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SUMMARY

In this thesis, amplified seismic load are investigated for low-, medium- and
high-rise steel special moment frames (SMF) and steel special concentrically braced
frames (SCBF). Stability of load bearing system especially column should be
maintained when structure is in inelastic region, during strong ground motion. For
this purpose, approximate lateral strength of structure need to determined. Lateral
strength of a structure can be defined as the maximum lateral force that the building
can resist during a strong ground motion. The amplification factor (o) in design
codes is used to estimate for the lateral strength of a steel building. Amplification
factor, (Qo) is obtained by dividing the actual strength of the structure into the design
strength and depending on the structural system and varies between 2.0 and 3.0. The
required compressive axial strength and tensile strength of columns in the seismic
force resisting systems (moment frames, braced frames, shear walls) are determined
using the load combinations in the seismic design code including the amplified
seismic load [AISC 341-10, 2010]. The specification permits to neglect applied
moment in this determination [AISC 341-10, 2010]. The requirements in the
specification are mostly based on engineering judgment and a comprehensive
analytical investigation is urgently needed to justify these requirements. In this
thesis, nonlinear dynamic time history analyses were carried out to investigate the
increase in the axial load levels on columns, brace and system overstrength factors
for Special Moment Resisting Frames (SMRFs) and steel special concentrically

braced frames (SCBF) under strong ground motions.

Key Words: Steel Moment Frame, Steel Concentrically Braced Frame,
Amplified Seismic Load, Overstrength Factor, Nonlinear Dynamic Time
History Analyses.



OZET

Bu c¢aligmada az, orta ve c¢ok kath siineklik diizeyi yiiksek moment aktaran
celik cerceveler ile siineklik diizeyi yiiksek merkezi gelik caprazli cercevelerde
artirilmis deprem etkileri incelenmistir. Siddetli deprem yer hareketine maruz kalan
bir yapi, dogrusal olmayan evreye girdikten sonra yapinin tasiyici sisteminin,
ozellikle de kolonlarin, stabilitesinin saglanmasi1 gerekmektedir. Bu nedenle yapinin
yaklasik yanal dayaniminin belirlenmesi gerekmektedir. Yapinin siddetli deprem yer
hareketi sirasinda maruz kalacagi maksimum yatay kuvvet, yapinin yanal dayanimi
olarak tanimlanir. Deprem yonetmeliklerinde tanimlanan biiylitme katsayisi, (Qo)
esas olarak bir yapinin yanal dayaniminin yaklasik olarak belirlenmesine yarar. (o)
aslinda yapinin gercek dayanimin tasarim dayanimina béliinmesi ile elde edilir. (Qo)
tasiyici sistemin tiiriine baglh olarak 2.0 ile 3.0 arasinda degerler almaktadir. Celik
yapilarda deprem yiiklerini aktaran tasiyict sistemdeki (moment c¢erceveler, ¢aprazl
cerceveler, celik perde duvarlar) kolonlarin eksenel basing ve eksenel ¢ekme
dayanimlarinin arttirilmig deprem etkilerini igeren yiik kombinasyonlar1 kullanilarak
kontrol edilmesi gerekmektedir [AISC 341-10, 2010]. Bu kontrolii yaparken, egilme
momentlerinin ihmal edilmesine yonetmelik izin vermektedir [AISC 341-10, 2010].
Arttirllmis deprem etkileriyle ilgili hiikiimler daha ¢ok muhendislik sezgilerine
dayanmaktadir, bu hiikiimlerin kapsamli bir analitik calisma ile incelenmesi ve
degerlendirilmesi gerekmektedir. Bu tezde, silineklik diizeyi yiiksek Moment
Cergeveler (OMC) ve siineklik diizeyi yiiksek Merkezi Caprazli Cergevelerde (MCC)
siddetli yer hareketi altinda dogrusal olamayan analizler gerceklestirilmis ve sistem
biiylitme katsayilari ile kolon ve ¢apraz elemanlardaki eksenel kuvvet seviyesindeki

artiglar incelenmistir.

Anahtar Kelimeler: Celik Moment Cerceve, Celik Merkezi Caprazh Cerceve,
Arttirnlmis Sismik Yiik, Bilyiitme Katsayisi, Dogrusal Olmayan Dinamik

Zaman Gec¢misi Analizi.
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1. INTRODUCTION

Many modern steel moment resisting frames (SMRF) suffered from
unexpected structural damage and seismic behavior during the January 17, 1994,
Northridge, USA and January 17, 1995, Kobe, Japan earthquakes. The damage
mostly occurred in flange welds, girder flanges, column flanges and webs, shear
plate connections of the girder web in the girder-to-column connection [Astaneh-Asl
et al., 1998)]. These events triggered comprehensive analytical and theoretical
investigations and substantial changes in steel building design. One of the major
counter measure methods in design code is to consider amplified earthquake effects
on steel building design. Under strong ground motion, SMRF which provides
ductility by yielding of beams subjected to amplified seismic loads generally 2 or 3
times greater than anticipated seismic load and this should be considered in design of
column and connections. When SMREF is in inelastic region during earthquake, the
stability of the the columns should be maintained. Seismic codes require that column
stability should be checked under amplified seismic loads [AISC 341-10, 2010].

Seismic code defines response modification factor (R values) deflection
amplification factors (Cq values) and system over strength factors (Qo values) under
seismic design procedure [ASCE 7-10, 2010]. R is a coefficent related to ductility of
the structure and equal to cross product of over strength factor (SRF) and ductility
reduction factor. Ductility reduction factor is the ratio of the assumed entirely elastic
story drift to actual story drift under earthquake ground motion. Cq is defined as the
ratio of the inelastic story drift corresponding to design earthquake ground motion
divided by the design displacement; i.e. Cq is a fraction of R. ) is the ratio of actual
strength (Vmax) divided by the design strength (V) (Figure 1.1). Conceptually, the
columns and connections should be designed for forces corresponding to V, but

stability of the columns should be maintained under Vmax.
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Figure 1.1: Schematic illustration of amplified seismic load, (o)

In seismic force resisting systems (SFRS) such as moment frames, braced
frames and shear walls, the compressive axial strength and tensile strength of
columns should provide following requirements [AISC 341-10, 2010]:

e The compressive axial strength and tensile strength of a column will be
determined using the load combinations including the amplified seismic load.

e Bending moments in the column can be neglected in the strength check of a
column using load combinations including the amplified seismic load.

e The required axial compressive strength and tensile strength of a column not
exceed either of the following:

e The maximum load transferred to the column by the system, including the
effects of material overstrength and strain hardening in those members where
yielding is expected.

e The forces corresponding to the resistance of the foundation to overturning
uplift (difficult to obtain).

As described in the second commentary ignoring bending moments in the
column isn’t very realistic because before the collapse like axial force, bending
moment also has an increase in column. Hence validity of that should be examined.
Columns in seismic force resisting system which are transferring seismic load should
have enough strength against global buckling and tensile rapture. Under strong
ground motion columns in SMRF can be exposure large tensile forces [Astaneh-,Asl
et al., 1998]. For this reason, all regulations since 1980 require adequate strength in
columns under strong ground motions. Limiting the axial forces that could be

imposed on columns during the ground motion is the main purpose of this



requirement. Bending moment at columns ends is not taken into consideration by the
regulations [AISC 341-10, 2010]. Newell and Uang have shown that during large
story drifts, column can resist axial forces up to 0.75Fy with high end rotations
[Newell and Uang, 2008]. Fy is the specified minimum yield strength. There are two

acceptance based on this approach:

e Bending moment has maximum values at the ends of the column

¢ Reverse curvature occurs as a result of bending moments in column.

Researches have shown that the second commentary is not valid for every
condition and nonlinear time history analysis mainly shows conditions which
columns end moment’s sign remains same and may cause buckling [Shen, at al.,
2010]. Another word, column end moments could contribute to column buckling.

For SFRS, the requirement in design regulations does not guarantee to prevent
column yielding and not prevent columns end yielding which may be occurred by the
combination of axial load and bending moment [AISC 341-10, 2010]. Yielding in
columns can occur as a result of high bending moment — average axial force
combination (like moment frames) or high axial force — bending moment from end
rotation combinations (like braced frame). Column vyielding in SFRS is life safety
threatening situation and unwanted damage mode.

In previous AISC provisions order to check columns strength with amplified
load effect, if the proportion of Pu/(¢cPn) ratio (acc. to LRFD) were greater than
0.4, where Pu is the required axial strength of a column using LRFD load
combinations, Pn is the nominal axial strength of a column, and ¢c is 0.90. In the
fact, especially for columns having low axial load and large (o) values this
limitation does not led to reliable results [AISC 341-05, 2005]. As a result of that,
this limitation value requirement was voided from the latest AISC regulations and
strength control under amplified seismic load is required to apply all columns in
SFRSs [AISC 341-10, 2010].

Related requirement about amplified seismic load effects on column stability
were prepared usually based on engineering pre-cognition in seismic design code
[AISC 341-10, 2010]. Regulation should be examined with comprehensive
researches and renewed if necessary. Turkish Earthquake Regulations also based on



American regulation [TDY, 2007]. Turkish Earthquake Regulations has following
requirements for amplified load effects [TDY, 2007]:

Besides having adequate strength under axial force and bending moments from
the combinations of vertical and lateral loads, column in first and second seismic
hazard region also should have enough strength capacity under axial tension and
compression forces (without considering bending moments) results from amplified
load combinations.

Traditional structural design is based on strength. Strength demand of a
structure is found by applying determined lateral seismic force with vertical forces.
Designing structural elements is based on basis of that strength demand is equal or
smaller than strength capacity. Horizontal static seismic force described in
earthquake regulations provides minimum lateral strength and the aim is not to stay
elastic under design earthquake. According to this approach, under severe earthquake
ground motion structure is expected to perform high nonlinear deformations.
Collapse depends on ductility of the structure.

The points where amplified seismic load effects are taken in to considerations
in high ductile load bearing systems are stated in AISC341-10 as follows [AISC341-
10, 2010]:

e Determining compressive axial and tensile strength of columns in load-bearing
system which is transferring seismic load (moment frames, braced frames
and plate shear systems)

e Determining the strengt of column to column joints,

e Determining column axial load and bending moment during the design of
column footing,

e Determining shear force bases on designing joints, etc

Regulations about amplified seismic effects are based on engineering decisions
and an extensive analytical investigation is needed to justify these requirements.



1.1. Objective

The purpose of this thesis is to explore the amplified seismic loads in steel
special moment frames (SMF) and special concentrically braced frames (SCBF)
under strong ground motions. To this end, plastic hinge rotations, P-M interactions
for side columns and pushover curves for all frames will be evaluated. Moreover, the
increase in axial loads on columns and braces for the maximum lateral load level and
the corresponding lateral displacement will be investigated. Also system overstrength

factor will also be determined and compared with the values in regulations.

1.2. Scope

To investigate the amplified seismic load in low, medium and high-rise
building, 4-, 8-, 12- and 20-story SMF and SCBF are selected and designed in
accordance with American provisions.

For SCBF with two different bracing configurations (inverted V and two-story
X) are designed. Four different span lengths with SMF are used to specify the effect
of span length difference amplified seismic load. An ensemble of ground motions is
selected so that the seismic response of each of the four frames would range from
moderate to severe and the seismic energy demand would be evaluated based on the
response of the frames. Two sets of ground motions corresponding to 10% and 2%
probability of exceedance in 50-year time period which correspond to the life safety
performance level (LS) and collapse prevention performance level (CP) respectively

are used in nonlinear dynamic time history analyses.



2. AMPLIFIED SEISMIC LOADS IN SEISMIC
PROVISIONS

For structures in seismic Design Category D, E or F and for Seismic Design
Categories A, B or C; when using R > 3, applying requirements in seismic provisions
is mandatory [ASCE 7-10, 2010]. Basic LRFD Load Combinations including
horizontal and vertical seismic effects in ASCE-7-10 as follows [ASCE-7-10, 2010]:

1.2D + 1.0E + 0.5L + 0.2S (2.1)
09D + 1.0E (2.2)

Definition of E in basic load combinations for equation 2.1 and 2.2 as follow:
E =pQr +0.25,5D (2.3)
In Eq. (1.3) pQg represent horizontal seismic effects and 0.2Spg D represent
vertical seismic effects in a simple way. In the equation Qg is the effect of horizontal
earthquake-induced forces; Sps is the design spectral acceleration at short periods; D
is the dead load effect; L is the live load effect; S is the snow load effect; p is the
redundancy factor that depends on extent of redundancy in the seismic lateral
resisting system. pvaries from 1.0 to 1.5. Replacing E in equation (2.3) with

equations (2.1) and (2.2) results in:

(1.2 + 0.25p5)D + 1.0pQg + 0.5L + 0.2S (2.4)
(0.9 —0.25p5)D + 1.0pQp (2.5)
0.2Sps is simply modified dead load in equation 1.4 and 1.5. Amplified
earthquake effects are obtained by multiplying the horizontal effects of E with Qo.

Thus, equation 2.3 takes the following form:

E = QOQE i O'ZSDS D (26)



p and (Qo) are replaced in equation 2.6. The effect of amplified seismic load is
obtained by replacement of E in equation 2.1 with E in equation 2.6.

(1.2 + 0.2Sp5)D + 1.00,Q5 + 0.5L + 0.2S (3.7)

(0.9 — 0.25,5)D + 1.00,0; (3.8)

For amplified seismic load effects, two load combinations are given in Turkish
Earthquake regulations (equations 2.9 and 2.10) [TDY, 2007]. In TDY beside
columns in steel structural system satisfying adequate strength under axial force and
bending moment from the combinations of earthquake and vertical loads, columns
also have adequate strength capacity under axial tension and compression loads
resulting from amplified seismic loads given in equation 2.9 or if more critical in

equation 2.10 for structures in seismic zones one and two.

1.0G + 1.0Q F Q,0; (3.9)

0.9G F 0,05 (3.10)

Amplified seismic load effects should be taken into consideration in the design
of columns in steel structures under axial forces, in the design of column splices, in
the design of beam-column connections in high ductile normal frame system and in
the design of other connection details. Qo used to determine amplified seismic load
effects depend on seismic load resisting system and shown in Table 2.1 and 2.2. (Qo)
basically is used to determine approximately lateral strength of a structure (Figure
1.1). The maximum lateral force that the structure is subjected to during earthquake
ground motion is defined as the lateral strength of the structure. That is, QoQE, is
used for estimating lateral strength of a structure.



Table 2.1: Amplified load factor Qo [ASCE 7-10, 2010].

System Q
Moment Frames (high, normal and low ductile moment frames) 3
Concentrically Braced Frames (high and normal ductile central )
braced frames)
Eccentrically Braced Frames (EBF) 2
High Ductile Special Plate Shear Walls (SPSW) 2
Buckling Restrained Braced Frames (BRBF)
Moment resisting beam-column connections 2.5
Simple beam-column connections 2
Table 2.2: Increase coefficients Qo [TDY, 2007].
Type of Structural Systems Q
High Ductile Frames 25
Normal Ductile Frames 2
Central Braced Shear Walls (high and normal ductile) 2
Eccentric Braced Shear Walls 25

Amplified load factor €, is given as 3 for moment resisting frames (Table
2.1). This, indicates that , average lateral strength of a moment resisting frame is 3
times more than Qg; that means, lateral strength of the structure, is quite larger than

design lateral force. This could be due to many reasons:

e Use of strength reduction factors in determination of design strength,

e Actual yield strength is larger than the minimum yield strength,

e Selecting larger sections to assure relative displacement requirement especially
in moment frames,

o Selecting larger sections to ease design and construction process (use of same
beam sections at least in two stories etc.)

e Increase in strength that takes place from formation of first plastic hinge until

the formation of plastic mechanism.



It is important to note that whenever the design of a member or connection is
required under increased earthquake effects, this also means that plastic analysis is
allowed for determining the maximum load acting on the connection or member. In

other words, increased earthquake loading is used instead of plastic analysis.



3. LITERATURE SURVEY

Researches have been made to investigate amplified seismic loads in structural
systems. One of first studies on amplified seismic load is Freemans. In his study,
conducted in 1990, the author reported overstrength factors for 3 three-story steel
moment frames, two constructed in seismic zone 4 and one in seismic zone 3 were
1.9, 3.6, and 3.3, respectively.

Osteraas and Krawinkler studied on overstrength and ductility of steel frames
designed in compliance with the Uniform Building Code working stress design
provisions [Osteraas and Krawinkler, 1990]. Moment frames, perimeter frames and
braced frames having various bay sizes and heights were subjected to non-linear
static analysis using an invariant triangular load distribution. For moment frames the
overstrength factor ranged from 8.0 in the short period range to 2.1 at a period of 4.0
seconds. For concentric braced frames reported overstrength factors ranged from 2.8
to 2.2 at periods of 0.1s to 0.9s respectively.

Rahgozar and Humar obtained overstrength factors ranging from 1.5 to 3.5 for
two types of concentrically braced ten-story frames [Rahgozar and Humar, 1998].
Stating as a result of their study the main parameter that controls the reserve strength
in those frames was the slenderness ratio of the bracing members. PA effect has a
negligible effect on the overstrength factor and overstrength increases with an
increase in the brace slenderness ratio or a decrease in the design earthquake load.

Kappos examined five R/C buildings, with one to five stories, consisting of
beams, columns, and structural walls and as a result overstrength factors 1.5 to 2.7
are obtained [Kappos, 1999].

Balendra and Huang investigated overstrength and ductility of buildings that
are designed for gravity loads and wind loads or notional horizontal load [Balendra
and Huang, 2003]. In order to do that, steel frames of three, six and ten-story three-
bay moment resisting frames (MRFs) concentrically braced frames (CBFs) and semi
rigid frames are designed according to BS 5950, which does not have any seismic
provisions. A nonlinear push-over analysis involving P-D effect has been performed
on these steel frames, considering the effects of various combination of dead load
(DL) and imposed load (IL) as 1.0DL + 0.41L (most common state) 1.0DL1 + 1.0IL
(serviceability state) and 1.2DL + 1.2IL (ultimate state). As a result of the study, The
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overstrength factors of MRFs decrease from 8 to 3.5 as the number of storys increase
from 3 to 10. When the rigid connections are replaced with semirigid connections,
the overstrength factors of these three frames decrease around 50%. The overstrength
factors for three-, six-, and ten-story low-rise semirigid frames frames are 6, 3, and
1.5, respectively. For inverted-V-braced and split-Xbraced frames the overstrength
factors are 5.5, 3, and 2.5 for three-, six- and ten-story frames, respectively.

Lee, Cho and Ko analyzed overstrength factors and plastic rotation demands
for 5, 10, 15 story R/C buildings designed in low and high seismicity regions
utilizing three dimensional pushover analysis [Lee et al., 2005]. One of their
conclusions is that the overstrength factors in low seismicity regions are larger than
those of high seismicity regions for structures designed with the same response
modification factor. They have reported factors ranging from 2.3 to 8.3

Kim and Choi evaluated overstrength, ductility, and the response modification
factors of the 21 special concentric braced steel frames and 9 ordinary concentric
braced frames with various stories and span lengths by performing pushover analyses
[Kim and Choi, 2005]. The overstrength factors increased as the structure’s height
decreased and the span length increased. In SCBF, the factors turned out to be 1.9 to
3.2 for a 6m span, 2.4 to 4.1 for an 8m span, and 2.5 to 4.7 for a 10 m span. In
OCBEFs, factors were found close to 1.5 for all configurations.

Jin and El-Tawil were conducted nonlinear pushover and transient analyses of
4-, 8-, and 16-story frames with reduced beam section (RBS) connections with the
objective of developing a better understanding of RBS frame behavior and exercising
as well as critiquing the recently published FEMA-350 design specifications [Jin and
El-Tawil, 2005]. Consequently, the structural overstrength factor, Qo decreases as
building height increases as Qo = 2.5, 1.7, and 1.5 for the 4-, 8-, and 16-story
buildings respectively.

Annan, Youssef and Naggar evaluated structural overstrength resulting from
redistribution of internal forces in the inelastic range, design assumptions, and strain
hardening behavior of steel and displacement ductility in typical braced frames of
Modular Steel Buildings (MSBs) that are designed and modeled according to the
2005 edition of the National Building Code of Canada [Annan et al., 2008]. In their
study, three heights of a typical modular steel dormitory are considered: two-story,
four-story, and six-story with the same overall plan dimensions. They conducted

nonlinear static pushover analyses to study the inelastic behavior of these frames. As
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a result of their study, overstrength factors for two-, four- and six-story frames range
from 1.9 to 2.5 and overstrength in MSBs appear to depend on building height
contrary to many seismic design codes prescribing a single value for all buildings
with a specific structural system.

Kim and Park investigated the seismic behavior of a framed structure with
chevron-type buckling restrained braces and their behavior factors, such as
overstrength, ductility, and response modification factors [Kim and Park, 2009].
They designed two types of structures, building frame systems (BFS) and dual
systems (DS) with 4, 8, 12, and 16 stories according to the IBC 2003, the AISC
LRFD and the AISC Seismic Provisions. To compute behavior factors they
conducted Nonlinear static pushover analyses using two different loading patterns
and incremental dynamic analysis using 20 earthquake records. According to the
analysis results, the computed overstrength factors of the dual systems, which were
designed with larger response modification factor, were smaller than those of the
building frame systems. For BFS models overstrength factor ranges from 3.8 to 6
whereas for DS models it changes between 3 and 5.5. The overstrength factors turned
out to be larger than those given in the AISC Seismic Provision.

Mahmoudi and M. Zaree evaluated the overstrength of the concentrically steel
braced frames (CBFs) considering reserved strength, because of members post-
buckling [Mahmoudi and M. Zaree, 2009]. A push over analysis was performed on
models with single and double bracing bays, different stories and brace
configurations (chevron V, invert V and X-bracing). As a result, The obtained post-
buckling overstrength factors for CBFs in type V, inverted V and X with single and
two bracing bays are 1.11, 1.08 and 1.28, respectively, for concentrically steel braced
frames in type V, inverted V and X with single bracing bay are evaluated as 2.90,
3.75 and 3.10, respectively and concentrically steel braced frames in type V, inverted
V and X with two bracing bay are evaluated as 3.80, 4.80 and 4.20, respectively.

Arslan and Topkaya investigated the influence of elastic base shear distribution
between the steel plate shear wall and the moment resisting frame on the global
system response such as the strength reduction, the overstrength, and the
displacement amplification factors. A total of 10 walls and 30 wall-frame systems,
ranging from 3 to 15 stories, were selected for numerical assessment [Arslan and
Topkaya, 2010]. These systems represent cases in which the elastic base shear

resisted by the frame has a share of 10, 25, or 50% of the total base shear resisted by
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the dual system. One of their conclusions is that the Increase in the frame base shear
resistance increases the overstrength possessed by the system. While the strength
reduction factor (R) value remains constant, there is an inverse relationship between
overstrength and ductility reduction. It was found out that the overstrength of the
system increases with the amount of frame load share, whereas the ductility
reduction factor decreases.

Tabeshpoura, Golafshanib and Shalmanib proposed completely closed RBS
(CC-RBS) as a function of a new ribbed bracing system (RBS) [Tabeshpoura et al.,
2011]. To do so, Three, six and ten-story moment frames equipped with CC-RBS
were designed according to Iranian seismic code of practice, standard No. 2800 and
were evaluated by performing static pushover (SPo) and incremental dynamic
analyses (IDA). As a result of their study, The overstrength factors increased as the
structure height increased in both IDA and SPO analyses except the overstrength
factor of ten story frame obtained from SPO analyses which decreased in compare of
six-story frame’s. The factors turned out to be 2.12-2.32 in IDA and 2.30-2.38 in
SPO analyses, which are generally larger than the IBC 2000 specified value of 2.0.
Static pushover analyses lead to larger overstrength factors in all model structures in
compare with the overstrength factors obtained in incremental dynamic analyses.

Mellati, Tehrani, Zeinali and Banazadeh were investigated the effects of
various parameters such as the type of the moment frame, Seismic Design Category
(SDC) and height of the building on overstrength factors of steel Moment Resisting
Frames (MRF) [Mellati et al., 2013]. 12 building with 4,8 and 12 stories designed
tree-dimensionally based on ASCE/SEI 7-10, AISC-LRFD 360-05 and AISC 341-05
regulations. Nonlinear static analysis were conducted for 24 two dimensional MRFs
of these buildings. As a result, overstrength factors are in the range of 2.9 to 6.07
with the average of 4.43. For OMFs and IMFs, this factor usually decreases by
increasing the number of stories.

Mehdi and Kargarmoakhar studied Seismic behavior of steel frames utilized by
Shape memory alloys (SMA) bracing in their research [Mehdi and Kargarmoakhar,
2013]. The overstrength, ductility, and the response modification factors of the 24
steel braced frames employing SMA braces with various numbers of stories (4-, 6-,
8-, 10-, 12- and 14-stories) and spans for different types of bracing (diagonal, X and
Chevron bracing) were evaluated by performing static pushover and linear dynamic

and incremental nonlinear dynamic analyses. It was found out that the overstrength

13



factor is decreased from 6.0 to 2.9 as the number of stories is increased. Increasing
the number of spans had insignificant effects on the overstrength factor. Systems
with Chevron V bracing showed higher values for overstrength factors in comparison
with other systems in their study. The X bracing and diagonal bracing systems have
almost similar results.

Abdollahzadeh and Banihashemi evaluated the overstrength, ductility and
response modification factors of the 20 dual system with buckling-restrained braced
with various stories number and the type of bracing (type V, inverted V, X and
diagonal) by performing static pushover, linear dynamic and incremental nonlinear
dynamic analysis. Consequently, the obtained overstrength factor for dual system
with buckling restrained braces in type V, inverted V, X and diagonal are,
respectively, 2.18, 1.9, 2 and 1.8 [Abdollahzadeh and Banihashemi, 2013]. The over
strength factor is decreased as the number of stories is increased.

Kusyilmaz and Topkaya conducted an analytical study on the design
overstrength of steel eccentrically braced frames (EBFS) [Kusyilmaz and Topkaya,
2013]. The study aimed at examining the influence of geometrical factors and
seismic hazard on the design overstrength of EBFs. For analysis number of models
with stories varied from 3 to 15, link length to bay width ratio varied as 0.1, 0.15,
0.2, 0.25, and 0.3. Bay widths of 8,10, 12, 14 m were considered. As a result, The
average and minimum design overstrength of EBFs considered in their study were
found to be 2.36 andl.16, respectively. The average and minimum design
overstrength of EBFs considered in their study were found to be 2.36 and 1.16,
respectively. The design overstrength is secondarily influenced by the building
height and seismic hazard level. In general, the design overstrength decreases as the
building height or seismic hazard level decreases.

Farokhi and Bazvand investigated the seismic behavior of a conventional steel
moment frame with knee braces by using dynamic time history analysis and
nonlinear static analysis for three models of 3, 6 and 10 stories with different bay
numbers [Farokhi and Bazvand, 2014]. One of their conclusions is that the
overstrength factor for KBMFs is obtained between 2 to 3 and is reduced by
increasing the number of stories; so that this factor for 10-story frames is equal to 2.
While the proposed value in the regulation is an estimation of the overstrength in

frames and is equal to 3.
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Dickof, Stiemer, Bezabeh and Tesfamariam analytically investigated A timber-
steel hybrid system, where cross-laminated timber (CLT) shear panels are used as
infill in steel moment resisting frames [Dickof et al., 2014]. Parametric studies are
carried out for three-bay hybrid buildings with three-, six-, and nine-story hybrid
buildings for varying panel configuration (a given gap, panel thickness, and crushing
strength) values. A monotonic pushover analysis was performed to develop a
preliminary ductility and overstrength values based on both steel yield of frame and
panel crushing force in the links. As a result of their study, the overstrength value
associated with the design strength of the bare frame system shows that the
contribution of the infill panels is significant, and they should not be counted as a
nonstructural component. When looking at the overstrength value related to each
system’s first yield, a value of 1.25 for all systems appears to be warranted.

Fanaie and Ezzatshoar evaluated overstrength, ductility and response
modification factors of steel frames with gate bracing [Fanaie and Ezzatshoar, 2014].
For this purpose, three frames of different stories considered on soil type Il have
been subjected to 10 well known global earthquakes and analyzed through static
pushover analysis, linear dynamic analysis and nonlinear incremental dynamic
analysis. Overall, the average overstrength factor was to be found as 1.43.

Elkady and Lignos investigated the effect of the gravity framing system on the
overstrength and collapse risk of steel frame buildings with perimeter special
moment frames (SMF) designed in North America [Elkady and Lignos, 2014]. To do
so nonlinear static analysis (noted as pushover) and incremental dynamic analysis
(IDA) were conducted on SMF with five different high (2-, 4-, 8-, 12- and 20-Story).
As a result of their study, steel frame buildings with perimeter SMF only achieve a
static overstrength factor larger than the code-specified overstrength (o) = 3.0 when
both the gravity framing and the composite slab effects were considered in the
analytical model. For dynamic overstrength factor, Q¢>3.0 was achieved, regardless
if the gravity framing and the composite slab effects are considered as part of the
analytical model of the building representation and an average Q¢=4.0 can be
achieved regardless of the number of stories of the steel building under
consideration.

Shen, Akbas, Seker, Doran, Wen and Uckan evaluated the seismic axial loads
for columns in seismic force resisting systems (SMRFs) under strong ground motions

[Shen et al., 2015]. For this purpose, linear elastic analyses and nonlinear dynamic
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time history analyses were conducted for three SMRFs with 4-, 9-, and 20-stories.
As a result of their study, the average amplification factor for column in compression
in low- and medium-rise frames ranges from 1.5 to 2.5 and the (o) factor increases
in upper stories.

Fanaie and Shamlou studied the seismic behavior of mixed structures which
have reinforced concrete frames and shear walls in their lower storeys and steel
frames with bracing in their upper storeys [Fanaie and Shamlou, 2015]. For this
purpose, seventeen structures in three groups of 5, 9 and 15 storey structures with
different numbers of concrete and steel storeys were designed. They conducted static
pushover analysis, linear dynamic analysis and incremental dynamic analysis (IDA)
using 15 earthquake records to evaluate seismic parameters such as period,
overstrength factor, response modification factor and ductility factor. They
conducted more than 4600 nonlinear dynamic analysis and made regression analysis
for achieving proper formula. Overall, the overstrength factor (the final base shear to
the base shear corresponding to the first yielding) for all models ranged from 1.20 to
1.80 as an one result of their study.

Massumia and Ramin investigated the effect of redundancy on a fixed plan for
seismic behavior factor components and the nonlinear behavior of RC frames
[Massumia and Ramin, 2016]. The 3D RC moment resistant frames with equal
lateral resistance were designed to examine the role of redundancy in earthquake-
resistant design and to distinguish it from total overstrength capacity. For this
purpose, eight 3D RC special moment resisting frames with the same story areas and
different numbers of storys (6 and 9) and spans (3-, 4-, 5- and 6-bays) were designed
according to the Iranian seismic design code [Standard 2800, 2005]. The total
overstrength factor wasn’t affected from the number of bays where as it degreased
with the increase in height. Overstrength factor to be found for 6- and 9-story model
were 2.6 and 2.4 respectively.

Gencturk, Kaymaz and Hosseini evaluated seismic design parameters for two
different special moment frames: (1) frames entirely composed of reinforced ECC
(R/ECC) and (2) reinforced concrete (RC) frames in which RC is replaced with
R/ECC at the plastic hinge regions using FEMA P695 methodology [Gencturk et al.,
2016]. Authors used a subset of 14 archetype buildings from 18 RC SMF archetype
buildings which were FEMA P695 uses as one of the example applications. As a

result, Individual archetype MX and R/ECC frame configurations were found to have
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25-70% higher overstrength, compared to RC frames. Therefore, a system
overstrength, o value of 6.0 is recommended for MX and R/ECC SMF so long as
these frame types are designed using the existing regulations for RC.

Denavit, Hajjar, Perea and Leon studied to determine the seismic performance
factors (i.e., R, Cd, and Qo) for composite special moment frame (C-SMF) following
recommendations in FEMA P69 [Denavit et al., 2016]. A suite of 36 archetype
frames was selected and designed according to current design specifications. Authors
performed nonlinear static pushover analyses and dynamic response history analyses
on the frames to characterize the behavior and generate statistical data to be used in
evaluation of the seismic performance factors. Overall, the average overstrength for
the performance groups ranges from 5.29 for PG-2 (high gravity load, SDC: Dmakx,
and long period) to 9.90 for PG-4 (high gravity load, SDC: Dmin, and long period).

Kim, Jun and Kang investigated seismic performance of reinforced concrete
staggered wall system structures and their behavior factors such as overstrength
factors, ductility factors, and the response modification factors [Kim et al., 2016]. To
this end, 5, 9, 15, and 25-story staggered wall system (SWS) structures were
designed and were analyzed by nonlinear static and dynamic analyses to obtain their
nonlinear force—displacement relationships. The overstrength factors of the structures
designed with medium-level seismic load turned out to be smaller than those of the
structures designed with low-level seismic load. The structures with 9 m-long
staggered walls showed higher overstrength than the structures with 6 m long walls.
The overstrength factor degreased from 6.5 to 1.5 as the number of the stories

increases 5 to 25.
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4. THEORETHICAL BACKGROUND

In this thesis, nonlinear dynamic time history analyses are conducted by
PERFORM-3D-V5 a nonlinear analysis and performance assessment for 3D
structures which uses an event-to-event solution strategy, where the structure
properties are re-formed each time there is a nonlinear event. Event is the change in
stiffness of each element and for every stiffness change in each element, structures
stiffness also change. Between each event, stiffness of the structure and elements
stay constant. Solving series of linear problems from one event to another is the main
methodology of analysis. The event to event strategy is more reliable than other
strategies. It is simple and also gets traces of the complete force deformation and
load displacement paths and simulates what happens in the actual structures.

Like linear analysis, nonlinear analysis seeks for finding the state of
equilibrium of a structure/element/component corresponding to the applied nodes.
Equation of equilibrium can be written as in equation 4.1. Where Pt is external

forces applied at a point at time t and F¢ is internal forces developed at that point.

Pt— Ft=0 (4.1)

In dynamic analysis, equation 4.1 should include all nonlinearities as well as
inertia and damping forces. To solve a nonlinear problem, nodal internal forces and
displacements at certain load levels or at certain times are required.

In event to event strategy, all elements have multi linear force-deformation

relationship (Figure 4.1) and small displacements are assumed.
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Figure 4.1: a) Multi linear element/component, b) structure model.
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Typical element model given in Figure 4.2.
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Figure 4.2: Typical element in a structural model.

Event factor can be calculated using equation 5.2 and equation 5.3.

Dev r Dcur
== 4.2
- (42)
Fev - Fcur
=— 4.3
f== (43)

The governing event factor is the smallest event factor calculated considering
all elements. Two algorithms can be used in event to event solution strategy. One of

them is load increments, given in Figure 4.3
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Initialize
F=0, D=0 for all elements
P=0, u=0 for structure

Set up AP, load increment

Form tangent stiffness (current
state) for each element, k

Assemble tangent stiffness for the
structure, K

‘ Solve KAu=AP for Au, displacement increment ‘

‘ State determination and event factor calculations, f ‘

‘ Get smallest value of f ‘

‘ Replace Au by fAu ‘

‘ Update state of each element (see Note 1)

| Replace AP by (1-)AP |
} No

Yes ‘ f<1

(event occurs)

(f=1, no event occurs)

Figure 4.3: Detailed algorithm of load increments.

The other algorithm is total load. Details of the algorithm given in Figure 4.4.

Initialize
F=0, D=0 for all elements
P=0, P=0, u=0 for structure

Set up AP, load increment and add to P (total)

Form tangent stiffness (current
state) for each element, k

Assemble tangent stiffness for the
structure, K

‘ Solve KAu=P-P, for Au, displacement increment ‘

‘ State determination and event factor calculations, f ‘

‘ Get smallest value of f ‘

‘ Replace Au by fAu |

‘ Update state of each element (see Note 1)

‘ Replace P, |

Yes ‘ } Mo

f<1

(event occurs)

(=1, no event occurs)

Figure 4.4: Detailed algorithm of total load.
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Load can be used when expected displacement is large and structural
increments behavior is complex. Convergence within each load increment is quick.
However, number of steps decides the computing time. Sometimes total load can be
applied and iteration can be used if unbalanced load appears.

It is important that the updated state of the critical element (the one with
smallest event factor, (f) be just beyond the event. Because of round-of error the
error, state based on fAP could be just before the event (consider also the case with

f=0). This can be taken into account either:

¢ by adding a small number to the calculated f, or

e by calculating the event factor for a point just beyond the event (equation 4.3)

Dev W ADtot + Dcur

F =g (43)
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5. NUMERICAL STUDY FOR MOMENT FRAMES

5.1. Design of Special Moment Frames (SMF)

The 4-, 8-, 12- and 20-story steel special moment frames (SMF) with different

span lengths are designed based on requirements of American provisions. Four

special cases are used in order to include the effects of different span length

configurations on amplified seismic load. Details of the case are shown in Table 5.1;

Case A) constant span length of 9.0 m (five equal spans); Case B) unequal span

length of 6.0m at two edge spans, two 12.0 m spans between the two edge spans and

a 9.0 m span in the middle.; Case C) constant span length of 7.5 m (six equal spans);

Case D) constant span length of 5.625 m (eight equal spans). Plan dimensions and

span lengths are given in Table 5.1.

Table 5.1: Plan dimensions and span lengths of the SMF.

Frame Types Case | Plan Dimension Span Length
Moment Frames Case A 45.0mx45.0m 5@9.00 m
Moment Frames Case B 45.0mx45.0m 6.0m-120m-9.0m-120m-6.0m
Moment Frames Case C 450mx45.0m 6@7.50 m
Moment Frames Case D 450mx45.0m 8@5.625 m

Also, typical story plan views of the selected span configurations are given in

Figure 5.1.
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Figure 5.1: Plan of the 4-, 8-, 12- and 20- story SMF buildings.
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Figure 5.1: Continuation of the figure.

The plan dimensions of buildings are 45 m x 45 m. The story plans of the
buildings are symmetrical. The typical story height for the frames is 4.0 m except for
the 8-, 12-, and 20-story frames where the first story height is 5.0 m as shown in
Figure 5.2. For the 8-, 12-, and 20-story building, concrete foundation walls and
surrounding soil are assumed to prevent any significant horizontal displacement of
the structure at the ground level, i.e. the seismic base is assumed to be at the ground

level. The columns of the buildings are assumed to be simply connected to the

foundation.
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Figure 5.2: Elevations of the SMF buildings.

23




8@ dm

4 @ dm

i
i

Bl Soisme Base Lewi B1

Am__5m
m

8-story 4-story

Figure 5.2: Continuation of the figure.

The linear analysis of buildings is applied by using Load and Resistance Factor
Design (LRFD) methodology in accordance with American provision [AISC 360-10,
2010]. Dead loads including self-weight of the members and live load used in the
study are 5.0 kN/m? and 2.4 kN/m? except at the roof level, where they are taken as
4.0 KN/m? and 1.4 kN/ m?, respectively. European wide flange profiles with steel
grades S355 are preferred for design. The member sizes of the frames are given in
Appendix B.

The buildings are designed for a site where MCE spectral response acceleration
parameters at short period, Ss is 2.0g and at a period of 1s, S; is 1.0g. Design
earthquake spectral response acceleration parameters are taken as Sps =1.333 (g) at
short period, Sp1= 0.666 (g) at a period of 1s. Long-period transition period, T_ is
assumed to be 12.0 s. Response Spectrum Analysis are used in seismic design.
Seismic design category D is taken for all structures in design. The response
spectrum curves corresponding to design level and maximum considered earthquake
level (MCE) are developed as specified in provision and shown in Figure 5.3. Shear

wave velocity (Vs) of site class is assumed to vary between 300-770 m/s.

24



http://sections.arcelormittal.com/fileadmin/redaction/2-Products_Services/1_Product_Range/HE.pdf

215
== == MCE Level

Design Earthquake Level

0.0

Figure 5.3: Response Spectra for DBE and MCE levels for SMF.

In cases where the combined response for the modal base shear (Vi) is
less than 85% of the calculated base shear (V) using the equivalent lateral force
procedure, the forces are increased by using coefficient (0.85V/Vy) in accordance
with ASCE 7-10 [ASCE 7-10, 2010].

The calculated fundamental period of the structure (T) are checked with the
approximate fundamental period (Ta) multiplied with coefficient of upper limit (Cy).
Where the calculated fundamental period (T) exceeds CyTa, CuTa is used instead of T
in accordance with ASCE 7-10 [ASCE 7-10, 2010]. Based on the same requirement,
Cu =1.4 for Sp1= 0.666 g > 0.4 g. The calculated fundamental periods of vibration,

the total mass for the frames are given in Table 5.2.
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Table 5.2: Calculated fundamental periods and total mass for the SMF.

Total Mass

Story | Case | T (sec) | Ta (sec) | Cu | CuTa(sec) | Tused (sec) | (KN.sec?/m) |V (kN) | Vi (kN)
A | 1363 | 0.665 |1.4| 0.931 0.931 2173 1906 | 1628

B | 1.297 | 0.665 |1.4| 0.931 0.931 2173 1906 | 1625

* C 1.256 | 0.665 |1.4| 0.931 0.931 2173 1906 1640
D | 1293 | 0665 |14| 0.931 0.931 2173 1906 1622

A | 2245 | 1.187 |14 1.662 1.662 4478 2749 2343

B 2.076 | 1.187 |14 1.662 1.662 4478 2749 2442

’ C | 2193 | 1.187 |14| 1.662 1.662 4478 2749 | 2438
D | 2098 | 1187 |1.4| 1.662 1.662 4478 2749 | 2468

A | 2616 | 1.628 [14| 2279 2.279 6875 4214 3582

B 2589 | 1.628 (14| 2.279 2.279 6875 4214 3657

. C 2459 | 1628 (14| 2.279 2.279 6875 4214 3984
D | 2562 | 1628 |14| 2.279 2.279 6875 4214 3888

A | 3349 | 2435 |1.4]| 3.409 3.349 11420 7002 | 6030

B | 3335 | 2435 |14| 3.409 3.349 11420 7002 | 6083

? C | 3342 | 2435 |14 3.409 3.349 11420 7002 | 6238
D | 3516 | 2435 |14| 3.409 3.349 11420 7002 5965

The approximate fundamental period (Ta) is calculated as follows:

T, = C.h% (5.1)

Where hy is the structural height and the coefficients Ci=0.0724 and x=0.8 for
SMF. The story system of the buildings is assumed to provide diaphragm action and
to be rigid in the horizontal plane. In seismic design of SMF, the appropriate
response modification coefficient (R=8) overstrength factor ((20)=3) and the
deflection amplification factor (Cq=5.5) are used in determining the base shear,

element design forces, and design story drift where redundancy factor p is taken as
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1.3. Story drift ratio limitation is taken as 2% of story height as specified in ASCE7-
10 [ASCE 7-10, 2010]. Story drift ratios of SMF are illustrated as in Figure 5.4.
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Figure 5.4: Story drift ratio of SMF.

Moment connections are formed with reduced beam sections (RBS) in
accordance with AISC 358-10 [AISC 358-10, 2010]. The shear force at the center of
the RBS is calculated from a free body diagram of the span between the centers of
the RBS. The moment at the center of RBS, My is calculated based on the load
combination as follows:

1.2D + 0.5L + 0.2S (5.2)
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Based on calculation of elastic drift shall consider the effect of RBS. In lieu of
more detailed calculations, effective elastic drifts can be calculated by multiplying
elastic drifts by 1.1 in accordance with AISC 358-10 [AISC 358-10, 2010].

The columns and beams satisfy the requirements for highly ductile members
according to AISC 341-10 [AISC 341-10, 2010]. Strong-column-weak-beam
requirement are checked by following equation:

2 My
XMy,

> 1.0 (5.3)

Where }; My is the sum of the projections of the nominal flexural strengths
of the columns and Y My, is the sum of the projections of the expected flexural
strengths of the beams.

For P-delta effects on story shears and moments are checked using Equation
5.4. Where the stability coefficient (8) is equal to or less than 0.10, the resulting
member forces and moments are not required to be considered. Frame systems are

satisfied Equation 5.4.

P Al

=——<0.1 5.4
Vxhstd ( )

where P, is  the total vertical design load, A is the design story drift, I, is the
importance factor (1.0 for seismic loads) V, is the seismic shear force, h,, Iis the

story height.
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5.2. Modeling Moment Frames (SMF) for Nonlinear Analyses

The 4-, 8-, 12- and 20-story steel special moment frames were modeled with
PERFORM 3D; a nonlinear analysis and performance assessment software to
conduct non-linear analyses. The frames were modeled as beam and column
elements. As reduced beam section (RBS) concept is used in the design of frames,
inelastic behavior is limited to specific locations (plastic hinge) in the beam. Beam
elements were modeled as beam compound and Rigid-Plastic hinge concept was
used in modeling. In this concept, a moment plastic hinge is literally a hinge, closely
analogous to a rusty hinge that rotates only after enough moment has been applied to
overcome the friction between the hinge pin and the casing. Figure 5.5 shows a hinge
and a possible moment-rotation relationship. The hinge is initially rigid, and begins

to rotate at the yield moment.

Zero length Moment, M
E U L
Y : y Ultimate
M ( ') M lnma”y Is-:ar?(;r;nin e ///
& *—> € Strength
rigid reng
Loss
N R

@9 ) 5
N Rotation, 6

Figure 5.5: Plastic Hinge.

The key points in the relationship in Figure 5.5 are as fallows.

e Y Point. This is the first yield point.

e U Point. This is the ultimate strength point, where the maximum strength is
reached.

e L Point. This is the ductile limit point, where significant strength loss
begins.

e R Point. This is the residual strength point, where the minimum residual
strength is reached.

e X Point. This is usually at a deformation that is so large that there is no

point in continuing the analysis.
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Beam compound component with RBS section was modelled in PERFORM
3D as shown in Figure 5.6. Half of the column length from its axis modelled as stiff
end zone, length between column face and the centre of reduced section length is
elastic section. Plastic hinge is in the centre of the reduced section length and

between two plastic hinge located in both side of the beam is elastic section.

Elastic segments

Plastic hinge at center of i

reduced section length Stiff end zone

Figure 5.6: Model for Reduced Beam Section.

An example beam compound model used in PERFORM 3D for nonlinear
dynamic analyses shown in Figure 5.7. The example model belongs to HE650M
beam section on the first story. Moment hinges properties are arranged in “Inelastic

Tab” shown in Figure 5.8.
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Figure 5.7: RBS Beam compound for HE650M.
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Figure 5.8: Moment Hinge, Rotation Type Menu for HE650M.

Section properties can be defined automatically by using programs own section
database as “Beam, Standard Steel Section” or by users as “Beam, Non-Standard
Steel Section”. As it’s seen in Figure 5.9, section properties such as young modulus,
poisson ratio and yield stress are arranged in this menu. Users can also define

inelastic properties in cross section tab (Figure 5.10) so all necessary data to form
plastic hinge is given to the program.
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Figure 5.9: Cross section menu for HE650M.
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Figure 5.10: Inelastic strength tab in cross section menu for HE650M.

Column elements were modeled using Fema365 regulations and chord rotation
model was used. The chord rotation model is the simplest model, with the most

Limitations. The basic model is shown in Figure 5.11.

Chord rotation

Figure 5.11: Chord rotation model.

The nonlinear relationship between the end moment and end rotation are
obtained from Fema-365. The end rotation is the rotation from the chord, which
eliminates rigid body rotations.

The interaction between the axial force and bending moment was also
considered in columns. P-A effects were always included in the time-history
analyses. For nonlinear analyses, Columns were modeled as column compound given
in Figure 5.12 and elastic-perfectly-plastic (E-P-P) hysteresis loop properties ware
used to define the behavior of the members. Figure 5.13. shows the hysteresis loop
for E-P-P behavior.
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Figure 5.12: Column component.
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Figure 5.13: Non-Degrading Loop for E-P-P Behavior.

An example “Fema Column Compound” model used in PERFORM 3D for
nonlinear dynamic analyses shown in Figure 5.14. The example model belongs to
HEG600B column section. In the modeling, region from column axis to column face
is a rigid part and from column face to half length of the column is assigned as
“Inelastic Fema Column, Steel Type”. “Fema Column, Steel Type” menu can be seen
in figure 5.15.
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Figure 5.14: Column compound model for HE600B section.
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Figure 5.15: Fema Column, Steel Type menu for HE600B section.
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Figure 5.16 shows the yield surface for a steel section. Where Pvc= Axial
compression load in yield, Pyr= Axial tension load in yield, Msy= 3-3 Axis yield

moment, May=2-2 axis yield moment.

Axis 3 Moment

Compression y
|.

i M3Y

i
PYC

/‘ x Moment Axis 2 Moment

\ '/-f?‘fur May MY

= PYT

Tension

P-M Interaction at M=0 M-M Interaction at P=0

Figure 5.16: Yield Surface at M=0 and P=0.

P-M-M vyield surface of the columns are calculated with Equation 5.5;

a

fem = (PL;O) + (Mlyo)ﬁ (5.5)

In Equation 5.5, fem, yield function value = 1.0 for yield, P = axial force, M
=bending moment, Pyo = yield force at M =0, and Myo = yield moment at P = 0.

Section properties can be defined automatically by using programs own section
database as “column, Standard Steel Section” or by users as “Column, Non-Standard
Steel Section”. As it’s seen in Figure 5.17, section properties such as young
modulus, poisson ratio and yield stress are arranged in this menu. Users can also
define yield surface from inelastic strength tab (Figure 5.18) so all necessary data to

form Fema hinge is given to the program.
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Figure 5.18: Yield surface arrangement in Perform 3D.




4-, 8-, 12- and 20-story special moment frames modeled in PERFORM 3D V5

in order to use in nonlinear dynamic time history and pushover analyses is given in
figure 5.19.

PERFORM-3D V5.0.1: M-045-5@9 i e
File Phase Task Help
Oles| Bl[ei B stfda =21 £l % a7 pler| el Enre swctue - ||
| DEFLECTED GH&PES Series [DHM jﬁ Case [[1]=[0] + G+0.250 jﬂ 44

Plot Scale and Type Limit States
Displacernent Scaling

© Simple scaling. Displ scale factr |5
' Bage on size of structure

Max displ / mar. stucture dimension |0.1

Displacemnent scale factor =

Plat Type far Limit State Usage Fiatios
& Enfite elemerts are colared,

" Components ars colared. Frame slements only

Click to move yelos:

Fres ey Load factar = [0

Press Plot
to start,

Slower

Distance to view poirt [mulipls of max. dimension]
C1 2 C3 5 & Irfintg [Infirity

z Jz *+, Oickinfigues " D
\ orenterangls =t

L H1— findegiees|
= Ut ge] Standard Vs

' Vange |30 i Basic | Plan

Tiew | Hiangefs L | 2 |

4 Story frame model

PERFORM-3D V5.0.1 : M-085-5@9 e
File Phase Task Help
ISTE=TR=TE=A S - TN AR w AR A =T e B[ ] 858
NODES
Modes | Suppoits | Masses | Slaving
Add, move and delete nodes.
Length unit for coordinates = m
[ Singe | Interpolate | Duplicate
Grid Move Delete i i i 1 i I

Cieate aregular aiid of nodes. “fou can then use
Move, Delele, etc. ta make the grid inegular.

Specify arientation
# Vetticll " Harizontal =

Ange fom H (degrees) [ N\ Tk O S S S S

Specity dmensians.

H1 Coordinate of Stat [
H2Coordinate of Stat |
W Coordinate of Sttt [
No ofBags | No.ofStoies [
By Width
Story Height

Specify action if nodes have same coardinates

% Eror (" Mot an enor. |gnore new nodefs).

Press Test to show new nodes.

Test Cancel

Distance Io vievr point [mukiple of max. dinension]
F1 2 |C3C5 @ Ininy [infinity
2 HTZ *e Cickinfigwes . \', L I
. oOfenterangles » 1 T -
L H1—~ {in degrees)
2 Standard Views

® Vange |30 % Basic | Flan

"aan -
Fvien Hiangels L W1 | H2
u _ el i

8 Story frame model

Figure 5.19: Perform 3D v5 frame models for 4-, 8-, 12- and 20- story frames.
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Figure 5.19: Continuation of the figure.
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5.3. Analytical Study on Moment Frames (SMF)

Two sets of strong ground motion having a 2% and 10% probability of
exceedance in 50 year were selected from Pacific Earthquake and Research Centre
(PEER) strong ground motion data base for this study. Each set have seven ground
motions. Site class selected for analyses have a shear wave velocity (Vs) between 300
m/s and 770 m/s. Response spectra curve was developed based on American
regulations and all ground motions selected for this study were scaled with it. The
spectrum parameters for the maximum-considered earthquake (MCE) level have a
sort period spectral acceleration, Ss = 2.0g and one second spectral acceleration, S; =
1.0g. As for design spectrum the parameters are, Sps =1.333 (g) Sp1= 0.666 (g). For
both spectrums long-period transition period T. is 12.0 seconds. The characteristic

properties of selected strong ground motions are given in Table 6.3.

Table 5.3: Strong ground motion Characteristics selected from PEER database.

NGA# Record Scale Duration PGA
Factor (sec) (9)

GM1 (%10) 265 Victoria 1.4530 24.54 0.9377
GM2 (%10) 289 Irpinia 2.095 35.22 0.2649
GM3 (%10) 587 New Zealand 1.5605 49.38 0.3757
GM4  (%10) 881 Landers 1.8989 56.07 0.4235
GM5 (%10) 1119 Kobe 0.6005 40.99 0.4187
GM6 (%10) 4132 Park Field 2.0880 21.20 0.7667
GM7 (%10) 8166 Diizce 1.7683 35.02 0.7007
GM8  (%2) 265 Victoria 2.1795 24.54 1.4070
GM9  (%2) 289 Irpinia 3.143 35.22 0.3974
GM10 (%2) 587 New Zealand 2.3408 49.38 0.5636
GM11 (%2) 881 Landers 2.8483 56.07 0.6353
GM12 (%2) 1119 Kobe 3.1325 40.99 0.6281
GM 13 (%2) 4132 Park Field 2.6524 21.20 1.1500
GM 14 (%2) 8166 Diizce 0.9007 35.02 1.0510

Strong ground motions having a 10% probability of exceedance in 50 year
were named from GM1 to GM7 that cause moderate structural damage and strong
ground motions corresponding to 2% probability of exceedance in 50 year were
named from GM 8 to GM14 that cause heavy structural damage. Acceleration time

histories of the selected ground are given in Figure 5.20. and 5.21.
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Figure 5.20: Acceleration time histories of the selected ground motions
corresponding to 10% probability of exceedance in 50 year.
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Figure 5.21: Acceleration time histories of the selected ground motions
corresponding to 2% probability of exceedance in 50 year.
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Figure 5.21: Continuation of the figure.

Response spectra of the selected strong ground motions having a 10%

probability of exceedance in 50 year are given in Figure 5.22 and response spectra of

the selected strong ground motions having a 2% probability of exceedance in 50 year

are given in Figure 5.23.
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Figure 5.22: Response Spectra of the ground motions (GM1 to GM7)  selected

from PEER database for design earthquake level corresponding to 10%

probability of exceedance in 50 year.
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5.4 Analyses Result for Moment Frames (SMF)

Nonlinear dynamic time history analyses were conducted in order to
investigate amplified seismic load effects on the 4-, 8-, 12- and 20-story frames. The
frames were subjected to two groups of ground motions (a total of 14 ground
motions) corresponding to 10% and 2% probability of exceedance in 50 year.

The maximum average drift ratios in each story for 10% and 2% probability of
exceedance in 50 year are given in Figure 5.24. For 4-story frames, maximum drift
occurs in 4™ story while for 8-, 12- and 20-story frames maximum drift occurs 7,
11" and 18" story respectively. Under strong ground motions corresponding to 10%
probability of exceedance in 50 year, maximum average drift ratios do not exceed
2% for all frames and while it’s up to 2.78% for strong ground motions
corresponding to 2% probability of exceedance in 50 year. Case B has the lowest
values for drift ratios.

The maximum drift ratio for each frame under selected ground motions are
given in Fig 5.25. The maximum drift ratio varied between 1.55% and 4.26% for 4-
story frames. For 8-story frames it varies between 0.87% and 3.78%, for 12-story
frames it varies from 0.98% to 3.79% and for 20-story frames drift ratio ranges from
0.95% to 2.74%. For 8-, 12- and 20- story frames.
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Figure 5.24: Average of maximum drift ratio in each story corresponding
to 2% and 10% probability of exceedance in 50 year.
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Figure 5.25: Drift Maximum drift ratio in each frame corresponding to 2% and
10% probability of exceedance in 50 year.

The maximum amplification factors of axial compression in each story
columns for 10% and 2% probability of exceedance in 50 year are given through
Figure 5.26. to 5.29. Maximum increase in amplification factor occurs on side
columns in each story. For 4-story frames maximum increase occurs in first story for
Case A, while higher values obtain in 4th story for Case B, ¢ and D. For 8-story
frames higher increase occurs in 8th story for all cases. For 12- story and 20-story
frames higher increase occurs on middle or upper stories depending on strong ground

motion.
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Figure 5.26: Maximum amplification factor for 4- story frames corresponding to 2%
and 10% probability of exceedance in 50 year.
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Figure 5.27: Maximum amplification factor for 8- story frames corresponding to
2% and 10% probability of exceedance in 50 year.
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Figure 5.28: Maximum amplification factor for 12- story frames corresponding to

2% and 10% probability of exceedance in 50 year.
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Figure 5.29: Maximum amplification factor for 20- story frames corresponding to
2% and 10% probability of exceedance in 50 year.

The average of the maximum amplification factors of axial compression in

each story columns for 10% and 2% probability of exceedance in 50 year are given

in Figure 5.30. and the maximum amplification factor of axial compression for each
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frame under selected ground motions are given in Figure 5.31. The maximum axial

load amplification factors vary from 1.82 t02.65 and 1.42 to 3.35 for 4-and 8-story

frames respectively while for 12- and 20-story frames values change from 1.39 to
2.97 and 1.70 to 2.89 respectively.
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Figure 5.30: Maximum average amplification factor in each story frames
corresponding to 2% and 10% probability of exceedance in 50 year.
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Figure 5.31: Maximum amplification factor in each story frames corresponding to
2% and 10% probability of exceedance in 50 year.

The maximum axial load and moment combination with respect to nominal
axial load and nominal moment capacity at the top and bottom of the same column in
first story side column under subjected ground motions are given in Figure 5.32,
Axial load level for 4-story frames varies between 4% and 17% while it remains
between 2%-28% in 8-story frames. For 12-story frames it varies from 0.08% to
52%. and for 20-story frames it is between 6%-75%. Maximum axial load level
obtains from Case-B for 4- and 8- story frames while Case-D gives maximum axial

load levels for 12- and 20-story frames.
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Figure 5.32: The maximum axial load and moment combination variations for each
ground motions correspond to 2% and 10% probability of exceedance in 50 year.

Plastic hinge rotations corresponding to the most severe ground motions for
each story level are given in Figures 5.33 to 5.36. For all cases in the 4-story frames
higher plastic hinge rotations observed under GM8 ground motion and Case B had
the highest rotation with a value above 3%. For 8-story frames, GM11 gives higher
plastic hinge rotations and Case C had the highest plastic hinge rotations values in all
cases. GM9 ground motion has the higher plastic hinge rotations For 12-story

frames, and Case D had the highest plastic hinge rotations in all cases. For 20-story
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frames, Case D had the higher plastic hinge rotations under GM8. For all cases and

story levels, plastic hinge rotations didn’t exceed 4% under selected ground motions.
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Figure 5.33: Highest plastic hinge rotations for 4 story frames.
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Figure 5.34: Highest plastic hinge rotations for 8 story frames.
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Figure 5.35: Highest plastic hinge rotations for 12 story frames.
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Figure 5.36: Highest plastic hinge rotations for 20 story frames.




Overstrength factors Qg are calculated under GM1 to Gm14 for 4-, 8-, 12- and
20- story frames for all case are given in Figure 5.37. For 4- story frames over
strength factors are between 3.22- 4.53. Values vary from 1.75 to 4.00 for 8- story
frames while in 12- and 20- story frames, over strength values ranged from 1.40 to

2.91 and 0.92 to 2.12 respectively. System overstrength factor degreases with the
increase in story height.

4-st Overstrength Factors 8-st Overstrength Factors
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Figure 5.37: Overstrength factors under selected ground motions.
System overstrength factor are given with their average, minimum and

maximum values are given in Table 5.4. For comparison, overstrength factor given in
Turkish and American regulations also be in Table 5.4.
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Table 5.4: Overstrength factors values under selected ground motions.

4 Story 8 Story 12 Story 20 Story
Case A Case B Case C Case D|Case A Case B Case C Case D|Case A Case B Case C Case D|Case A Case B Case C Case D
GM1 386 363 339 370 | 268 214 231 250 178 18 18 191 | 119 129 129 116
GM2 348 346 344 363 | 262 237 244 266 | 222 187 212 19 | 149 119 157 125
GM3 322 348 359 37519 175 178 201 | 209 169 18 184 | 147 127 154 122
GM4 412 378 38 391 216 223 225 230 | 160 148 179 19 | 1.30 122 128 110
GM5 332 349 373 380 | 234 272 265 250 | 140 166 144 163 | 117 109 115 0.92
GM6 359 338 356 372|259 235 214 237 | 230 205 238 215 138 127 144 141
GM7 353 365 370 38| 257 197 195 211 | 151 191 169 166 | 157 150 170 147
AVG 359 35 361 376 | 241 222 222 235|184 178 18 187 | 137 126 143 122
MAX 412 378 3.8 391 | 268 272 265 266 | 230 205 238 215 | 157 150 170 1.47
MIN 322 338 339 363|195 175 178 201 | 140 148 144 163 | 117 109 115 092
GM8 413 380 38 39| 400 321 260 362 | 232 200 214 232|173 160 173 166
GM9 369 350 376 377|303 304 281 308 | 253 231 255 241 18 159 191 142
GM10 352 352 38 38| 287 251 267 302|260 205 240 238 | 159 155 159 137
GM11 453 397 403 407 | 260 261 272 255 | 200 1.8 208 209 | 191 177 189 1.63
GM12 344 363 39 38 | 274 370 288 263 | 18 18 1.8 184 | 148 143 143 178
GM13 415 359 372 374|375 295 29 295|291 271 28 279|193 18 19% 193
GM14 405 371 378 385|376 294 259 295|225 267 201 235|198 183 212 179
AVG 393 367 38 387|325 299 274 297|235 219 228 231 | 177 165 18 166
MAX 453 397 403 407 | 400 370 29 362 | 291 271 288 279|198 183 212 193
MIN 344 350 372 374|260 251 259 255 18 180 189 1.84 | 148 143 143 137
TDY-2007| 2.50 250 250 250 | 250 250 250 250 | 250 250 250 250 | 250 250 250 250
ASCE7-10] 3.00 3.00 3.00 3.00 ) 300 300 300 3.00]| 3.00 300 300 300])] 300 300 300 3.00
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6. NUMERICAL STUDY FOR BRACED FRAMES

6.1. Design of Special Concentrically Braced Frames (SCBF)

Inverted V and two-story X- type steel special concentrically braced frames
with 4- 8-, 12- and 20-stories, representing typical low -, medium- and high-rise
steel buildings are designed based on the requirements in American provisions. Two
special cases are used in order to include the effects of bracing configurations on
energy demands. Details of the case are shown in Table 6.1; Case E) Inverted V-
type bracing, constant span length of 9.0 m (five equal spans); Case F) Two-story X -
type bracing, constant span length of 9.0 m (five equal spans). The structural system
for each building consists of seismically resistant perimeter inverted VV-type and two-
story X- type braced frames whereas the interior frames are designed for gravity
loads only. Also, typical story plan views of the selected span configurations are

given in Figure 6.1.

Table 6.1: Plan dimensions and span lengths of the SCBF.

Frame Types Case Plan Dimension Span Length
Inverted V- braced frame Case E 45.0mx45.0m 5@9.00 m
Two-story X -brace frame Case F 45.0mx45.0m 5@9.00 m
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Figure 6.1: Plan of the 4-, 8-, 12- and 20- story SCBF buildings.
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The plan dimensions of buildings are 45 m x 45 m. The story plans of the
buildings are symmetrical. The typical story height for the frames is 4.0 m except for
the 8-, 12-, and 20-story frames where the first story height is 5.0 m as shown in
Figure 7.2. For the 8-, 12-, and 20-story building, concrete foundation walls and
surrounding soil are assumed to prevent any significant horizontal displacement of
the structure at the ground level, i.e. the seismic base is assumed to be at the ground
level. The columns of the buildings are assumed to be simply connected to the

foundation. The braces are also simply connected to the beams and beam-column

connections.
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20-story 12-story

8@ 4m

& iy -
Etory | | L
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Selamic Base & ewin

8-story 4-story

Figure 6.2: Elevations of the SCBF buildings.

The linear analysis of buildings is applied by using Load and Resistance Factor

Design (LRFD) methodology in accordance with provision. Dead loads including
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self-weight of the members and live load used in the study are 5.0 kN/m? and 2.4
KN/m? except at the roof level, where they are taken as 4.0 kN/m? and
1.4 KN/ m?, respectively. European wide flange profiles with steel grades S355 are
preferred for design. Hollow structural sections are used for braces with steel grade
of S275. The member sizes of the frames are given in Appendix C.

The buildings are designed for a site where MCE spectral response acceleration
parameters at short period, Ss is 2.0g and at a period of 1s, S; is 1.0g. Design
earthquake spectral response acceleration parameters are taken as Sps =1.333 (g) at
short period, Spi1= 0.666 (g) at a period of 1s. Long-period transition period, Tp is
assumed to be 12.0 s. Response Spectrum Analysis are used in seismic design.
Seismic design category D is taken for all structures in design. The response
spectrum curves corresponding to design level and maximum considered earthquake
level (MCE) are developed as specified in provision and shown in Figure 6.3. Shear

wave velocity (Vs) of site class is assumed to vary between 300-770 m/s.

o= == MCE Level

Design Earthquake Level

.
05 i 8 . ]

0.0

Figure 6.3: Response Spectra for DBE and MCE levels for SCBF.

In cases where the combined response for the modal base shear (Vi) is
less than 85% of the calculated base shear (V) using the equivalent lateral force
procedure, the forces are increased by using coefficient (0.85V/Vy) in accordance
with ASCE 7-10 [ASCE 7-10, 2010].

The calculated fundamental period of the structure (T) are checked with the

approximate fundamental period (Ta) multiplied with coefficient of upper limit (Cy).
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Where the calculated fundamental period (T) exceeds CyTa, CuTa is used instead of T
in accordance with ASCE 7-10 [ASCE 7-10, 2010]. Based on the same requirement,
Cu =1.4 for Sp1= 0.666 g > 0.4 g. The calculated fundamental periods of vibration,

the total mass for the frames are given in Table 6.2.

Table 6.2: Calculated fundamental periods and total mass for the SCBF.

Total Mass
Story | Case | T (sec) | Ta (sec) | Cu | CuTa (sec) | Tused (sec) | (kN.sec?/m) |V (kN) |Vt (kN)
E | 0563 | 0.390 |1.4| 0.546 0.546 2173 1906 | 1628
* F | 0593 | 0390 |1.4| 0.546 0.546 2173 1906 | 1622
E | 1520 | 0.656 |1.4| 0.918 0.918 4478 2749 | 2343
X F 1.580 | 0.656 |1.4| 0.918 0.918 4478 2749 2468
E 2.380 | 0.958 |14 1.341 1.341 6875 4214 3582
. F 2450 | 0958 |14 1.341 1.341 6875 4214 3888
E | 2700 | 1.366 |1.4| 1.912 1.912 11420 7002 | 6030
? F | 2730 | 1.366 |14| 10912 1.912 11420 7002 | 5965
The approximate fundamental period (Ta) is calculated as follows:
T, = C.h¥ (6.1)

Where hy, is the structural height and the coefficients Ct=0.0488 and x=0.75 for

SMF. The story system of the buildings is assumed to provide diaphragm action and

to be rigid in the horizontal plane. In seismic design of SMF, the appropriate

response modification coefficient (R=6) overstrength factor ((Q0)=2) and the

deflection amplification factor (Cq=5) are used in determining the base shear,

element design forces, and design story drift where redundancy factor p is taken as

1.3. Story drift ratio limitation is taken as 2% of story height as specified in ASCE7-
10 [ASCE 7-10, 2010]. Story drift ratios of SCBF are illustrated as in Figure 6.4.
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Figure 6.4: Story drift ratio of SCBF.

The columns and braces are classified as highly ductile members, and beams
satisfy the requirements for moderately ductile members according to AISC 341-10.
For highly ductile members, the width-to-thickness ratios of compression elements
satisfy the limiting width-to-thickness ratios. Beams are designated based on analysis
in which all braces in tension are assumed to resist forces corresponding to their
expected strength (RyFyAg, where Ry is the ratio of the expected yield stress to the
specified minimum yield stress, Fy is the minimum yield stress and Ag is the gross
area) and all braces in compression are assumed to resist their expected post-
buckling strength (0.3Fcr Ag, Where F is the critical stress).

For P-delta effects on story shears and moments are checked using Equation 6.
2. Where the stability coefficient (6) is equal to or less than 0.10, the resulting
member forces and moments are not required to be considered. Frame systems are
satisfied Equation 7.2,
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g = XAl <01 (6.2)
Vxhstd . .

where P, is  the total vertical design load, A is the design story drift, I, is the
importance factor (1.0 for seismic loads) V, is the seismic shear force, h, Iis the

story height.

6.2. Modeling Special Concentrically Braced Frames
(SCBF) for Nonlinear Analyses

The steel special braced frames were modeled with PERFORM 3D v5; a
nonlinear analysis and performance assessment software to conduct non-linear
analyses. The frames were modeled as beam, column and brace elements. Column
and beams are modeled with possible plastic regions at their both ends. Axial load-
moment interaction (P-M-M) are taken in to account for column element. Braced are
modeled as nonlinear steel bar that consider buckling.

In PERFORM 3D; braces are modeled as “Inelastic Steel Bar”. Material type
and section area are needed for this modeling. “Inelastic Steel Bar” menu is given in
Figure 6.5.
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Figure 6.5: Inelastic Steel Bar menu in PERFORM 3D.
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To define nonlinear properties in brace element, “Inelastic Steel Material,
Buckling” type was used. With this material buckling properties of brace can be
defined to the program. The Steel Material, Buckling Type has a hysteresis loop for

axial stress vs. axial strain as shown in Figure 6.10.

Stress "Tension stretch" can

A 1 T*|_0cicir on reloading

Comprn
Strain

»
——— Tension
Strain

| Yield plateau has

constant length

Figure 6.6: Buckling Hysteresis Loop.

The dashed lines in Figure 6.6 show the basic stress-strain relationship. The solid line
0-1-2-A-B-3 shows a hysteresis loop with (1) yield in tension, (2) buckling in
compression and (3) reloading in tension. In PERFORM 3D “Inelastic Steel
Material, Buckling” menu is given in Figure 6.7.
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Figure 6.7: Inelastic Steel Material, Buckling menu.
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Material properties such as young modulus, maximum tensile stress, and

maximum compression stress, maximum strain in tension and minimum strain in

compression are arranged in this menu. Deformation limits are as fallows;

Maximum strain in tension is 100 times of yield strain (to avoid program
termination).

Maximum strain in compression is 100 times of yield strain in compression (to
avoid program termination).

DL is 2 times of yield strain in compression.

DR is 8 times of yield strain in compression.

Columns and beams in non-braced bays were modeled as linear elastic.

“Compound” menu for HE280A gravity column given as an example in Figure 6.8.

As it’

s seen in the compound menu, linear properties were assigned by XecColS-

HE280A element given in Figure 6.9.

m PERFORM-3D V5.0.1: 95T-X - oIEN|
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Figure 6.8: Compound menu for HE280A gravity column.

65



a PERFORM 3D V5.0 : 95TX - oEd
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Figure 6.9: Section properties of linear XecColS-HE280A element.

Because of the unbalanced force caused by braces, beams in braced bays were
modeled like column element. Compound menu for HE1000x584 beam on first story
is given in Figure 6.10. All beams-column connections in braced by are pinned
connections. To see nonlinear behavior due to unbalance force, P-M-M hinge was
modeled in the middle of the beam, close to region where braces were connected. So
m PERFORM 3D, half-length beam were modeled in three part; moment release on
column side, P-M-M hinge on the other end and linear section between each ends. P-
M-M hinge defined as “Inelastic P-M2-M3 Hinge Steel Rotation Type” given in in
Figure 6.11.

Section properties can be defined automatically by using programs own section
database as “Column, Standard Steel Section” or by users as “Column, Non-Standard
Steel Section”. As it’s seen in Figure 7.16, section properties such as young
modulus, poisson ratio and yield stress are arranged in this menu. Users can also
define inelastic properties in cross section tab (Figure 6.12) so all necessary data to

form plastic hinge is given to the program.
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Figure 6.10: Compound menu for HE100x584 half-length beams.
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Figure 6.11: “P-M2-M3 Hinge” menu for HE100x584.
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Figure 6.12: “Cross Section” menu for HE100x584.

4-, 8-, 12- and 20-story special braced frames with two different brace
configurations (Case E and Case F) were modeled in PERFORM 3D V5 to conduct
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nonlinear dynamic time history and pushover analyses. These frames are given is

given in figure 6.13.
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Figure 6.13: Braced frame model in PERFORM 3D.
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6.3. Analytical Study on Braced Frames (SCBF)

Two sets of strong ground motion having a 2% and 10% probability of
exceedance in 50 year were selected from Pacific Earthquake and Research Centre
(PEER) strong ground motion data base for this study. Each set have seven ground
motions. Site class selected for analyses have a shear wave velocity (Vs) between 300
m/s and 770 m/s. Response spectra curve was developed based on American
regulations and all ground motions selected for this study were scaled with it. The
spectrum parameters for the maximum-considered earthquake (MCE) level have a
sort period spectral acceleration, Ss = 2.0g and one second spectral acceleration, S; =
1.0g. As for design spectrum the parameters are, Sps =1.333 (g) Sp1= 0.666 (g). For
both spectrums long-period transition period T. is 12.0 seconds. The characteristic

properties of selected strong ground motions are given in Table 6.3.

Table 6.3: Strong ground motion Characteristics selected from PEER database.

NGA# Record Scale Duration PGA
Factor (sec) (9)

GM1 (%10) 265 Victoria 1.4530 24.54 0.9377
GM2 (%10) 289 Irpinia 2.095 35.22 0.2649
GM3 (%10) 587 New Zealand 1.5605 49.38 0.3757
GM4  (%10) 881 Landers 1.8989 56.07 0.4235
GM5 (%10) 1119 Kobe 0.6005 40.99 0.4187
GM6 (%10) 4132 Park Field 2.0880 21.20 0.7667
GM7 (%10) 8166 Diizce 1.7683 35.02 0.7007
GM8  (%2) 265 Victoria 2.1795 24.54 1.4070
GM9  (%2) 289 Irpinia 3.143 35.22 0.3974
GM10 (%2) 587 New Zealand 2.3408 49.38 0.5636
GM11 (%2) 881 Landers 2.8483 56.07 0.6353
GM12 (%2) 1119 Kobe 3.1325 40.99 0.6281
GM 13 (%2) 4132 Park Field 2.6524 21.20 1.1500
GM 14 (%2) 8166 Diizce 0.9007 35.02 1.0510

Strong ground motions having a 10% probability of exceedance in 50 year
were named from GM1 to GM7 that cause moderate structural damage and strong
ground motions corresponding to 2% probability of exceedance in 50 year were
named from GM 8 to GM14 that cause heavy structural damage. Acceleration time

histories of the selected ground are given in Figure 6.14. and 6.15.
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Figure 6.15: Acceleration time histories of the selected ground motions
corresponding to 2% probability of exceedance in 50 year.

Response spectra of the selected strong ground motions having a 10%

probability of exceedance in 50 year are given in Figure 6.16 and response spectra of

the selected strong ground motions having a 2% probability of exceedance in 50 year

are given in Figure 6.17.
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6.4. Analyses Result for Braced Frames (SCBF)

To investigate amplified seismic load effects on the 4-, 8-, 12- and 20-story
frames, nonlinear dynamic time history analyses were conducted under two groups
of ground motions (a total of 14 ground motions) corresponding to 10% and 2%
probability of exceedance in 50 year.

The maximum drift ratios for each cases and story heights under strong ground
motions correspond to 10% and 2% probability of exceedance in 50 year are given in
Figure 6.18. to 6.21. Higher drift ratios occurs where cross section of brace element
changes to smaller section. In 4-story frame, higher drift ratio obtained in Case F
with 4.18% and like 4-story frame, maximum drift ratio occurs in Case F in 8-story
frame with a value of 3.84%. Drift ratios for Case F and Case E are 3.47% and
3.26% respectively. Despite the other story level, maximum drift ratio occurs in Case
E with a value of 3.04% in 20-Story frame.
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Figure 6.18: Drift ratios for 4- story frames corresponding to 2% and 10%
probability of exceedance in 50 year.
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probability of exceedance in 50 year.
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Figure 6.20: Drift ratios for 12- story frames corresponding to 2% and 10%
probability of exceedance in 50 year.
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Figure 6.21: Drift ratios for 20- story frames corresponding to 2% and 10%
probability of exceedance in 50 year.

Average of the maximum drift ratios for each frame under selected ground
motion corresponding to 2% and 10% probability of exceedance in 50 year given in
figure7.26. For 4-story frames, average maximum drift occurs in 3" story while for
8-, 12- and 20-story frames maximum drift occurs in 5", 9" and 15" story
respectively. Under strong ground motions corresponding to 10% probability of
exceedance in 50 year, maximum average drift ratios do not exceed 2% for all frames
and while it’s up to 2.44% for strong ground motions corresponding to 2%

probability of exceedance in 50 year.
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Figure 6.22: Average maximum drift ratio in frames corresponding to 2% and 10%
probability of exceedance in 50 year.

The maximum drift ratio for each frame under selected ground motions are
given in Fig 7.27. The maximum drift ratio varied between 0.61% and 4.12% for 4-

story frames. For 8-story frames it varies between 0.83% and 3.84%, for 12-story
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frames it varies from 0.69% to 3.47% and for 20-story frames drift ratio ranges from
0.48% to 3.04%.

4-st Maximum Drift Ratio (%) 8-st Maximum Drift Ratio (%)

Figure 6.23: Drift Maximum drift ratio in each frame corresponding to 2% and
10% probability of exceedance in 50 year.

The amplification factors of axial compression in braced bay columns for 10%
and 2% probability of exceedance in 50 year are given through Figure 6.24. to 6.27.
Except 20-story frames, maximum increase in amplification factor occurs on the last
story columns in Case F. Except 20-story frames, columns in Case F have higher
amplification factors than columns in Case E. Columns on the last story have the

lowest amplification factors in Case E.

81




4 I |
34
>
S
b
1
0 T
0 1 2
Axial Load Amplificatin Facton for Columns (%10)
Case F
3
z
o2
wvi
1
0
4] 1 2

CaseE

Axial Load Amplificatin Facton for Columns (%:10)

— 501
— M2

GM3
— G4
—GME
—GME

—GM7

—GM1
— 502
GM3

—GM4
—GMS5
—GM6
—GM7

Story

4

El

Case E

3

0 1

2 3

—GME
—_—GMY

GMI10
—GMI11
—GM12
—GM13

—GM14

4

Axial Load Amplificatin Facton for Columns (%02)

Case F

GMS

1

2 3

— GG
GM10

—GM11
—GM12
—GM13
—GM14

Axial Load Amplificatin Facton for Columns (%02)

Figure 6.24: Maximum amplification factor for 4- story frames corresponding to
2% and 10% probability of exceedance in 50 year.
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2% and 10% probability of exceedance in 50 year.
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Figure 6.27: Maximum amplification factor for 20- story frames corresponding to
2% and 10% probability of exceedance in 50 year.
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The amplification factors of axial compression in brace element for 10% and
2% probability of exceedance in 50 year are given through Figure 6.28. to 6.31.
Except 20-story frames, maximum increase in amplification factor occurs on the last

story brace members in both Cases.
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Figure 6.28: Maximum amplification factor for brace in compression in 4- story
frames corresponding to 2% and 10% probability of exceedance in 50 year.
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Figure 6.29: Maximum amplification factor for brace in compression in 8- story
frames corresponding to 2% and 10% probability of exceedance in 50 year.
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Figure 6.29: Continuation of the figure.
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Figure 6.30: Maximum amplification factor for brace in compression in 12- story
frames corresponding to 2% and 10% probability of exceedance in 50 year.
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Figure 6.31: Maximum amplification factor for brace in compression in 20- story
frames corresponding to 2% and 10% probability of exceedance in 50 year.

The amplification factors of brace in tension under 10% and 2% probability of

exceedance in 50 year are given through Figure 6.32. to 6.35.
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Figure 6.32: Maximum amplification factor for brace in tension in 4- story frames
corresponding to 2% and 10% probability of exceedance in 50 year.
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Figure 6.32: Continuation of the figure.
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Figure 6.33: Maximum amplification factor for brace in tension in 8- story
frames corresponding to 2% and 10% probability of
exceedance in 50 year.
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Figure 6.34: Maximum amplification factor for brace in tension in 12- story frames
corresponding to 2% and 10% probability of exceedance in 50 year.

Case E

Case E
g —_—GM1 g ——GMS
—GM2 : —GM9
e =
3 GM3 g G100
2
@ ——Gma @ —6M11
— G5 —0GM12
—GMb —GM13
1 ; — M7 ! T —GM14
] 1 2 3 4 4] 1 2 3 4
Axial Load Amplificatin Facton for Brace in Tension (%10) Axial Load Amplificatin Facton for Brace in Tension (%02)
Case F Case F
—GM1 ! —GMm8
—GM2 | —GMY
z — z . e GM10
5 GM3 s ;
b @ |
—GM4 | —GM11
——GMS —GM12
——GM6E ] —GM13
] . T e (G T T J —GM14
0 1 2 3 4 0 1 2 3 4
Axial Load Amplificatin Facton for Brace in Tension (%10) Axial Load Amplificatin Facton for Brace in Tension (%02)

Figure 6.35: Maximum amplification factor for brace in tension in 20- story frames
corresponding to 2% and 10% probability of exceedance in 50 year.
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The average of the maximum amplification factors for axial compression in
each story columns, axial compression in braces and axial tension in braces under
10% and 2% probability of exceedance in 50 year are given in Figure 6.36. — 6.41.
For 4-, 8- and 12- Story frames, amplification factor for columns in axial
compression gets higher values in Case F while amplification factor for braces in
axial compression have similar values. But for axial tension, braces in Case F have

higher amplification factor values than Case E.
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Figure 6.36: Maximum average axial compression amplification factor for column
corresponding to 2% and 10% probability of exceedance in 50 year.
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Figure 6.36: Continuation of the figure.
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Figure 6.37: Maximum average axial compression amplification factor for brace
corresponding to 2% and 10% probability of exceedance in 50 year.
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Figure 6.37: Continuation of the figure.
4ST- AVERAGE %10 45T- AVERAGE %02
4 4 J
3 3 4
- z
g 21 ——Case E § ? —Case £
—Case F —Case F
1 1
0 0 4
0 2 4 [ 8 0 2 4 6 8
Axial Load Amplificatin Facton for Brace in Tension (%10) Axial Load amplificatin Factor for Brace in Tension (%02)
B5T- AVERAGE %10 B85T- AVERAGE %02
3 8
74 7
6 [
5 | 5
z. .
g —Case E u% ——Case E
3 3 - i
—Case F ——Case F
2 2
1 1
0 1}
o 2 4 6 8 0 2 4 [ k]
Axial Load Amplificatin Facton for Brace in Tension (%:10) Axial Load Amplificatin Facton for Brace in Tension (%02)
125T- AVERAGE %10 125T- AVERAGE %02
12 12
11 -+ 11
10 4 10
9 4 9
8 8
g6 5 ¢
a5 Case E ‘% l_: Case E
4 Case F 4 Case F
3 3
24 2
1 1
o 0
0 2 4 [ 8 i} 2 4 6 8

Axial Load Amplificatin Facton for Brace in Tension (%02)

Figure 6.38: Maximum average axial tension amplification factor for brace
corresponding to 2% and 10% probability of exceedance in 50 year.
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Overstrength factors Qo are calculated under GM1 to Gm14 for 4-, 8-, 12- and

20- story frames for all case are given in Figure 6.39. For 4- story frames over

strength factors are between 1.89- 2.19. Values vary from 1.70 to 2.22 for 8- story

frames while in 12- and 20- story frames, over strength values ranged from 1.69 to

2.83 and 1.40 to 2.43 respectively. System overstrength factor degreases with the

increase in story height.
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Figure 6.39: Overstrength factors for SCBF’s under selected ground motions.

92




System overstrength factor are given with their average, minimum and
maximum values are given in Table 6.4. For comparison, overstrength factor given in

Turkish and American regulations also be in Table 6.4.

Table 6.4: Overstrength factors values for SCBF’s under selected ground motions.

4 Story 8 Story 12 Story 20 Story
Case Case | Case Case | Case Case | Case Case

E F E F E F E F
GM1 197 1.95 1.80 1.86 1.96 223 | 2.06 1.69
GM2 2.00 1.96 1.70 1.73 1.83 2.22 1.87 1.76
GM3 2.13 2.14 1.86 1.90 1.79 2.40 1.58 1.72
GM4 2.12 2.13 1.94 2.04 2.00 2.60 1.63 157
GM5 212 2.15 1.87 1.91 1.89 2.33 1.87 1.40
GM6 1.89 2.01 1.89 1.96 2.15 241 1.76 1.72
GM7 211 2.14 1.87 1.90 1.69 2.08 1.59 151
AVG 2.05 2.07 1.85 1.90 1.90 2.33 177 1.63
MAX 2.13 2.15 1.94 2.04 2.15 2.60 | 2.06 1.76
MIN 1.89 1.95 1.70 1.73 1.69 2.08 1.58 1.40
GM8 211 2.19 1.87 2.05 1.69 2.68 1.59 1.94
GM9 2.17 2.13 1.99 1.89 1.99 249 | 243 1.78

GM10 201 216 | 184 201 | 211 283 | 201 173
GM11 214 213 | 190 222 ( 195 277 | 174 173
GM12 218 217 | 204 196 | 217 270 | 205 176
GM13 216 215 | 191 206 ( 218 272 | 18 190
GM14 204 211 | 202 198 | 225 253 | 223 174

AVG 212 215 | 194 202 [ 205 268 | 198 180
MAX 218 219 | 204 222 | 225 283 | 243 194
MIN 201 211 | 184 189 [ 169 249 | 159 173

TDY-2007 | 200 2.00 | 200 2.00 | 200 200 [ 2.00 2.00
ASCE7-10 | 200 200 | 200 2.00 | 200 2.00 | 200 2.00
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/. RESULT & RECOMENDATION

In this thesis, amplified seismic load are investigated for low-, medium- and
high-rise steel special moment frames (SMF) and steel special concentrically braced
frames (SCBF) designed based on requirements of American provisions. Four special
cases are used for SMF and two special cases are used for SCBF in nonlinear
dynamic time history analyses. Two groups of ground motions (a total of 14 ground
motions) corresponding to 10% and 2% probability of exceedance in 50 year were

used in the analyses. The main outcomes of this study can be summarized as follows:

For SMF;

e Higher increase in axial compression load level occurs in non-uniform span
length condition for all story level.

e Higher axial compression load values obtained in upper stores for 4-, 8- and
12- story frames.

e For 4-, 8-, 12- and 20 story frames Case A, Case C has similar axial load
amplification factor values. Case D has the lowest increase in axial load level.

e For all frames and cases, the plastic hinge distribution is uniform and plastic
hinge rotations do not exceed 4% under selected ground motions. For 8- and
12- story frames highest plastic hinge rotation occurs in upper stories.

e Axial load level in first story side columns increase with the story level and
higher value obtained in 20-story frames with a value of %75.

o For all cases, system overstrength factor value degreases with the increase in
story level.

e For 4- story frames, calculated overstrength factors under design and MCE
levels ground motions exceed the value given in the both Turkish and
American regulations for moment frames.

e For 8-, 12- and 20- story frames, calculated overstrength factors under design
level ground motions do not exceed the value given in the American
regulations for moment frames. However, calculated overstrength factors under
design level ground motions for Case A and Case D in 8-story frames exceed

the value given in Turkish regulations.
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e In 8- story frames, calculated overstrength factors under MCE level ground
motions exceed the value given in both regulations for moment frames.

e For 12- story frames, calculated overstrength factors under MCE level ground
motions do not exceed the value given in the American regulations, but
overstrength factors exceed the value given in the Turkish regulations for
moment frames.

e For 20- story frames, calculated overstrength factors under MCE level ground
motions do not exceed the value given in both Turkish and American

regulations,

For SCBF;

e In all frames, maximum drift ratios occur where cross section of brace element
changes to smaller section.

e Case F has slightly higher drift ratio values than Case E for 4-, 8- and 12- story
frames

e Due to the brace configuration, columns in Case F have higher axial
compression amplification factors than columns in Case E.

e Axial compression amplification factor in braces have similar values in 4-, 8-
and 12 story frames.

e Case F gives higher axial tension amplification factors for braces in all cases
and story height. And maximum values occur in upper stories.

e In some cases and ground motions calculated overstrength factors slightly
exceed values given in both American and Turkish regulations. But generally,
values given in design codes are compatible with calculated values for braced

frames in this study.

This study show that, the overstrength factors for moment frames given in
Turkish and American regulations are not compatible with the analyses result and
given values needed to be re-evaluated. For more comprehensive analytical
investigation frame configurations and strong ground motion number should be
increased. However, the views expressed in this study belong to the author alone and
do not necessarily represent the position of any other organization or person.
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Case A

Figure B1.4: Elevations and member sizes for the 20- story SMF.

106



HESGOM

HE SN

HESGOM

HESGOM

HE SN

|
MCESEH [MO553H S CECE TEEEL FLa S CEL. Ar OB BAr 0B SR 00ES BEF 008 S HEF 006 EHES X000 L IRSX000 L HASX000L IRSH0001 IRS*000LT .mnén_“__.m_ﬁoxga_.mz
= = = = = = = = = = = = = = = = = = = =
@ g 8 g 8 g 3 2 3 2 2B B s 28 g B g B 2 8
w w w w w w w w w w w w w w w w w w w w
I I I I I I x I x x x x x x x x x = x x
N ERR LD [AESEERE FEERGEEL FEENAEET FEENGEETE FEENGEET FEENREETE FEEGEET FEEGEET FEERRTED TR TR | EETRE - R E G ] .mnxnnarmx.mmxana_.mm
m m = W W W =| = =| =| =| =| =| =| =| =| =| = =| =|
S8 8 & 8 & § § & & § § & § #H oy g g8 y oG
r p r p r p x| p x| x| x| x| x| x| x| x| x| x x| x|
=]
WOES3H | N0EE3H FO0ESH DoF 0B KO D0BSHEF 008 S BF 00D ROF 0B HoF 00 B3 BOF 008 S HOFD0BHEG *000 L S 000 L HAG X000 HISX000 - IRSX000F THEG*000 - HEG*000 3~ |
8§ 8 & § &3 § 8 & § g 7 @ 3 8 3 8 @ 8 8 ;3
w w w w w w w w w w w w w w w w w w w w
I I I I I I x I x x x x x x x x x = x x
|
WOESEH | N0SE3H [YSEERE FEENGEET: FERAEETE FEEWGEETE FEENGEET FEEAEETE FEEWEET FEEAEETE FEEWTED TR - TRAIE | EEAGTEE . TG RG] FETTTET |
8§ 8 & § &3 § 8 & § g 7 @ 3 8 3 8 @ 8 8 ;3
w w w w w w w w w w w w w w w w w w w w
I I I I I I x I x x x x x x x x x = x x
=]
D FO0ESH DoF0BS KO D0BSHOF 0B SR IR 00 S ROF 00 B3 HDF 00 B3 BOF 008 S HOR D0B=HEG <000 L G000 L HAGX000 L G000 - IMEEH00 I T EEX 00 TRET DI~ |
= = = = = = =| = =| =| =| =| =| =| =| =| =| = =| =| i
@ g g g g 8 2 2 g 2 2 2 g B g 2 8 B 8 8
w w w w w w w w w w w w w w w w w w w w
r p r p r p x| p x| x| x| x| x| x| x| x| x| x x| x|

LD

WOGS3H  MO0E3H WO0E3H  WOOE3H

WOOEEH DOF*0083B0F 0083 H0F 0083 O DB B0 F 0083 O DB B0 FX00B3 oW ODBFES X000 G000 IFSX000L FES¥000L S I001 IHES00013

107

Case B
Figure B1.4: Continuation of the figure.
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Case C

Figure B1.4: Continuation of the figure.
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Case D

Figure B1.4: Continuation of the figure.
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Appendix C: The Member Sizes of The Braced Frames
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Case F

Figure C1.1: Elevations and member sizes for the 4- story SCBF.
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Case F

for the 8- story SCBF.
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Figure C1.3: Elevations and member sizes for the 12- story SCBF.
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Figure C1.4: Elevations and member sizes for the 20- story SCBF.
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