and material inelasticity as well as the redistribution of

internal forces accounts in the analysis (Lopez, 2004).

Antoniou and Pinho (2004a, 2004b) proposed an appealing adaptive pushover
method. In this adaptive pushover technique, the lateral load distribution was
continuously updated and not kept constant during the process. Modal shapes and

participation factors were derived by eigenvalue analysis carried out at each analysis



step. Two variants of the method currently exist: Force-based adaptive pushover
(FAP) and Displacement-based adaptive pushover (DAP). The method was
multimodal and accounted for softening of the structure, its period elongation, and the
modification of the inertial forces due to spectral amplification. Moreover, of the two
variants, the latter proved to provide results very similar to those obtained from the
time history analysis when the response of seismically design buildings was analyzed

(Antoniou and Pinho, 2004b).

In the study of Kadid and Boumrkik (2008), a series of incremental static analysis
basically, a pushover analysis was carried out to develop a capacity curve for the
building. Based on the target displacement, capacity curve, which was an estimation of
the displacement that the design earthquake produced in the building was determined.
Target displacement was the extent of damage experienced by the structure was
considered when subjected to design level ground shaking. The application of
pushover analysis was also illustrated in the other studies (Moghadam and Tso, 1998,

2000; Saiidi and S6zen, 1981).

Modal pushover analysis (MPA) proposed by Chopra and Goel (2001) improved
pushover procedure by including the contributions of higher modes. To demonstrate
the accuracy of seismic demand estimation in taller moment-frame buildings, the
MPA procedure was applied to 9- and 12-stories buildings and compared with the
conventional pushover analysis. In spite of including the contribution of higher modes,
the MPA was conceptually no more difficult than standard procedures since higher
modes for pushover analyses were similar to the first mode of pushover analysis.
Moreover, for the first few (two or three) modes which considering the MPA

procedure contribution were typically sufficient (Chopra and Goel, 2001). Another



study conducted by Moghaddam and Hajirasouliha (2006) investigated the accuracy
of pushover analysis when seismic demands were needed to be estimated for braced
steel frames. Three steel braced frames of 5-, 10-, and 15- storeys were considered.
Three different load patterns were used; the first mode distribution, the uniform
distribution, and the inverted triangular distribution. The results showed significant

sensitivity to the choice of the load patterns for all the structures.

1.2 Objective and scope

In this study, the structural response of different types of moment resisting frame
buildings with and without concentric X-braces subjected to lateral loading were
investigated through nonlinear static analysis. For this, a total of 16 different cases
(covering unbraced and braced frames) were taken into consideration. As a result, their
structural performances were determined in terms of inter-storey index, global damage

index, total base shear, inter-storey drift ratio, and variation in storey displacement.

1.3 Outline of the thesis
Chapter 1-Introduction: is devoted to the presentation of the research topic and the
identification of the general scope and specific objectives. Knowledge and objectives

of the thesis were introduced.

Chapter 2-Literature review: This chapter traces the background on practical
application and previous studies on pushover analysis, types of frames, and braced

frames.

Chapter 3-Methodology: In this chapter, type of the frame systems and rehabilitation

strategies that is used in this study is presented and the type of analysis procedures that



has been carried out with the assumptions for modelling is discussed.

Chapter 4-Results and discussion: This chapter presents and discusses the results
obtained from nonlinear static analysis (or pushover analysis) for assessing the
structural performance of each frame system and the effect of concentrically X- brace

on each type of frames.

Chapter 5-Conclusions: General conclusions are drawn regarding the overall results

from all chapters.



CHAPTER 2
LITERATURE REVIEW
2.1 Backgrounds of pushover analysis
After many earthquakes happened in several places of the world such as the 1994
Northridge (California), 1995 Kobe (Japan), and 1999 Chi-Chi (Taiwan), the damage
observed in structures (e.g. see in Figures 2.1 and 2.2) led several researchers to
improve the procedure of analysis and retrofit the structures which have not got
sufficient seismic performance. The nonlinear static (pushover) analysis as a new
methodology, has become a popular tool during the last decade for the assessment of

such buildings (Pecker, 2007).

Photo: USGS/D. Carver

Figure 2.1 1994 Northridge parking structure (California)
(www.vibrationdata.com/earthquakes/northridge.htm)



Figure 2.2 Scenes of damaged structures, Kobe (Japan) 1995
(www.slideshare.net/IBGeoglST/2004-indian-ocean-tsunami-2109248)

Earthquake engineering is a profession of civil engineering that deals with the
mitigation of earthquake induced damage on structures and the minimization of loss of
life. During the last forty years, this field has advanced considerably due to the rapid
developments of computers and computing, the improved experimental facilities, and
the development of new methods of seismic design and assessment of structures. This
advancement has not been enough to resist the catastrophic consequences that
earthquakes impose. However, it has led to some improvement of design and
assessment procedures with a shift from traditional force-based procedures to
displacement-based procedures by Antoniou (2002), as inelastic displacements have
been deemed to be more representative of different structural performance levels.
However, it is still difficult to physically divide these procedures from each other,
since the forces and displacements are strongly related to each other. Nevertheless, the
characterization of the various performance levels has led to performance-based
earthquake engineering, the most recent path of seismic design and assessment. The

6



procedures recommended for seismic design and assessment purposes were briefly
described, and their shortcomings were addressed. The theoretical background of the
nonlinear static ‘pushover’ analysis method was then described together with the

various pushover analysis procedures (Themelis, 2008).

Several attempts at adapting the force distribution within the state of inelasticity were
done. The first attempt to improve the conventional static pushover procedure was
proposed in the study of Sasaki et al. (1998). In this study, several pushover analyses
were performed for the same structure with force patterns representing the various
modes of the structure. A combination of these separate solutions was then studied to

assess the overall structural response, as seen in Figure 2.3.

Load pattern Load pattern Load pattern

v v V) vV
Iﬁ l/ V Combination
d d d d

Mode 1 Mode 2 Mode 3 Final

Figure 2.3 Load pattern (Sasaki et al., 1998)

Newmark and Hall (1982) and Miranda (2000) estimated applying certain
displacement modification factors in which procedures were expressed on the basis of
displacement modification factors where the maximum inelastic displacement demand
of multi-degree of freedom system (MDOF) was defined considering maximum

deformation of the equivalent elastic single degree of freedom system (SDOF) having



the same lateral stiffness and damping coefficient as that of MDOF system. The
procedures of Newmark and Hall (1982) proposed displacement modification factor
varies depending on the spectral region based on the estimation of inelastic response
spectra from elastic response spectra. Moreover, a statistical analysis of ratio of
maximum inelastic to maximum elastic displacements conducted by Miranda (2000)
and computed that from ground motions recorded on firm soils and proposed a

simplified expression, which depended on ductility and initial vibration period.

Similarly, FEMA-356 (2000) described displacement coefficient method. This is a
non-iterative approximate procedure based on displacement modification factors. The
expected maximum inelastic displacement of the nonlinear MDOF system was
obtained by modifying the elastic spectral displacement of an equivalent SDOF

system with a series of coefficients.

In the study of Teran-Gilmore and Ruiz-Garcia (2011), they presented an analytical
study for evaluating the feasibility of using buckling-restrained braces as a retrofit
scheme. As existing structures, multi-bay multi-story steel building with 4 and 8
stories were taken into consideration. They were first designed by Santa-Ana and
Miranda (2000). For that purpose, the seismic response of four two-dimensional frame
models representative of typical steel buildings designed in a region of high seismicity
was analyzed prior to and after including buckling-restrained braces as a retrofit
strategy. The four- and eight-story flexible frame exhibited much larger inter-storey
drifts and also developed soft stories. They observed that a rigid building performance
was better than flexible building and it was better to resist lateral load by using

buckling restrained brace in each building.

Moghadam and Tso (2000) discussed about different types of buildings and they



investigated the efficiency of pushover analysis, three systems were studied. The first
model was a ductile moment resisting frame building and the second model was a
set-back building and the last one was a wall-frame structure. Ten spectrum
compatible time history records as ground motion excitations at the base were
subjected to each building. The procedure used an elastic spectrum analysis of the
building to obtain the target displacements and load distributions for pushover
analyses. The means of the maximum responses of these buildings were computed
using three-dimensional inelastic dynamic analyses and the proposed procedure. A
comparison of the two sets of results demonstrated the capabilities and limitations of

the proposed procedure.

Papanikolaou (2000) studied about an adaptive pushover analysis which took into
account mode interaction and spectral amplifications. According to his study, the
lateral load pattern was not kept constant during the analysis but it was continuously
updated based on a combination of the instantaneous mode shapes and/or spectral
amplifications corresponding to the inelastic periods of the structure. Figure 2.4 shows

the model combination used in such pushover method.

Figure 2.4 Adaptive pushover using modal combinations (Papanikolaou, 2000)



These mode shapes were determined by performing eigenvalue analysis (using a

Lanczos eigenvalue solver) operating on the current tangent stiffness matrix (KT) and

the spectral amplifications were calculated by numerical integration of the
strong-motion record. A flow chart of the procedure is shown in Figure 2.5

(Papanikolaou, 2000).

Apply Inad vector = New pattern x load factor f—————

)

Hanlinear solution for next lead step k}——

Mo more load steps

MO

Extraction of M and K matrix
Ee-application

SE
Elimination of restramned DOFs

v
Static condensation of massless DOFs

l

Fesponce spectrum calenlation — Eigenvalue solution [K - we MJ&=0

L

Model Combinations (ABS/SRSS/CQC)

L

Load pattern normalization

Figure 2.5 Flow chart of the adaptive pushover method (Papanikolaou, 2000)
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Braz-César and Barros (2009) presented a pushover analysis on the seismic
performance of metallic braced frames equipped with K-bracing and diagonal
X-bracing systems. MIDAS/Civil finite element software was used in the analyses of
nonlinear static methods. The frames were modelled to obtain the pushover curve.
Three steel frames corresponding to 3, 6 and 10 stories buildings were considered.
The principal objective was to compare the evaluation of the structural performance
of these buildings with respect to the proposed N2-method. Consequently, the study
show the convenience of using pushover methodology for the seismic analysis of

structures.

Fajfar and Fischinger (1988) set out the N2 method as a variation of pushover
The convenience of this method was checked with the experimented results obtained
from a seven-storey reinforced concrete (RC) frame-wall building tested in Tsukuba,
Japan as part of U.S. Japan joint research project. In addition, the other researchers
used the uniform and inverted triangular load distributions to perform nonlinear static
analyses of the structure. Considerable differences in the shapes of pushover curves
were seen the analytical results were compared with experimental results. It was
worthy noting that when the inverted triangular distribution was un-conservative in
estimating base shear demands due to the effect of higher modes. Moreover, in
general, non-conservative shear forces in the nonlinear dynamic analysis of the
equivalent SDOF system from the comparison of theoretical and experimental results
were observed. However, the target displacement at the ultimate limit state and the
rotations of the floors approximated satisfactorily when compared with those results.
was also found that the uniform distribution seemed more rational when shear
demand was to be assessed (Kabeyasawa et al., 1983; Okamoto et al., 1984; Bertero

al., 1984).

11



A study conducted by Inel et al. (2003) showed the accuracy of various lateral load
patterns used in the pushover analysis procedures. Inverted triangular, rectangular,
"code" were the first mode; adaptive lateral load patterns and multimode pushover
analysis studied. Lateral load patterns were performed on four buildings designed as
part of the SAC joint venture (FEMA-355C, 2000) and modified versions of these
buildings with a weak first story consisting of 3- and 9-story regular steel moment
resisting frames. The results obtained from pushover analyses were peak values of
story displacement, story shear, inter story drift, and overturning moment at different
values of peak roof drifts representing elastic and various degrees of nonlinear
response. Those results were compared with those obtained from nonlinear dynamic
analysis. A total of 11 ground motion records was selected from a Pacific Earthquake
Research Center (PEER) strong motion database, and those were used in nonlinear
dynamic analyses. The trends in the accuracy of load patterns were approximate
bounds of error for each lateral load pattern with respect to mean dynamic response.
To provide very good estimates of peak displacement response, both regular and
weak-story buildings were analyzed using the simplified inelastic procedures.
However, the use of the multiple modes generally improved the estimation of inter
story drift, story shear, and overturning moment. The results also indicated that in the

first mode lateral load pattern could be made without an appreciable loss of accuracy.

Ghiasvand (2012) investigated the inelastic behavior of structures with steel
concentric braced frames (CBFs) for two, four, and eight story models by pushover
analysis using the SAP 2000 software. The results indicated that with special plans like
changing the dimensions of sections and modifying the process of forming plastic
hinges in structure, the inelastic behavior of the structure could be improved

significantly. The main purpose of the nonlinear static procedure was focused on

12



effective nonlinear parameters in analysis and following many advantages that there
were not in linear analysis such as: exact evaluating of force, deformability in
structural and non-structural elements, deterioration of strength, critical areas of
structure, and route of force. The third degree indeterminate frame under the effect of

loading is also illustrated in Figure 2.6.

V
JAY
p ) s B

V3

Vl /
Vi

A
1 3
— — >

A A As A

Figure 2.6 Three-degree indeterminate frame subjected to an increasing load
(Ghiasvand, 2012)
Based on the structural dynamic’s theory named as modal pushover analysis (MPA),
an improved pushover analysis procedure was developed Chopra and Goel (2001).
Firstly, the procedure was applied to linearly elastic buildings, and it was shown that
the procedure was equivalent to the well-known response spectrum analysis. Then, to
estimate the seismic demands of inelastic systems, the procedure was extended by
describing the assumptions and approximations involved. Earthquake induced
for a 9-story SAC building was determined by the MPA, pushover analysis, and
nonlinear dynamic analysis using uniform, "code", and multi-modal load patterns.

comparison of results demonstrated that pushover analysis for all load patterns

13



underestimated the story drift demands and led to large errors in the plastic hinge
rotations. The MPA results were also shown to be weakly dependent on ground
intensity based upon the results obtained from EI Centro ground motion scaled by
factors varying from 0.25 to 3.0. It was including the contributions of a sufficient
number of modes (two or three); the height-wise distribution of responses estimated
the MPA was generally similar to the exact results for nonlinear dynamic analysis.
MPA was more accurate than all pushover analyses in estimating floor

story drifts, plastic hinge rotations, and plastic hinge locations.

Chintanapakdee and Chopra (2003) also evaluated the accuracy of the MPA
for a wide range of buildings and ground motions. Five strength levels corresponding
to SDOF-system with ductility factors of 1, 1.5, 2, 4 and 6 were utilized for generic
one-bay frames of 3, 6, 9, 12, 15, and 18 stories. Considering California earthquakes,
each frame was analyzed with a set of 20 large-magnitude smaller-distance records.
The median values of story drift demands from the MPA and nonlinear dynamic
analyses were calculated and compared. It was shown that with two or three modes
included, the MPA predictions were in good correlation with the nonlinear dynamic
analyses, and the MPA predicted the changing height wise variation of demand with
building height and ductility factor accurately. The bias and dispersion in the MPA
estimates of seismic demands were found to increase for long-period frames and
ductility factors although no perfect trends were observed. It was also illustrated that
the bias and dispersion in the MPA estimates of seismic demand for inelastic frames
were larger than those for elastic systems due to additional approximations involved
the MPA procedure. Finally, the MPA procedure was an extended to estimate the
seismic demand of inelastic systems with seismic demand being as defined by an

elastic design spectrum.
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In the study of Providakis (2008), the pushover analysis procedure for seismic analysis
was employed. Characteristic of steel-concrete composite structures under the
near-fault earthquake excitations were numerically explored. Three-dimensional (3-D)
buildings contained two and five-storey with steel-concrete composite slabs, beams,
and steel columns. The offering 3-D building models were supposed by placing in a
near-fault area so that they had the influence of robust ground motion of the isolation
apparatus. It approved the confirmation of the suitability of the isolation system. The
analogy to the performance of the seismic-protected building to the unprotected
buildings were determined. The limitations and characteristics of their performances

were resulted from this study.

Another study about adaptive pushover methods for seismic assessment was presented
by Pinho et al. (2006). The latest establishment and evolution of the alleged adaptive
pushover methods was improved after every analysis step of the modal guidelines
considering the property of the structural response at expanding loading levels. Within
such adaptive framework, the implementation of a displacement, contrary to force,
incremental loading vector was evaluated in every step of the analysis allowing to the
widespread dynamic characteristics of the structure. Additionally, it was very
attractive since that was in line with the offered approach for the evolution and code
execution of displacement or further widely deformation-based design and evaluation

methods as illustrated in Figure 2.7 (Pinho et al., 2006).
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Figure 2.7 Adaptive pushover: shape of loading vector updated at each analysis step
(Pinho et al., 2006)

It was noted that in an adaptive pushover method to the response to the structure was
calculated in increased mode by piecewise linearization, as schematically shown in
Figure 2.8. Therefore, it was attainable for italicization the tangent rigidity at the
beginning of every increment with each other through the mass surrounded by the
system, to estimate modal response characteristics of every increased bogus system
through elastic eigenvalue analysis, and italicization like as modal measures to be

coincident renovate (i.e. increment) the pushover loading vector (Pinho et al., 2006).

Ft + AFt =
Ft % Ot Kt
Frk +A Fi —1Kk
a Fk O 'k =
[ :
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o dkx dk +Adk dt di+Adt

Displacement

Figure 2.8 The use of tangent stiffness in updating (i.e. incrementing) the loading
vector (Pinho et al., 2006)
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Moghaddam and Hajirasouliha (2006) investigated the nonlinear dynamic behaviour
of 5, 10, and 15 storey bare frames using 15 synthetic earthquake record suitable to a
design spectrum. The predestined lateral load was taken into consideration. The
pattern supplied suspicious estimation of inter-story drift. In this approximation, a
multi-storey frame was analized in view of an equivalent shear-building model. To
vanquish this, a clarified analytical model for the seismic response of the
concentrically braced frames was recommended. A conventional shear-building
model was also adjusted through presenting additional explanations for displacements
in additive shear displacements. It was shown that the modified shear-building models
had a better estimation of the nonlinear dynamic response of the framed structures as

compared to the nonlinear static method.

Saiidi and Sozen (1981) produced a ‘low-cost” analytical model which was named as
the Q-model for calculating displacement histories of multi-storey reinforced concrete
structures subjected to various ground motions. The Q-model, which was based on the
idea of Gulkan and S6zen (1974), involved two simplifications on the reduction of a
MDOF model of a structure to a SDOF oscillator and the approximation of the
variation of stiffness properties for the entire structure by a single spring to take
account of the nonlinear force-displacement relationships. That characterized its
properties. Earthquake simulation experiments of eight small-scale structures were
performed, and the displacement histories were compared to the results from the
nonlinear static analyses based on the Q-model. It was revealed that the performance
of the Q- model in the simulation of high- and low- amplitude responses was
satisfactory for most of the test structures. It was reported that the model would need to

be further validated by more experimental and theoretical analyzes.
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A simplified analysis model for the seismic response prediction of the steel frame was
proposed by Baik et al. (1988). It was based on the pushover analysis concept but
included cumulative damage parameters using the Park-Ang damage model (Park,
1985). These parameters accounted for the effects of all inelastic excursions and not
only for the maximum excursion. The model was tested on 10- and 20- storey single
bay steel structures and was considered acceptable for preliminary design purposes. It
was noted that the prediction of damage using the equivalent SDOF model
deteriorated with increasing structure height and in the presence of irregularities. The
authors suggested that the SDOF nonlinear model could provide better estimates of

damage parameters than an elastic multi-storey model.

In the study of Deierlein and Hsieh (1990), they utilized the capacity spectrum method
to compare the experimental and theoretical results for the seismic response of a single
storey single bay steel frame with the analytical results of a 2D pushover analysis. The
frame was modelled with semi-rigid connections. The results showed differences
approximately 10% to 20% between the comparative quantities such as the period of
vibration, maximum displacement, and maximum acceleration. It was concluded that
the capacity spectrum method could provide reasonably accurate lower and upper

bounds on the inelastic response to a structure subjected to strong ground motion.

A seismic response prediction method for building structures presented by Hasegawa
and Kamura (2008) predicted the maximum inter-storey drift and damage of each
member of the buildings. In the procedure of seismic response prediction for steel
moment-resisting frame was illustrated, which was utilized inelastic strain energy
obtained from the pushover analysis. In order to further examine the validity of the

proposed method for practical application, thirteen kinds of sample moment-resisting
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steel frame were selected. A series of earthquake response analyses of these example
frames was carried out and compared to the results of the proposed method. From the
results of the earthquake response analysis, it was found that the maximum inter-story
drift and the cumulative ductility demands of members obtained from the proposed
method approximately catched the tendency of the results of the earthquake response

analysis, as seen in Figure 2.9.
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Figure 2.9 Design pseudo-velocity spectrum prescribed in Japanese building code
(Hasegawa and Kamura, 2008)
The energy input into a structure was calculated based on the damage causing an
energy, which was equal to the sum of the vibration strain energy and the cumulative
plastic energy of the structure. Vs is the design pseudo-velocity spectrum as shown in
Figure 2.9, which was stipulated in the Notification No.631 (Seismic calculation
method for the building structures based on the balance of energy) of Japanese

building code and it was used in the calculation of dissipated energy of a structure
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(Hasegawa and Kamura, 2008).

Extended N2 method by attempting to include cumulative damage was also studied in
the technical literature. The test structure applied to the seven-storey reinforced
concrete building tested in the U.S, Japan research project. The seismic demands for
each element were computed in terms of the dissipated hysteretic energy using the
Park-Ang model (Park, 1985). The conclusions were that the dissipated hysteretic
energy increased with increasing the duration of ground motion, and it was
significantly affected by the reduction of strength of the structural elements. It was
also concluded that when the fundamental period of the structure was much larger than
the dominant period of the ground motion, the higher mode effects became an
important issue. In this case, the input energy and dissipated hysteretic energy to a
MDOF system were generally larger than the corresponding quantities in the
equivalent SDOF system. The researchers suggested that the N2 method was likely to
underestimate the quantities, which governed damage in the upper part of a structure

(Gaspersic et al., 1992).

2.2 Bracing systems in structures

One of the most widely used lateral load resisting systems is the bracing. When
bracing is added, the structure can not undergo the deformation under the lateral load
and its increase the stiffness of the frames. Worldwide damage experienced
demonstrates during past earthquakes that steel multi-storey building structures
generally exhibit adequate seismic response (Di Sarno and Elnashai, 2002). The
enhanced energy absorption of structural ductile systems employed because of the
favorable mass to stiffness ratio of base metal. However, comparatively the latest

earthquakes, e.g. the 1994 Northridge (California), 1995 Kobe (Japan), and 1999
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Chi-Chi (Taiwan) have exhibited that inferior specifying of relations (e.g. the
beam-to-column, brace-to-beam, brace-to-column, and column-to-base) and buckling
of diagonal braces be able to weaken within the structure (Broderick et al., 1994;
Elnashai et al., 1995; Nakashima et al., 1998; Watanabe et al., 1998; Naeim et al.,

2000).

The distribution of the damage level, destruction of structural members, and junctions
by appreciation to a structure are exhibited in Figure 2.10. Similarly, it was observed
in the consequences of the 1995 Hyogoken-Nanbu (Kobe) earthquake, damaged
buildings were categorized as having unbraced (UFs) or braced (BFs) frames. So
considering the two essential framing tendencies of a building, the evaluated structures
contained the subsequent designations: UF-UF (unbraced frames in two horizontal
directions), UB-BF (unbraced frames in one horizontal direction and braced frames in

the other direction), and BFBF (braced frames in both horizontal directions) (Youssef

etal., 1995).
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Figure 2.10 Distribution of damage level, damage to structural members, and
connections (Di Sarno and Elnashai, 2009)
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The beams consisted of wide-flange sections, also revolved or built-up. For the
columns, wide-flange (H) sections were utilized extensively; square-tube (S) sections
were additionally used in several structural systems. In view of the 988 damaged steel
building, 432 (43.7%) were UF-UF, 134 (13.6%) were UF-BF, and 34 (3.4%) were
BF-BF, with 388 (39.3%) having unknown framing systems. It was reported that
greater part of damaged buildings were named as the unbraced moment resisting
frames (MRFs). Figure 2.10 also presents the position of damage, namely columns,
beams, beam to column connections, braces and column bases as a part of frame
variety of main attentions from the composed data. The following observations were

highlighted (FEMA 355E, 2000):

e Columns in UFs sustained the most damage proportionate to another frame
element (in terms of the number of buildings), at the same time, braces in BFs
were the most frequently damaged structural element,

e Damage beam-to-column connections were most significant for UFs
employing hollow section (square-tube) columns, and

e Damage beam-to-column connections and column bases were also significant

in UFs.

Considering the damage to columns, it was mainly important for UFs accompanied by
wide flange members. The argument of the more than observed information was
illustrative of the usual structural response of steel buildings damaged through
moderate-to-severe earthquake ground motions as shown in Figure 2.11 (Di Sarno and

Elnashai, 2009).
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Figure 2.11 Distribution of damage level with respect to structural type (Di Sarno
and Elnashai, 2009)
Frequently, in the plastic range of multi-storey buildings, the event of buckling
resulted in the loss of the capacity of the structure, and so unexpected alterations in the
dynamic qualities of the lateral resisting structure system. Figure 2.12 depicts such
brittle fractures for the beam-to-column and brace—column. The beam-to-column
together with braces as an outcome might be incompetent in ductile MRFs or
concentrically braced frames (CBFs) if they were unsuitable capacity designed

(Bruneau et al., 1998; Nakashima et al., 2000; Tremblay, 2002; Broderick et al., 2005).
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Figure 2.12 Fracture in beam-to-column connections in the Northridge earthquake
(top) and web tear-out in bolted brace-to-column connections during the 1995 Kobe
earthquake (bottom) (Di Sarno and Elnashai, 2009)

Bracing is an extremely operative global upgrading strategy to increase the global
stiffness and strength of steel UFs. Earthquake loads whenever hysteretic dampers
were utilized increased the energy assimilation of structures and/or reduced the
demand required structures with enhanced energy excess may securely oppose forces,

and deformations resulted in firm ground motions. Usually global adjustments to the

structural system were envisaged such that the design required on the existing
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structural and non-structural components were reduced than their abilities as seen in
Figure 2.13. Lower demands might decrease the danger of brittle malfunction in the
structure and/or avert the obstruction of its functionality and in turn, the downtime
caused by the retrofitting, those were key characteristics in the earthquake defeat

estimation (Bozorgnia and Betero, 2004; Deierlein, 2004).
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Figure 2.13 Characteristics of global intervention approaches in seismic retrofitting
of structures (Di Sarno and Elnashai, 2009)
The capacity design outline by forcing inelasticity was considered and surrounded by
the dissipative localities (plastic hinges in MRFs and braces in CBFs) and certifying
that all other members and connections performed linearly attained by the
achievement of global structural ductility. The diagonal braces were able to be

aesthetically disagreeable where they altered the primary architectural characteristics
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of the building (Tena-Colunga and Vergara, 1997; Wolfe et al., 2001).

2.3 Previous researches on concentrically braced frames

Concentrically braced frames resist lateral seismic accelerations primarily through
axial forces and cause deformations of braces, beams, and columns. In the elastic
range, they behave as vertical trusses. Their post elastic behavior may involve the
flexure of frame members, but the inelastic drift is expected to be mainly a result of
brace axial deformation (except in the case of chevron bracing). Figure 2.14 shows a
few common concentrically braced frame configurations: diagonal bracing, cross

bracing (X braces), and chevron bracing V- or inverted-V bracing (Sabelli, 2001).

Diagonal Cross Chevron
Bracing Bracing Bracing

Figure 2.14 Common bracing configurations (Sabelli, 2001)

Structural engineers have frequently reached concentrically braced steel frames as a
thrifty means for confronting earthquake loads. Previous to now this system, popularly
employed, has viewed an extension utilitization in the latest years as a result of the
raised scrutiny disposed to steel moment-resisting frames, which contain indicated to
be responsive to huge lateral displacements through strict earthquake ground motions
and to need special care to require abstain from troubles related with the fracture of

beam to column connections (FEMA-355F, 2000). However, damage to
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concentrically braced frames in past earthquakes, such as the 1985 Mexico (Osteraas
and Krawinkler, 1989), 1989 Loma Prieta (Kim and Goel, 1992), 1994 Northridge
(Tremblay, 1995; Krawinkler, 1996), and 1995 Hyogo-ken Nanbu (AlJ, 1995;
Hisatoku, 1995; Tremblay, 1996) earthquakes, enhances interests through the ultimate
deformation capacity of this section of structure. Distinctive braces frequently occupy
the only limited ductility capacity less than cyclic loading (Tang and Goel, 1989 a,

1989 h).

Typical brace hysteresis performance is irregular between tension and compression as
well as the illustrations significant strength decline when loaded monotonically or
cyclically in compression. Considering this complex performance, the real
disseminations of internal forces and deformations in less than a structure frequently
oppose much from those prophesied utilizing traditional design methods (Jain and
Goel, 1978 a, 1978b; Jain et al., 1978; Khatib and Mahin, 1987). Design
simplifications and applicable respectfulness regularly manufacture designs in which
the braces chosen for some stories include distant larger capacity than needed though
those chosen for different stories have capacities extremely close to their computed
demand. This alteration on storey demand-to-capacity ratios, together with actual
post-buckling strength defeats in those braces, tends to concentrate earthquake damage
in several stories. Such concentrations of damage place largely burdens on the limited
ductility capacities of braces and their connections. The seismic design demands for
braced frames have been adapted significantly through the 1990, and the idea of
special concentric braced frames has been commenced (AISC, 1997; UBC, 1994). A
large investigation has in addition started to develop the appearance of concentrically
braced frames by the institution in recent structural configurations (Khatib and Mabhin,

1987) or the utilitization of special braces by Liu and Goel (1987), metallic yielding
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(Watanabe, 1996; Kamura et al., 2000), high-performance materials (Ohi et al., 2001),
and friction and viscous damping (Aiken, 1992). Through the past decade, an
evaluation of the extensive seismic performance qualities of concentrically braced
frames designed to prevalent standards was timely and there have been parallel
improvements in investigation connected to qualifying the seismic risk at a site,
appearing the seismic response, and theories of qualifying seismic performance in

probabilistic terms (Sabelli, 2001).

The arrange and allocation of plasticity in braced frames were influenced through the
brace sizes, slenderness ratio, frame shape, and analysis kind in ductile concentrically
braced frames of regular buildings. The global ultimate strength was operated by the
organization of structural mechanism in one story, considering that the redistribution
of internal forces in one story was contained particular in that story. The allocation of
shear in other stories was not affected. Thus, a yielding in the tension braces in one
story would outcome in the formation as a mechanism in that story and the structure,
therefore, ranged over its ultimate capacity. This indicated that the support in strength
of the critical story was further the global stand in strength to the frame (Annan et al.,

2009).

The seismic resistance of steel braced frames was a mainly obtained from the axial
force capacity of their constituents. Steel braced frames were effective as vertical
secures where the columns were the chords and the beams and braces were the web
members. Braced frames might act alone or in concurrence with concrete or masonry
walls, or steel moment frames, to form a compined system. A nonlinear
load-deformation behavior for braces was determined by experimentation or analysis

supported by the experiment (FEMA 273, 1997).
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The Federal Emergency Management Agency FEMA/SAC steel project resulted in the
development of guidelines for the design of steel moment frames, which limited
interstory displacement to give performance levels (FEMA 350, 2000). However, a
comprehensive study has yet to be completed for concentrically braced frame systems.
There exists a need to investigate improved design and retrofit measures for current
concentrically braced frame systems to ensure that these systems fit in accordance
with performance-based design parameters. One means of improving the performance
of concentrically braced frame systems in terms of limiting interstory drift levels was

through the use of innovative materials in the braces system (McCormick et al., 2007).

Prior to the 1993 Load and Resistance Factor Design (AISC, 1993), in the 1994
Uniform Building Code (UBC, 1994), concentrically braced frames had been treated
by building codes as elastic truss systems. Post elastic behavior was only considered in
prescribing calculated brace strengths (based on strength degradation under cyclic
buckling as a function of brace slenderness); this effectively increased the elastic force
capacity of these systems but did not effectively address post elastic modes of
behavior. Concentrically braced frames designed according to such requirements have
not been observed to achieve ductile post elastic behavior. One of several non- ductile
behaviors has usually led to brittle failure, typically of a brace or its connections. For
this reason, braced frames have been required to be designed to higher forces, raising
the threshold hazard level for which ductility demands on the system could be
expected, but not increasing ductility or greatly reducing the response to more severe

ground motions (Sabelli, 2001).

The creation of the category of Special Concentrically Braced Frames (SCBFS) in the

1994 Uniform Building Code (UBC, 1994) acknowledged research carried out at the
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University of Michigan which showed that these systems, with careful proportioning
of members and detailing of connections, could perform in a ductile manner (Astaneh
et al., 1985; Hassan and Goel, 1991; Goel, 1992). Recent design guidelines have
focused on proper proportioning and detailing of SCBFs so that they can achieve
trilinear hysteretic behavior; the three ranges of behavior were the elastic range, the
post buckling range, and the tensile yielding range (AISC, 1997; Bruneau et al., 1998;
SEAQC, 1999). The 1994 Uniform Building Code and Seismic Provisions for
Structural Steel Buildings (AISC, 1997) category of Special Concentrically Braced
Frames is intended to lead to systems in which braces can undergo several large cycles
of buckling and yielding. Such systems were expected to be ductile and to perform

well in earthquakes (SEAOC, 1999).

In current United States practice, concentrically braced frames were typically designed
using elastic analyses. In such analyses, the behavior of these frames follows that of a
vertical truss for any concentrically braced frame configuration: chevron,
cross-braced, or zipper frames. However, the post elastic behavior of braced frames
was integrally linked to the configuration of braces. This was affected either directly,
such as in the post-buckling change in deformation mode of chevron-braced frames
(Khatib et al., 1988), or indirectly, by the selection of brace size and its influence on
brace fracture life (Lee, 1987). Current United States building codes treat these various
configurations as one system (AISC, 1997; UBC, 1994). These codes recognize issues
specific to one configuration, chevron bracing, and provisions exist to minimize the
deviation of its post elastic performance from that of other configurations;
chevron-braced frames designed to those provisions were treated by the codes as

equivalent to other configurations.
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These building codes made significant progress over the last decade in addressing
unfavorable yield modes of braces and their connections. Since premature connection
failures are now less likely to limit demands on braces in new construction, brace
fracture life could become a much more important issue in the performance of these
buildings. Several studies on the behavior of braces subjected to cyclic loading and on
fracture criteria for steel braces were conducted at University of Michigan (Lee, 1987).
Sophisticated nonlinear element models were performed to match these criteria (Jain

and Goel, 1978 a, 1978 b; Jain et al., 1978; Rai et al., 1996).

The use of internal steel bracing for seismic performance of reinforced concrete (RC)
frames were also investigated by Youssef et al. (2007). They used concentric internal
steel bracing for new construction. Two specimens representing a reinforced concrete
moment frame with moderate ductility and a braced reinforced concrete frame were

designed. A four-storey building and 2/5 scaled models are shown in Figure 2.15.
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Figure 2.15 View of a) ductile RC moment frame and scaled ductile RC moment
frame and b) braced RC frame and scaled braced RC frame (Youssef et al., 2007)

Test results illustrated that the concentric braced frame had higher lateral load carrying
capacity than the moment frame and supplied suitable ductility. The immoderate load
capacity and the initial stiffness of the concentrically braced reinforced concrete frame
was about 2.5 times that of the reinforced concrete moment frame. Due to formerly
buckling of the compression brace, the lateral stiffness of the braced frame was greater
than that of the moment frame. It was observed that at low drift levels, the energy
dispensed through the braced frame was decreased than that by the moment frame. The

test setup used in this investigation is shown in Figure 2.16 (Youssef et al., 2007).

32



¥+~ Sleel Frame
Loadin
Actuatc??"
=4
5 g
S :
2 3
& 3
3
0
z | IxM
VDTs” | Jack
.
= a .

b)

Figure 2.16 Test set up: a) schematic and b) photo views (Youssef et al., 2007)
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The reason for the results described in the study of Youssef et al. (2007) was mainly
due to the fundamental high stiffness of the braced frame. At higher levels of drift, the
energy spread by the braced frame was very higher than that by the moment frame.
This exhibited that the seismic behavior of the braced frame was expected to be better
than that of the moment frame. Since the frame of the braced frame system was newly
constructed, this study additionally implied that the using of the steel bracing instead

of shear walls for recent construction has various advantages:

¢ Reducing the weight of the structure, thus reducing the seismic loads and

e Increasing the ductility of the structure.

Maheri and Sahebi (1997) proposed the use of internal concentric brace members over
internal steel trusses. The research included a sequence of tests acting on a number of

model frames whose details are exhibited in Figure 2.17.
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Figure 2.17 Detail of typical test model (Maheri and Sahebi, 1997)
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The objective of the testing program conducted by Maheri and Sahebi (1997) was to
determine the degree of effectiveness of different diagonal bracing arrangements to
increase the lateral load capacity of the existing concrete frames and to observe the
relative behavior of tension and compression braces. For these investigations, the
common X-bracing system was chosen. Four model frames were selected namely: a
concrete frame without bracing, a concrete frame braced with a diagonal tension brace,
a concrete frame braced with a diagonal compression brace, and a concrete frame
braced with X-bracing. In order to reduce the buckling tendency of the compression
brace in the X-brace system, the two diagonal braces were also connected to each other
at their cross-point by a steel plate. The connection to the frame was done by welding
the braces to the sides of a steel plate which was welded to an equal angle positioned
and pre-cast at the corners of the frame. The connection details are shown in Figure

2.18.

a) b)

Figure 2.18 Connection detail of a) steel brace to concrete frame and b) steel cross
braces to each other ( Maheri and Sahebi, 1997)
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An important point of observation in their study was that while testing of a
cross-braced frame, the rate at which the two braces carried the load was not equal.
The more dominant behavior of the tension braced was observed and compared with
the compression brace initially. The tension brace carried higher load than the
compression brace. However, at higher loads, the system showed a nonlinear behavior
and the dominance of the tension brace started to reduce. The failure in the tension
brace was noticed to be occurred in its welded connection of the mid-span plate. After
the tension brace failed, the compression brace was buckled under the increased load.
In testing of the compression braced frame, it appeared that in the elastic range, the
load was transferred directly to the concrete frame and the share of load bearing of the
compression brace was almost zero. Only at higher loads, the response of the frame
was transferred into a nonlinear range. So, the compression brace started to participate
in load. The failure was realized later than the compression brace buckled. It was
observed that a huge increment in the shear strength of a concrete frame caused by
only one diagonal brace acting also in tension or compression was attained. For the
model frames tested, the increment in shear strength caused by the one brace was 2.5
times that of the frame itself. The strength of the concentric X-braced model frame was

calculated at four times that of the unbraced frame (Maheri and Sahebi, 1997).
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CHAPTER 3
METHODOLOGY
3.1 Analytical models
In this study, the existing steel structures having four different numbers of stories (4, 8,
12, and 16) were taken into consideration as a case study. Santa-Ana and Miranda
(2000) were first designed these structures. All buildings have the same plan and they

contain three bays on each direction as shown in Figure 3.1.
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Figure 3.1 Plan view of the existing buildings (Santa-Ana and Miranda, 2000)

The buildings were assumed to have a uniform mass distribution over their height
and a non-uniform lateral stiffness distribution. Steel members in the buildings were

designed using the lateral load distribution specified in the 1994 Uniform Building
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Code (UBC,1994). The member stiffness was tuned to accomplish the fundamental
periods of vibration for each structure representative of those obtained from actual
earthquake records. As a result, two frames with different dynamic properties, namely
flexible and rigid frames were considered. In addition, as reported in the study of
Santa-Ana and Miranda (2000), with the exception of the beam-to-column
connections in the top floor, the steel sections of structural members were chosen such
that the sum of plastic section modulus of the columns framing into each beam-column
joint was greater than that of plastic section modulus of the beams framing into the

same joint.

The storey height in the models was 3.66 m for all the floors except in the first floor in
which the storey height was 5.49 m. The beams and columns were constructed with W
profiles. The section profiles of the unbraced frames having various number stories are
shown in Figures 3.2 and 3.3 and the dynamic characteristics of moment resisting

frames (MRFs) are exhibited in Table 3.1.
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Figure 3.2 4 and 8 stories flexible and rigid frames under consideration (Santa-Ana
and Miranda, 2000)
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Figure 3.3 12 and 16 stories flexible and rigid frames under consideration
(Santa-Ana and Miranda, 2000)

40



Table 3.1 Dynamic characteristics of the existing frame systems

Type of buildings Natural periods (s)
T T LE
4 story flexible unbraced 1.540 0.344 0.170
4 story rigid unbraced 0.847 0.190 0.092
8 story flexible unbraced 1.970 0.616 0.326
8 story rigid unbraced 1.080 0.349 0.170
12 story flexible unbraced 2.530 0.839 0.450
12 story rigid unbraced 1.350 0.440 0.237
16 story flexible unbraced 2.910 1.010 0.555
16 story rigid unbraced 1.659 0.580 0.322

Considering two sets of target fundamental periods, the moment resisting frames with
different number of stories were designed by Santa-Ana and Miranda (2000). These
sets were selected to approximately supply upper and lower bounds for those recently
obtained from earthquake records (Goel and Chopra, 1997). It is important to notice
that even the rigid MRFs considered herein possess fundamental periods greater than
those obtained using the formulation suggested by UBC (1994) for MRF buildings.
Moreover, it was observed that the first two modes captured most of the response of

the structure which was about 97%.

Then, X-braces were inserted into the middle bays of these frames as seen in Figures
3.4 and 3.5. A total of 16 cases were analyzed in this study (8 unbraced cases and 8
braced frames with X- braces). The performance of the existing frames and frames
with X-braces was evaluated by using the finite element program of SAP 2000

non-linear version 14.
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The dynamic properties of the braced frames are given in Table 3.2. As seen from
Tables 3.1 and 3.2, the fundamental periods of the braced frames were considerably
shorter than unbraced frame, which was also an indication that the braced frames were

stiffer than unbraced frames.
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Figure 3.4 4 and 8 stories flexible and rigid frames with X-braces analyzed in this
study
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Figure 3.5 12 and 16 stories flexible and rigid frames with X-braces analyzed in this
study
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Table 3.2 Dynamic properties of the X-braced frame systems

Type of buildings Natural periods (S)
T T, Ts
4 story flexible braced 0.275 0.090 0.070
4 story rigid braced 0.200 0.067 0.040
8 story flexible braced 0.766 0.260 0.143
8 story rigid braced 0.560 0.198 0.110
12 story flexible braced 1.103 0.356 0.189
12 story rigid braced 0.745 0.256 0.142
16 story flexible braced 1.569 0.543 0.300
16 story rigid braced 1.100 0.380 0.214

3.2 Method of the pushover analysis

Nonlinear static analysis or pushover analysis method provides the basis for
transforming a dynamic problem to a static problem. It supplies an information about
the response of the structure on the assumption that the response of the structure is
controlled by the first few modes of vibration, and that this shape remains constant
throughout the elastic and inelastic response of the structure. Furthermore, the
response of a multi degree of freedom (MDOF) structure is related to the response of
an equivalent single degree of freedom system (ESDOF) (Themelis, 2008). This

concept is illustrated in Figure 3.6.
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Figure 3.6 Diagram for transformation of MDOF to SDOF system (Themelis, 2008)

Elastic or inelastic MDOF systems which induced from the earthquake motion can

derived from its governing differential equation:

[MH{U J+[CHUI+{F}=-[M{1}i, (31)

Where [M] is the mass matrix, [C] is the damping matrix, {F} is the storey force
vector, {1} is an influence vector characterizing the displacements of the masses
when a unit ground displacement is statically applied, and i, is the ground

acceleration history.

By assuming a single shape vector, {®}, which is not a function of time and defining
a relative displacement vector, U, of the MDOF system as U = {®}u;, where u;
denotes the roof or top displacement, the governing differential equation of the

MDOF system will be transformed to:
[MH® }i+[CH®}Yu+H{F}=-[M{1}ig (32)
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If the reference displacement u* of the SDOF system is defined as:

o (®)T[M]()
T TMm ¢3

Pre-multiplying equation (3.2) by {®}T and substituting for u , and using equation

(3.3), the following differential equation describes the response of the ESDOF

system:
M*i* + C*u*+F*=-M"ii, (3.4)
Where
M* = {®}T[M]{1} (3.5)
© _ T {@}T[M]{1} 36
¢ = (O} [CH) ey (36)
F* = {®}T{F} (3.7)

The MDOF structure which a nonlinear incremental static analysis can now be
carried out from which it is possible to determine the force-deformation
characteristics of the ESDOF system. The outcome of the analysis of the MDOF
structure is a base shear, V,, versus roof displacement, u;, diagram, namely the
global force-displacement curve or capacity curve of the structure, as shown Figure
3.7a. This capacity curve provides valuable information about the response of the

structure because it estimates how it will behave and perform after exceeding its
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elastic limit. About the post-elastic stage of the capacity curve some uncertainty
exists, since the results obtained are dependent on the material models used (Pankaj
and Lin, 2005) and the modelling assumptions (Dieirlein and Hsieh, 1990; Wight et

al., 1997).

For simplicity, the curve is idealized as bilinear from which the yield strength V,, an
effective elastic stiffness K, = V,/u, and a hardening/softening stiffness K, =
a K, were defined. The idealized curve can then be used together with equations
(2.3) and (2.7) to define the properties of the equivalent SDOF system, Figure 3.7b.

Thus the initial period T,, of the equivalent SDOF system will be:

(3.8)

M*
Teq = ZT[\/K*

Where K*defines the elastic stiffness of the equivalent SDOF system and is given

by:

K* =2 (3.9)

*

o

The strain-hardening ratio, «, of the base shear—roof displacement relationship of the

ESDOF system is taken as the same as for the MDOF structure.
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a) b)

Figure 3.7 Views of a) capacity curve for MDOF structure and b) bilinear
idealization for the equivalent SDOF system (Themelis, 2008)
Then, the corresponding displacement of the MDOF system can be estimated by

re-arranging eq. (3.3) as follows:

_ (o3 M]{1} |

) v AvJ 3.10
= ()T M) 19

u; which is the target displacement is dependent on the choice of the mode shape

vector {®}.

The first mode-shape can provide accurate predictions of the target displacement if
the response of the structure is dominated by its fundamental mode as shown in
previous studies (Lawson et al., 1994; Fajfar and Gaspersic, 1996; Krawinkler and

Seneviratna, 1998; Antoniou, 2002).

Pushover analysis is an approximate analysis method in that the structure was
submitted to monotonically increasing lateral forces by a constant height-wise
apportionment until a target displacement is reached. Pushover analysis can be

performed as force-controlled or displacement controlled. The full load combination is
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applied as specified, i.e., when the load is known (such as gravity loading) it called the
force-controlled pushover procedure. Also, the lateral force can be applied as
force-controlled but some numerical problems that affect the accuracy of results may
occur since target displacement can be related with a particular small positive or
negative lateral stiffness considering the evolution of mechanisms and P-delta effects.
At the target displacement computed the internal forces and deformations are used to
assess the inelastic strength and deformation requests for a performance check (Oguz,

2005).

Generally, the pushover analysis is performed as a displacement-controlled proposed
by (Allahabadi, 1987) to overcome these problems. In displacement-controlled
procedure, specified drifts are sought (as in seismic loading) where the magnitude of
applied load is not known in advance. Increased or decreased the magnitude of load
combined as necessary until the control displacement reaches a specified value.
Generally, the control displacement is the roof displacement at the center of mass of

the structure.

The definition of the material model is another very important aspect in the pushover
analysis which was used to simulate the ductility of the structural members. Figure 3.9
shows the simplified force-deformation relationship used to model the beam elements
or columns whose actions are controlled by deformation (FEMA-273/274, 1997,

Bento et al., 2004).

For a structural number, the first line AB of the load deformation curve shows a linear
response with a yield point at B. The inclination of the second line BC is usually low (0
to 10% of the value of the inclination of the elastic regime AB) and it represents some

hardening. The third line CD represents the degradation of the resistive capacity while
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the line DE corresponds to the plastification of the structural element. The criteria of
acceptable deformation is also included by appropriate deformation ratios for primary
elements (P) and secondary elements (S), which are also presented qualitatively in
Figure 3.9 for three safety levels: Collapse Prevention (CP), Life Safety (LS) for the
human life and Immediate Occupation (10) for usefulness or serviceability of the
structure. The values attributed to each point of the curve vary in function of the type
of structural element, and they still depend on other parameters as specified in the
ATC-40 (1996) and in the FEMA-356 (2000). In simple framed structures, the
non-linear behavior occurs in sections or nodes that can be previously identified and
introduced in the calculation model through hinges with non-linear behavior defined

as given in Figure 3.9.

0 - Immediate Occupation

MIF ! LS - Life Safe Q | b
CP-Collapse Prevention Qe | a |
TP— ‘ \
L — C
: B
L
]
c
:
2 D BT
c
- A e
B/A Deformation B/A

Figure 3.9 Constitutive relationship for pushover analyses (FEMA 356, 2000)

The main output of a pushover analysis is the capacity curve. If the demand curve
intersects the capacity curve near the elastic range, Figure 3.10 a, it can be said that the
structure have an excellent seismic resistance. If the demand curve crosses the
capacity curve as shown in Figure 3.10 b, it can be said that the structure have little

reserve of strength and deformation capacity (Kadid and Boumrkik, 2008).
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Figure 3.10 Typical seismic demand versus capacity: a) safe design and b) unsafe
design (Kadid and Boumrkik, 2008)

Identification of plastic hinges formation is an important feature of pushover analysis
as it can give the designer an insight into which parts of the structure need special
considerations in the design process. However it has been shown that this ability of
pushover methods in capturing local quantities such as the formation of plastic hinges

diminishes as the structure grows taller (Rahnama and Krawinkler, 1994).

In the pushover analysis, various kinds of plastic hinges must be assigned to the beam
elements and the column elements individually. For beam elements, plastic hinges are
mainly produced by uniaxial bending moments (M3) while for column elements,
plastic hinges are mainly produced by axial loads and biaxial bending moments

(PMM) (Jianguo et al., 2006).

In order to perform a pushover analysis for a MDOF system, a pattern of increasing
lateral forces needs to be applied to the mass points of the system. The purpose of this
is to represent all forces which are produced when the system is subjected to
earthquake excitation. By incrementally applying this pattern up to and into the

inelastic stage, progressive yielding of the structural elements can be monitored.
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During the inelastic stage the system will experience a loss of stiffness and a change in
its vibration period. This can be seen in the force-deformation relationship of the

system (Themelis, 2008).

The choice of the load pattern to capture a dynamic phenomenon through a static
analysis is of much importance because it has been recognized that it can affect the
results significantly (Lawson et al., 1994; Naeim and Lobo, 1998; Gupta and Kunnath,

1999; Mwafy and Elnashai, 2001; Lew and Kunnath, 2001; inel et al., 2003).

Since the application of a single load pattern sometimes would not be able to capture
the dynamic response of any system due to a seismic event, the standards of FEMA
356 and EC8 recommend to use at least two loads patterns in order to envelope the

responses as shown in Table 3.3.

52



Table 3.3 Loading pattern: FEMA 356 and EC 8 (Braz-César and Barros, 2009)

FEMA 356

EC (2003) — Method N2

e Model*(fundamental mode)

_  mhf
Fi_ n k
Zj:lmihi

Fy
F,- basal shear

F;- inertia forces at floor level i

m;- mass of floor level i

h;-coefficient associated with fundamental

mode (height of floor level 1)
K=1.0 for T< 0.5s
K=0.75+T/2 for 0.5<T<2.5s

K=2.0 for T>=2.55

*Can be multimodal (association of 3 first
modes, as proposed by Chopra and Goel)

e Uniform (see detail in EC8)

e Model

F': ¥l
oY, mey

Fy

Fy,- basal shear
F;- inertia forces at floor level i
m;- mass of floor level i

@;- model coefficient at floor level i

¢ Uniform
F=—_F
l Z;L=1 m; b
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Capacity curves
Figure 4.1 shows the comparison of the capacity curves of flexible and rigid frames
with and without X-braces. It was certain and obtained that for both of frame systems,
the X-braced frames were much stiffer and showed a better performance compared to

the unbraced frames.

Rigid frames were much stiffer and exhibited a better work and performance
compared to the flexible ones with brace and without brace under lateral loads, also
putting the stiffness of the X-brace in perspective with unbraced frames, it was
observed that in general the former was much stiffer than later. When the buildings
were pushed well into the inelastic range, the curves became linear again but with a
smaller slope. In the fact, the capacity curves in general for unbraced frames were
bilinear since at the bases beginning the structure was globally in the elastic range
and given a linear elastic slope, and when the base shear was exceeded, some
structural members (beams and columns) would yield and induce a change in the

slope of the capacity curve.

However, in the case of the braced frames, the first change in the elastic slope was due
to the yielding of the braces and the second change was due to the yielding of the
structural members. Therefore, the length of the second slope was the delay between
the yielding of the brace and the structural members. Also, it was observed that

commonly the yielding of the brace members occurred at constant roof displacement.
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Figure 4.1 Capacity curves for the unbraced and braced flexible and rigid frames of
a) 4-storey, b) 8-storey, ¢) 12-storey, and d) 16-storey
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4.2 Inter-storey index

The defined maximum inter-storey index is the maximum interstorey drift (6max)
divided by the storey height (h). The index is related to a significant of the damage
level experienced by the structural members. Figure 4.2 compares maximum
inter-storey index for rigid and flexible frames with and without X-braces. The
comparison of maximum inter-storey index indicated that this index for flexible
frames was so much greater than for rigid frames. In both cases of braced and
unbraced, it was pointed out from the response plots that a good performance could
be observed in rigid frames and especially rigid with concentrated brace frames if

compared to unbraced frames.
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Figure 4.2 Maximum inter-storey indexes for the frames of a) 4-storey, b) 8-storey,
c) 12-storey, and d) 16-storey

4.3 Global damage index

The roof displacement (D) ratio over the total height of the building (H) was defined
as the global damage index. Figure 4.3 demonstrates the global damage index for
rigid and flexible frames with and without concentrating braces. The global damage
index was assessed for both types of frames. The computation or estimation of a
global damage index of the frames (rigid and flexible) showed the flexible frames it
was so much greater than rigid frames, and concentric brace frames showed a better
performance in comparison to unbraced frames. The use of concentric brace system
resulted in reduction of 10-70%. The magnitude of these global deformations
depends mainly upon number of stories and especially characteristics of the frame

(flexible or rigid systems).
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The global damage index is based on the evolution of local damage combined with
an analysis of the probable collapse mechanism of the structure. The result of this
index indicated that the various configurations of frames (number of stories, type of
frames and frames with or without concentrating brace) had a greater effect on global
performance of the structures. For example, in the case of four-storey buildings, the
global index was higher than the other structures. Moreover, the inclusion of
concentric brace frames into the same structure resulted in lower index. It was
observed that this index had a tendency to diminish with the use of rigid type of

frames.
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Figure 4.3 Global damage indexes for the frames of a) 4-storey, b) 8-storey, ¢)
12-storey, and d) 16-storey

4.4 Total base shear

The base shear obtained from the pushover analysis is presented in Figure 4.4. Type
of frames and lateral loads influenced the variety of base shear forces. The base shear
was increased in the cases of brace frames, but the columns were not influenced so
much by this increment, because most of the shear force was supported by the
braces, and that increased by rigidity frames. The base shear was also affected by
type of frame and number of stories of the structure. For example, in the case of stiff
concentrated brace frames, the base shear was greater than flexible concentrated
brace frames and by the increasing number of stories the base shear was also
increased. Thus, the largest base shear was observed in the case of the sixteen stories

stiff concentrated brace frames.
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Figure 4.4 Total base shears for the frames of a) 4-storey, b) 8-storey, c) 12-storey,
and d) 16-storey
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4.5 Variation of storey displacement

The storey displacement variation of both types of frames (flexible and rigid) with
and without X-braces is shown in Figure 4.5. The rigid and flexible frames with the
inclusion of concentric brace considerably decreased the value of maximum roof
displacement and corresponding storey displacement compared to unbraced frames,
especially in the case of rigid frames. Frames with concentric brace yielded very
uniform response along the height of the structure and there was not a concentration
of large deformation in one storey or without an abrupt change in the drift pattern

with respect to the level of deformation.

The maximum storey displacement was also influenced by the number of stories and
frame type. For example, in the case of four stories stiff X-brace frames, the
maximum storey displacement was smaller than other frames, by an increasing

number of stores the maximum storey displacements were also raised.
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Figure 4.5 Storey displacement versus storey no. for the different frames

4.6 Inter-storey drift ratio

The previous studies indicated that steel buildings could experience significant lateral
deformations after an earthquake ground motion (Pampanin et al., 2003; Ruiz-Garcia
and Miranda, 2006). Therefore, inter-storey drift demands over height in the unbraced

and braced frames were evaluated as seen in Figure 4.6.

Generally, the inclusion of the bracing element into the frames resulted in a
considerable reduction in drift values of the frame systems. For instance, the drift ratio
for the unbraced flexible eight storey frame were about 3.4%, however, the effect of
X-brace on the same frame was observed that the drift demands was smaller and had
peak inter-storey drift of about 1.35%. The figure also revealed that the stiff frames

exhibited a better performance than the flexible ones.
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CHAPTER 5
CONCLUSIONS

Based on the results of this study, the following conclusions can be drawn:

1. Pushover analysis can provide insight into the elastic as well as the inelastic
response of buildings when subjected to lateral loads. The results obtained in
terms of capacity-demand gave an insight into the real behavior of structures.
The steel-braced systems possessed much larger ductility capacities than their

equivalent unbraced frames.

2. From the capacity curves, it was evident that the base shear, which was the
capacity of the frame to resist lateral loads, was considerably increased in the
presence of braces. It was very noticeable in the case of stiff braced frame

systems.

3. Based on the concept of using steel braces in strengthening or retrofitting the
existing structures, the steel bracings reduce the flexure and shear demands in
beams and columns and transferred the lateral loads throughout the axial load
mechanism. Regardless of the frame design properties, the utilization of
X-brace frames supplied smaller inter-storey drift index in comparison to
unbraced frames. Up to 50% reduction in the inter-storey drift value with
respect to the original frames was observed, which confirmed that the X-brace
was a very effective bracing element to support the frames under the lateral

loading.
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4. The analysis of the results showed that the rigid frames had better structural
performance than the flexible ones, irrespective of the number of storey. On
the other hand, the plastic hinges were generated in the beam elements and
most of the columns had remained in the elastic stage. Generally, it was
noticed that there were a lot of columns which had an undesirable failure mode

of deformation result in the inelastic range.

5. It was pointed out that pushover analysis had a useful tool of performance
based seismic design of a structure by providing the post-yield behavior of a
structure and it could be used to assess the performance of different types of
structures by controlling their displacements (at local and global levels) and it
give a useful data about the behavior of structure under seismic action until the

structural collapse.
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