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ABSTRACT

EVALUATION OF THE SEISMIC PERFORMANCE OF A LOW-RISE
SPECIAL MOMENT-RESISTING STEEL FRAME STRUCTURE
DESIGNED ACCORDING TO THE TURKISH BUILDING EARTHQUAKE
CODE (2018)

Temizer, Stimeyye Selen
Master of Science, Civil Engineering
Supervisor : Prof. Dr. Afsin Saritas

September 2024, 120 pages

On February 6, 2023, seismic events with epicenters in Pazarcik and Elbistan led to
the collapse of numerous buildings. This study examines methods to enhance the
seismic performance of moment-resisting steel-framed buildings, focusing on the
structures in Defne, Antakya. A hypothetical building, designed per the 2018 Turkish
Building Earthquake Code and 2018 Steel Structure Design, Calculation, and
Construction Principles, was analyzed using nonlinear plastic hinge and link models
in SAP2000 with earthquake data from station 3129 (Defne, Antakya). The study
evaluated different structural configurations, including bare frames, continuous infill

walls, and no infill walls on the first floor, as well as basement floor implementation.

The results indicate that continuous infill walls significantly reduce lateral
displacements, while the absence of infill walls on the first floor negatively affects

structural behavior. Consequently, the continuity of the infill walls across all floors

vii



is highly recommended, especially in high seismic zones. Furthermore, the inclusion
of a basement floor improves overall performance by reducing the lateral
displacement and plastic hinging in the first-floor columns. Also, using a higher steel
grade in columns than in beams and limiting the axial load capacity usage in columns
below 50% in design enhances the building's resilience under major seismic events.
These findings provide insights into improving the seismic design of special
moment-resisting frames, which can be integrated into future revisions of

regulations.

Keywords: Earthquake, Seismic Design, Time-History Analysis, Infill Wall,

Basement Floor
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0z

2018 TURKIYE DEPREM YONETMELjGiNE GORE TASARLANAN
ALCAK KATLI SUNEKLIK DUZEYI YUKSEK CELIK CERCEVE BiR
YAPININ SiSMiK PERFORMANS DEGERLENDIRMESI

Temizer, Stimeyye Selen
Yiiksek Lisans, Insaat Mithendisligi
Tez Yoneticisi: Prof. Dr. Afsin Saritas

Eyliil 2024, 120 sayfa

6 Subat 2023'te merkez {iissii Pazarcik ve Elbistan olan sismik olaylar ¢cok sayida
binanin yikilmasina yol act1. Bu ¢alisma, Defne, Antakya’daki yapilara odaklanarak,
stineklik diizeyi yiiksek celik cerceve yapilarin sismik performansini artirmaya
yonelik yontemleri incelemektedir. 2018 Tiirk Bina Deprem Y 6netmeligi ve 2018
Celik Yap1 Tasarim, Hesap ve Yapim Esaslari’na gore tasarlanan varsayimsal bir
bina, 3129 (Defne /Antakya) istasyonundan alinan deprem verileriyle SAP2000'de
dogrusal olmayan plastik mafsal ve baglantt modelleri kullanilarak analiz edilmistir.
Calismada ¢iplak cerceveler, siirekli dolgu duvarlar ve birinci katta dolgu duvar
olmamasinin yani sira bodrum kat uygulamas: da dahil olmak tizere farkli yapisal

konfigiirasyonlar degerlendirilmistir.

Sonuglar, stirekli dolgu duvarlarin yanal yer degistirmeleri dnemli 6l¢iide azalttigini,
birinci katta dolgu duvarlarin bulunmamasinin ise yapisal davranist olumsuz
etkiledigini gostermektedir. Bu sebeple, 6zellikle yiiksek deprem bolgelerinde dolgu

duvarlarin tiim katlarda devamliligi énemle tavsiye edilmektedir. Ayrica, yapiya



bodrum katinin dahil edilmesi, birinci kat kolonlarindaki yanal yer degistirmeyi ve
mafsal bolgelerindeki plastiklesmeyi azaltarak genel deprem performansini
artirmaktadir. Ayrica kolonlarda kirislere gore daha yiiksek, c¢elik kalitesi
kullanilmast ve kolonlarda eksenel yiik kapasite kullaniminin tasarimda %50'nin
altinda sinirlandirilmasi, binanin yiiksek sismik olaylara karst dayanikliligim
artirmaktadir. Bu bulgular, yonetmeliklerin gelecekteki revizyonlarina entegre
edilebilecek siineklik diizeyi yiikksek ¢ercevelerin sismik performansinin

iyilestirilmesine yonelik bilgiler sunmaktadir.

Anahtar Kelimeler: Deprem, Sismik Tasarim, Zaman Tanim Analizi, Dolgu Duvar,

Bodrum Kati
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CHAPTER 1

INTRODUCTION

1.1 General

A significant portion of Anatolia, located in the Alp-Himalaya fold belt, is situated
within the first and second-degree seismic zones. The first-degree seismic zone
encompasses areas near tectonic basins and active fault lines. In these regions,
earthquakes typically lead to considerable loss of lives and extensive property
damage.. The second-degree seismic zone, in comparison to the first-degree zone,

causes less damage.

The presence of these seismic zones in Anatolia indicates that its geological
development is not yet complete. The seismic zones in Turkey include the Western
Anatolian Seismic Zone, the Southeastern Anatolian Seismic Zone, and the North

Anatolian Seismic Zone.

One of Turkey's most active fault systems, the North Anatolian Fault System
(NAFS), which forms the boundary between the Anatolian and Arabian Plates,
opposes the westward movement of the Anatolian block. Current GPS data indicates

a slip rate of 11+2mm/year for the present-day movement.

On February 6, 2023, two earthquakes occurred on the Southeast Anatolian Fault
Line in Turkey, with epicenters in Kahramanmarag/Pazarcik and
Kahramanmarag/Elbistan, respectively, with magnitudes of 7.7 Mw (Latitude:
37.288 N, Longitude: 37.043 E) and 7.6 Mw (Latitude: 38.089 N, Longitude: 37.239
E), happening 9 hours apart. These earthquakes deeply affected 11 regions in Turkey



and were felt across a broad geography, including Syria, Lebanon, Cyprus, Irag, and

Egypt.

Official figures indicate that over 50,000 people lost their lives, with 58,000
buildings collapsed and more than 200,000 buildings severely damaged. About 97%
of the buildings that collapsed were constructed prior to 2000, with around 5,000
buildings constructed after 2000 being identified as collapsed or having suffered
significant damage.

Besides the damage incurred by old buildings, it has been observed that even newly
constructed structures exhibited surprisingly poor performance. In this study, a 4-
story steel building that is designed in compliance with the TBEC2018 and ‘Design,
Calculation and Construction Principles of Steel Structures’ released in 2018
regulations are utilized through a nonlinear time-history analysis, and its
performance during the Kahramanmaras earthquakes will be evaluated. This
building is designed by taking the reference to the building described in Example C-
1 in the 'Turkish Building Earthquake Regulations (TBEC-2018) Training
Presentations' book written by Erkan Ozer, Cavidan Yorgun, and Ciineyt Vatansever
in October 2018. Since it was designed for the Istanbul/Maslak region, the structure
in the study is designed for the Hatay/Defne region to investigate the seismic
response to the Kahramanmaras earthquake in a realistic manner. The structural
elements are designed according to TBEC2018 and DCCPSS2018 for the
Hatay/Defne region and have been changed to comply with the relative floor
displacement rule. The design principles followed have been shared in Chapter 2.

The buildings are analyzed using a well-known design and analysis program
SAP2000 (Version 25.2.0) by Computer and Structures Inc. The assessment of the
building's responses to seismic impacts has been conducted within the framework of
the Turkey Building Earthquake Regulations 2018 (TBEC2018) rules. During the
assessment, the hinge rotation limitations are considered. For this reason, before
moving on to the assessment part, the SAP2000 “Auto Hinge” properties, which are

installed to capture the nonlinear behavior of column and beam structural elements,



are verified. The response on the hinge rotation on a single column under static
pushover and nonlinear time-history analysis, including whether a tensile or
compressive axial load on the column, is checked according to ASCE41-17. The
hinge verification is presented in Chapter 3.

Also, in order to capture a structural overall behavior in a more realistic way, the
infill walls used in the building are implemented in the model and considered in the
assessment. 3 different buildings are generated - one with bare frame, one with
continuous infill wall across all stories, and one with no infill wall in the 1% story.
An additional assessment of the material strength is performed. The buildings are
generated with different material strengths and their performance under the same
seismic data are examined. When the material quality is increased, the change in the
structural behavior is interpreted based on the 6 buildings in total. The infill wall
modeling and the analysis results conducted with the data of station 3129 are shown

in Chapter 4 and Chapter 5, respectively.

In addition to the infill wall investigation, the impact of basement floor use on the
building seismic performance is examined. The basement floor is implemented by
doubling the 1% floor. The same moment releases and the same geometrical
configuration as the 1% floor is used for the basement floor. The shear wall effect and
surrounding ground are simulated by using the lateral supports. The basement wall
is added to the 6 aforementioned configurations. The models and the analysis results

are shared in Chapter 6.

Non-linear time history analyses have been performed, taking into account the
earthquake data of Station 3129 (Lat:36.19117, Long:36.1343) located in
Defne/Antakya. The buildings are analyzed using a commercial design and analysis
program SAP2000. After conducting a thorough analysis of these 6 different
building’s responses to the Kahramanmaras earthquake, an assessment will be made
to evaluate the suitability of the current standards in the context of the design
parameters. Recommendations will be presented to enhance the overall structural

seismic response in Chapter 7.



1.2 Soil Properties and Earthquake Data

The earthquake data used in this thesis is taken from station 3129 (Lat:36.19117,
Long:36.1343) in the Defne district in the Hatay Province of Turkiye.
https://tadas.afad.gov.tr/ showcases the station's features, summarized in Table 1-1,

and its location is depicted in Figure 1-1.

Table 1-1: Station Information of 3129

Station Code: 3129

Location: Lat:36.19117, Long:36.1343
District / City: Defne/Antakya

Lithology Class: Clastic Rocks

Average seismic shear-wave velocity from 447
the surface to a depth of 30 meters, (Vs)3o
(m/s):

© Copyright Harita Genel Mudurlugu
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Figure 1-1: The location of the station 3129



Table 1-2 can be used to determine local soil classes defined as ZA, ZB, ZC, ZD,
and ZE, as stated in TBEC2018 Section 16.4.1. Site-specific research and evaluation
are required for ZF soils.

Table 1-2: Local soil classes specified in TBEC2018

Local Soil  Soil Type Vs30

Class (m/s)

ZA Rocks or other rock-like geological formulations >1500

ZB Slightly weathered rocks 760-1500

ZC Very dense sand, gravel, and hard clay or weathered 360-760
rocks with many cracks

ZD Medium-dense layers of sand, gravel, or very solid clay 180-360

ZE Loose sand, soft clay <180

ZF Soils requiring site-specific investigations

With the (Vs)so value of 447 m/s for station 3129, the local soil class can be
determined as ZC, which represents the very dense sand, gravel, and hard clay or

weathered rocks with many cracks.

The earthquake records are plotted in Figure 1-2. The peak ground acceleration
(PGA) values of the East-West, North-South, and Up-Down Acceleration records
belonging to the 6 Feb 2023 Pazarcik Earthquake are 1.222g, 1.3777g, and 0.07382g,
respectively. The PGA values for the location taken from the AFAD hazard map of
Turkiye are 0.452g and 0.89g for the 475- and 2475 return periods, corresponding to
DD-1 and DD-2, respectively. Considering this specific earthquake and location, the

PGA value used in design should be increased by at least 2.70.
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Figure 1-2: Pazarcik earthquake acceleration records of station 3129 (EW record,

NS record, and UD record from up to down)



Upon comparing the design spectra of DD-1 and DD-2 to the spectra obtained from
the Pazarcik Earthquake in Figure 1-3, it becomes evident that there is a substantial
discrepancy between the design response spectra and earthquake spectral
acceleration. This observation highlights the need for a closer examination and

possibly a re-evaluation of design parameters.
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Figure 1-3: Comparison of Pazarcik EQ - Defne 3129 AFAD DD-1 and DD-2
Design Response Spectra with a) EW Records b)NS Records ¢) UD Records

1.3 Literature Review

Countries follow certain norms and guidelines for designing steel constructions.
There are similarities between Turkey's seismic code and other contemporary codes,

particularly the American seismic code ASCE.

M. Zorlu et. al. (2017) conducted a study comparing the Building Earthquake Codes
released in 2007 and 2016. They evaluated two different buildings of 4 and 9-story
within the framework of TBEC2007 and TBEC2016 Building Earthquake Codes.
The cross-section conditions of the building elements were examined under seismic
loads according to the regulations. In TBEC-2007, the relative story drift ratio limit
(8i,max/hi) is determined as 0.002. However, according to TBEC-2016, relative story
drift limit values are determined depending on whether flexible joint detail is used

or not. M. Zorlu et. al. also states at the end of the study that the element sizing is



very similar when the sample buildings are designed according to the TBEC2016
and ASCEOQ7.

The Turkish Statistical Institute reports that approximately half of the 3,478,575
buildings in earthquake-prone provinces of Hatay, Adana, Diyarbakir, Elazig,
Gaziantep, Osmaniye, Malatya, Kahramanmaras, Adiyaman, Kilis, and Sanliurfa
were built in 2000 or later.

There are studies examining the causes of the destruction in the Kahramanmaras
earthquake in detail. In the study conducted by B. Binici et al. (2023), in which
detailed studies were carried out, especially on highly damaged or collapsed
reinforced concrete buildings, it is stated that TEC1975, which is based on buildings
built before 2000 in Turkey, is inadequate compared to the 1998, 2007 and 2018
regulations published later. Several factors contribute to these issues. Firstly,
TEC1975's design, which relies on low seismic forces and solely on the equivalent
lateral force method, is not robust enough. There's also a notable lack of expertise in
employing the strong column-weak beam approach, alongside a disregard for the
impacts of higher mode effects and structural irregularities. Furthermore, it has been
observed that the design response spectra in the Hatay region surpass both the DD-2
level (designated for a design-basis earthquake with a recurrence interval of 475
years) and the DD-1 level (for a rare earthquake with a recurrence interval of 2475
years), raising concerns about building designs in the area. Between the 0-0.5s and
0.5-1.5s period ranges, the values are 1.75 and 4.65 times above the spectral
acceleration values calculated according to the TBEC2018, respectively. The
comprehensive assessment of the collapse causes has identified that the primary
factor is the creation of soft stories, which occur when the first floor is utilized for
commercial purposes. Other significant factors include a poor understanding of how
lateral forces are distributed to vertical structural components, the underestimation
of seismic requirements, and the lack of detailed examination of the local soil
conditions before building constructed. These were contributing factors to the

building collapses during the Kahramanmarags earthquakes.



According to Hacettepe University's Earthquake Investigation Report, in certain
areas, the measured earthquake recordings surpass the seismic code. The acceleration
demands during earthquakes, especially in Hatay province, are around 2.5 times
more than the elastic design acceleration value taken into account in seismic codes
with 475-year return periods in 1975, 2007, and 2018 Earthquake Standards. The
acceleration demands are found to be higher in the Kahramanmarag Pazarcik district
than even 2475-year return period. According to the same study, Hacettepe
University faculty members have seen vertical acceleration levels during
earthquakes have reached about 3g. Vertical acceleration was not taken into account
in specifications from 1974 to 1988; however, in designs that have been in use after
1988, the maximum vertical acceleration is limited to 2g. Nonetheless, a vertical
acceleration of 3g observed in Hatay province led to more devastation during the

earthquake.

M. N. Aydinoglu et al. specifically address the inadequate inspections of pre-2000
buildings, such as the use of unsorted aggregates from the seas directly in concrete,
lack of cement production knowledge, and the lack of vibrator use in their study
analyzing the destruction in Antakya. When the high demand for acceleration is
added to all these deficiencies, it is not surprising that the buildings before 2000 were
demolished. Even newly completed buildings that were built after 2000 have
collapsed and sustained major damage. In the same study, despite these high
acceleration demands, some reasons for some buildings that did not collapse are
explained as follows: Structures may be capable of far greater strength than what
codes specify. Building collapse might have been avoided by excessive steel
reinforcing, material strengths above code standards, and beneficial reinforcement
effects at column-beam connections. Differences in ground accelerations and
velocities amongst buildings might have lessened the effect of the earthquake on
structures. Furthermore, weak soil properties might have affected the buildings with

short periods less than what the specifications assumed.

A. Yakut et. al. (2023) wrote in their review article on high-risk buildings in Turkey

that strengthening techniques such as base insulation, adding external walls with
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adequate anchors use of high-quality materials (ready-mixed concrete, quality steel,
etc.), and improving foundation systems can also be effective in reducing the risk of
earthquakes. The article also noted that the seismic forces (response spectra)
calculated from the measurements recorded at the AFAD stations in various Hatay
locations (Antakya, Arsuz, Hassa, Kirikhan) exceeded the design response spectra
outlined by the Turkish Earthquake Regulation. It is emphasized that some of the
damage may have occurred for this reason, even if the buildings were built in
accordance with the earthquake regulations.

The study conducted by A. Aldemir (2024) et al. focuses on investigating the seismic
performance of medium-rise reinforced concrete frame buildings in Turkey,
particularly during the Kahramanmaras earthquakes. The authors designed structures
based on past earthquake regulations and standards (1968, 1975, 1998, and 2007 with
TS500), created numerical models for analysis, and assessed the seismic
performance of 88 different buildings. It is found that buildings designed based on
past earthquake regulations are insufficient in seismic resistance and prone to
collapse during seismic events. The research highlighted the importance of updated
design approaches to enhance structural safety and prevent failures in such high-risk
seismic zones. Even the buildings designed with the method of ‘Strong Column-
Weak Beam’, the structural elements were insufficient to meet the moment-shear
force demand due to the high acceleration values during the Kahramanmaras
earthquake. A. Aldemir et. al. also recommend the addition of a rule to standards
mandating the implementation of shear walls in buildings located in seismic zones 1
and 2.

Another study conducted by A. Aldemir et. al. (2024) investigates the seismic
performance of medium-rise steel frame buildings in Hatay province during the 2023
Kahramanmaras earthquakes. It highlights that most buildings designed according to
past earthquake regulations are inadequate in seismic resistance. A 5-story building
designed according to the TEC2007 is considered in this study. The study considered
11 different positions and directions for each building type, using data from AFAD

stations to ensure a comprehensive analysis. Seismic data from AFAD stations in
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Hatay province is utilized as a time-history function. The findings show that 10 out
of 11 buildings were prone to collapse during the Kahramanmaras earthquake. The
research emphasizes the importance of updating building codes and regulations to
enhance seismic resilience. A. Aldemir et al. also indicated that it should be
mandatory in the regulations to implement steel bracing to the moment resisting

frames in the high-risk seismic zones.

The research by A.M. Elkady et al. (2012) explores the dynamic stability of narrow,
deep steel columns located in areas prone to seismic activity. This study focuses
particularly on how combined axial loads and bending moments affect these
columns. It centers on the W24x16 column cross-section, which is often employed
in the construction of special moment resisting frames (MRFs) designed for
earthquake zones. Considerations in the study also cover geometric imperfections
and residual stresses. Key aspects include the rapid deterioration in strength and
stiffness of the columns, as well as the occurrence of axial shortening with increasing
axial load demands. The decrease in strength of the W24x16 column under the
specific loading condition where P/Py equals 0.5 is mainly due to the P-Delta effect,

as shown in Figure 1-4.
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Figure 1-4: Predicted end moment-chord rotation of a fixed-fixed W24x146 steel
column subjected to the hysteretic load (A.M. Elkady et al. 2012)
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The increase in axial load ratio causes rapid bending strength deterioration, leading
to a significant decrease in the column's bending moment resistance capacity.
Additionally, the progression of axial shortening in the column accelerates as the
P/Py ratio increases, further contributing to the loss of bending strength. This
indicates that as the axial load demand approaches 50% of the critical load, the
column experiences a more pronounced decline in strength, ultimately affecting its
overall structural performance. The P-Delta effect causes strength and stiffness
deterioration in the column, making it more vulnerable to failure under increasing
axial load demands. Additionally, when P/Py=0.50, the ductility ratio of the column,
which is the plastic component of the rotation over yielding rotation, appears to be
significantly larger than the assumed zero plastic rotation capacity based on the
ASCEA41 provisions. Also, with an increase in axial load, the plastic hinge of the steel
column shifts away from the column base. This can be explained by the P-Delta
effects, which cause the point of maximum moment to move away from the column

end.

According to the 2018 Steel Specification, in all elements where bending rigidity
affects structural stability, bending rigidities will be additionally multiplied by a
coefficient depending on the level of axial force. The limit for multiplication is
P/Py=0.5. When P/Py < 0.5, the 7y coefficient is applied as 1.0. In cases where
P/Py>0.5, Eq. 1-1 is applied for .

T, = 4(aP/P,) x (1 — aP/P,) (Eq. 1-1)

a is 1.0 for the ‘Load and Resistance Factor Design” method that will be used in this
study. The specification also states that if the P/Py ratio is greater than 0.5, the 1y
coefficient can be applied as 1.0 provided by applying 0.001Yi additional fictitious
loads for all horizontal and vertical load combinations.

Masonry infill walls significantly enhance the capacity of steel frames to resist lateral
loads and dissipate energy, thereby increasing the resilience of the structure against

seismic activities. However, they can lead to stress concentration at connections and
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introduce uncertainties in structural response. (W. Jing-Ren et. Al. 2022)
Traditionally deemed non-structural components, their role in seismic assessment
frameworks is evolving as they have been shown to substantially affect the
performance of moment-resisting frames. The elastic properties of masonry infills,
such as Young's modulus, vary according to the materials used (brick and mortar),
influencing overall behavior. Lastly, the aspect ratio of masonry infill walls is
critical, as it affects the distribution of stresses and damage patterns during loading
events. There are two main methods for modeling these infill walls: micro-modeling

and macro-modeling:

Micro-modeling entails detailed simulations that precisely capture the mechanical
behavior of the infill materials and their interaction with the frame, requiring
substantial computational resources. While this method provides accurate insights,
it may not be practical for large-scale structures. On the other hand, macro-modeling
simplifies the representation of infill walls, often using equivalent strut models. This
method is more computationally efficient and focuses on the overall structural
response. Equivalent strut models are used to simply capture the wall’s compressive

behavior under lateral loads.

In their research, J-R. Wu et al. (2012) employed models featuring a single strut to
investigate and compare both micro and macro modeling techniques for infill walls.
They refined these models through calibration with genetic algorithm outcomes. To
enhance the dataset and accurately capture the force-displacement characteristics of
masonry infill walls, they supplemented their experimental findings with data
derived from numerical simulations. The initial database was established by
analyzing data from prior experimental trials of nine prototypes featuring infill walls
of varying heights and lengths. This analysis aimed to observe the behavior of
masonry infills within steel frames in detail. Following this, a genetic algorithm was
formulated, incorporating three main steps: (i) collecting data from earlier
experimental studies on an existing infilled MRF, (ii) creating a calibrated micro-
model, which is used as a reference model for the macro-model, (iii) generating a

macro-model with a single-strut and calibrate the parameters according to the
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database obtained from the micro-model. The micro-modeling FE analysis is done
using the ABAQUS program, and the model is calibrated according to the
experimental data. The stress contour of masonry infills at the end of the FE analysis
proves that the aspect ratio of the infills (Linfin/Hinfinr) has a significant influence on
the response of the infill walls. As depicted in the Figure 1-5, Model-7 demonstrates
the most significant off-diagonal strut, compensating for the majority of the stress
loss. Model 3 and Model 6 likewise reveal a decrease in strength, underscoring the
effect of aspect ratio on performance.

Model Eqg(MPa) L(mm) H(mm) Linsn(mm) Hyngn(mm) (L/H)ia(-)

Model-1 6135 3506 2575 3500 2325 1.505
Model-2 6135 2906 2575 2900 2325 1.247
Model-3 6135 2306 2575 2300 2325 0.989
Model-4 6150 3506 2389 3500 2139 1.636
Model-5 6150 2906 2389 2900 2139 1.356
Model-6 6150 2306 2389 2300 2139 1.075
Model-7 6165 3506 2203 3500 1953 1.792
Model-8 6165 2906 2203 2900 1953 1.485
Model-9 6165 2306 2203 2300 1953 1.178

Model-7

Figure 1-5: Stress Contour of Masonry Fills (J.R. Wu et al. 2012)

The micro-modeling with a single strut method is generated in OpensSees. The
column hinges are modeled according to a distributed plasticity approach, and beams
are modeled according to lumped plasticity. The masonry struts are modeled using
truss elements with a compression axial hinge with the quadrilinear force-

displacement relationship, which includes the linear elastic behavior, reduced
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stiffness due to cracking, strength softening, and residual strength of the infills. Since
the aspect ratio plays a key role in the formation of compressive struts, this parameter
is taken as a main predictor in the regression analysis mainly for the Elastic stiffness,
Kn, and the width of the masonry strut, bm.

L ;
Elastic Stif fness, K, = aEmth—m (Ea. 1-2)
m
; L\ dp (Eq. 1-3)
Strut Width, by, = a (E) o

Since the peak force is found to be in a good correlation with the width of the wall,

Lm, the peak force formula is derived in Eq. 1-4.:
Peak Force, Fnmax = BfmtmLlm (Eq. 1-4)
Also, the yielding and residual forces are related to the peak force of the infills:
Yielding Force, Fny = a1 * Fpmax (Eq. 1-5)
Residual Force, Fny = ay * Fymax (Eq. 1-6)

The displacement parameters are:

F Eq. 1-7
Yield Displacement, dpy = Ly (Eq )
) Kh
Peak Displacement, Ahmax = b1 * dpy (Eq. 1-8)
Residual Displacement, Apres = by xdp,, (Eq. 1-9)

The six coefficients (a, B, al, a2, bl, and b2) are established through regression
analysis. Each model in this analysis shows an R? value exceeding 0.8, demonstrating
a robust fit to the curve. In the conclusion part, J.-R. Wu et al. indicate that the single
strut model 80% underestimates the shear force demand and 50% underestimates the
bending moment demand relating to the local responses in the columns. However, in

simulating the global responses of the MRF structures, the validated single strut
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macro-modeling with the validated parameters is in very good agreement with the

micro-modeling.

In 2021, M. Mohammedi et al. pointed out that while placing UnReinforced Masonry
(URM) in specific parts of a structure can boost its lateral strength and better its
capacity to dissipate energy, it might also lead to the possibility of critical failures,
especially at more severe limit states.

M. Mohammedi et al. (2021) carried out an evaluation of Unreinforced Masonry
(URM) infills when subjected to 15 different seismic events. This assessment
incorporated the design of a four-story and a two-story building. They explored three
architectural variations: a bare frame, a frame incorporating infill walls at each level,
and a frame with a soft-first-story design. To model the infill walls, they utilized a
three-strut macro-model developed by Pashaie and Mohammadi, which had
previously been corroborated through experiments. The model accounted for axial
trilinear behavior in each strut, with the struts functioning solely in compression
(Figure 1-6). Within each frame bay, two sets of struts were arranged, each
containing three struts. The dimension of these struts was determined by the am value
in Eq. 1-10, which refers to the width of the equivalent strut as proposed by
Mainestone in 1974.

ay = 0.175 * (Ah) 0% # 14 (Eq. 1-10)
rinf is the length of the off-diagonal of infill wall, X is the relative stiffness of the infill

wall to the columns, and hc is the height of the column. The displacement-axial force
relationship of the struts is calculated with the formulas 1-11, 1-12, 1-13, 1-14:
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Figure 1-6: Macro-modelling of infill struts and force-displacement curve (M.
Mohammadi et. al. 2021)

Fup = fc * ag * ting (Eg. 1-11)

Fyp = 0.25 % Fyp (Eq. 1-12)

Sup = 12.4 % 10™* % sin(20) * Lpsrrur (Eq. 1-13)
6yp = 0.4 * arctan(u) * dyp (Eq. 1-14)

After calibrating the struts to be used in the buildings, the Incremental Dynamic
Analysis (IDA) is used for the nonlinear dynamic analysis of the structures. 15
earthquake motion records are scaled to several levels of seismic intensity to
investigate the entire structural behavior in a broad range, from the elastic stage to

the nonlinear stage and collapse of the structure.

In the conclusion part of the study held by Mohammadi et al. (2021), although infills
are found to enhance seismic performance at the 10 and LS levels, this effect is less
significant in taller structures. At the CP performance level, infills affect the seismic
behavior of the frame negatively since the infilled two-story frame and the four-story
frame with a soft first story are found to be the weakest models. Therefore, it is

strongly recommended that the infill walls be included in the design process.
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Using the basement floor lowers the center of gravity of the building, providing
better stability during an earthquake. At the same time, damages occurring in the
substructure absorb the energy and cause a better earthquake performance in the

superstructure.

In the study carried out by J.A. Mercado et. al (2018), the seismic performance of
hypothetical two-story buildings was evaluated, specifically focusing on structures
with zero, one, or two basement levels. The research aimed to extend previous
findings regarding the influence of basements on the seismic response of buildings.
The buildings' seismic responses were compared under two earthquake conditions,
Operating Level Earthquake (OLE) and Contingency Level Earthquake (CLE),
including parameters such as settlements, horizontal displacements, and peak story
accelerations. OLE and CLE earthquakes represent the exceedance probability of
50% in 50 years (72-year return period) and 10% in 50 years (475-year return

period), respectively.

The study utilized numerical simulations to demonstrate that structures with
basement levels generally exhibited improved seismic performance, as they reduced
the extent of damaging effects compared to buildings without basement levels. The
main findings of the study highlight that the presence of at least one basement level
significantly improves the seismic performance of low-rise buildings during
earthquakes. The research demonstrated that structures with basements experience
smaller seismic-induced settlements and more favorable horizontal displacements
compared to those without basements. Buildings without a basement level
experienced significant seismic-induced settlements, while the inclusion of one
basement level reduced settlements by approximately 70%, and two basement levels
resulted in reductions of about 90%. Additionally, horizontal displacements were
generally small and not significantly affected by the presence of basement levels
during the Operating Level Earthquake (OLE). However, larger displacements were

noted in the Contingency Level Earthquake (CLE) for buildings without basements.
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Additionally, peak story accelerations were higher in buildings with basement levels,
with values reaching up to 0.45 g for two basement levels, which is 18.4% higher
than the zero basement level. This underlines the importance of accurately modeling
substructures in seismic analyses to obtain realistic predictions of performance
during seismic events. Overall, the findings emphasize the critical role that basement

levels play in enhancing the resilience of buildings subjected to seismic forces.

P. Jones et al. (2010) examine the relative safety of high-rise and low-rise buildings
with steel moment-resisting frames (SMF) in the Los Angeles region under the threat
of high seismic hazards. It focuses on both recorded and simulated ground motions
to assess the deformation demands on typical SMF structures, specifically six- and
twenty-storey buildings designed for earthquake resistance according to the 1994
Uniform Building Code (UBC). The study aims to highlight the differences in how
tall and short structures respond to seismic events, considering the effects of brittle
and ductile connections. In this study, the basement walls are not explicitly modeled.
Instead, their effects are incorporated by fixing the lateral movement of the perimeter
nodes at the ground floor. This approach simplifies the model while still considering

the impact of the basement on the overall structure's lateral stability.

The study conducted by N. Caglar et al. (2021) focuses on the influence of basement
stories on the seismic response of reinforced concrete (RC) buildings situated on
near-surface alluvial soft soil. Two-dimensional finite element models of RC
buildings and the surrounding soil were modeled, with the soil considered a
homogeneous elastoplastic media according to the Mohr-Coulomb failure criterion.
Seven different models with different structural slenderness ratios (H/B) with and
without basement floors were prepared using PLAXIS 2D for the study. In total, 14
distinct models are assessed. Initially, the settlement beneath static loads was
analyzed, followed by a time-history dynamic analysis with the Marmara Earthquake
acceleration record to assess the earthquake responses based on lateral displacements
of structures. The comparison of models with and without a basement story revealed
significant differences in their responses under static and dynamic loads.

Specifically, when the slenderness ratio (H/B) was set to 2.00, the vertical
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displacements measured for the RC building without a basement were 68.73 cm,
whereas the displacement for the building with a basement was only 1.05 cm. This
dramatic reduction in vertical displacement highlights the beneficial impact of a
basement in enhancing the stability of structures built on soft soils. Overall, the
findings indicate that increasing the height of RC buildings without basements
negatively impacts their seismic response. Additionally, the analysis revealed that
buildings without basement stories are more susceptible to damage under both static
and dynamic conditions, underscoring the importance of incorporating basement

levels for better earthquake resilience.

1.4  Objective and Scope

The objective of this study is to examine the factors contributing to the collapse of
structures during the Kahramanmaras Earthquake on February 6, 2023. This will be
done by evaluating a low-rise special moment-resisting steel structure with 3
different configurations and utilizing 2 different material strengths, i.e., 6 different
model cases in total, designed according to the Turkish Building Earthquake Code
(2018) and for the ZC Soil Class. The aforementioned building is a 4-story building
designed with the reference of the study described in Example C-1 in the "Turkey
Building Earthquake Regulations (TBEC-2018) Training Presentations' book written
by Erkan Ozer, Cavidan Yorgun, and Ciineyt Vatansever in October 2018. It is
designed directly for the Antakya/Hatay region, and the only change compared to
the reference model is the column cross-sections to ensure the story drift ratio limit.
This study involves subjecting the aforementioned 6 structures to seismic forces by
using the nearest monitoring station data (Station 3129, Lat:36.19117,
Long:36.1343) located in Defne/Antakya. All analyses and evaluations are
conducted with a commercial software, SAP2000. In order to capture the inelastic
behavior of the building, the P-M2-M3 and P-M3 hinges are placed at the end of the
columns and beams, respectively. The inelastic behavior that will potentially occur
in the joint region is omitted, assuming that the joint region is well-designed and
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does not contribute to additional energy dissipation from this region. It is accepted
that the predominant damage will be occurred at the beam and column ends. The
verification of the plastic hinges is done using a 4-meter simple cantilever column
model. The pushover analysis and dynamic analysis results show that the ‘Nonlinear
Beam Column’ hinge models supplied by SAP2000 can be used in the assessments.
Furthermore, the influence of infill walls is investigated on the overall structural
behavior. The infill walls are simulated by using link elements, representing
compression-only truss members. Additionally, the implementation of the basement
floor with the aforementioned 6 different model configurations is examined based
on the Performance Levels the building undergoes. Following the analysis, it was
determined that the PGA values recommended by AFAD require further
examination and rectification. It was observed that not having an infill wall on the
1st floor, which indicates a soft floor, has a significantly negative impact on the
overall seismic response of the building. Additionally, having the basement floor
improves seismic performance by restricting lateral movement and absorbing
energy. Based on these findings, it is recommended that these suggestions be
incorporated into the latest regulations to enhance the seismic performance of low-

rise special moment frames.

The outline of the thesis can be described as follows:

e Chapter 2 focuses on the design of the building according to TBEC 2018 and
DCCSPP 2018.

e Chapter 3 includes the verification of the ‘Auto hinge” model utilized in the
models according to ASCE41-17.

e Chapter 4 presents the implementation of the infill wall on the model to
capture a more realistic behavior of the structure.

e Chapter 5 shows the results of the analysis and findings of the seismic

performance of the 6 different configurations of a building.
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Chapter 6 includes the basement floor implementation effects on the seismic
response of the structures by analyzing the 6 buildings.
Chapter 7 captures the summary and conclusion of the study by making a

comparison between the 6 aforementioned models.
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CHAPTER 2

DESIGN OF THE BUILDING ACCORDING TO THE TURKISH
EARTHQUAKE BUILDING CODE (2018)

The building included in this study is designed according to TBEC2018, and the
design principles will be shown in this section.

The reference building to follow the same design methodology is taken from the
book 'Turkish Building Earthquake Regulation (TBEC-2018) Education
Presentations' by Erkan Ozer, Cavidan Yorgun, and Ciineyt Vatansever (2018) and
is designed to be used for office purposes for the Maslak region of Istanbul and
designed for the ZA Soil type. The load-carrying system of the building in both
directions consists of steel frames with high ductility levels (special moment
resisting frames), which are defined in TBEC2018 Section 9.3.

The new building is designed for office purposes, taking the first building as a
reference, and is designed for the Defne/Antakya region. The station selected for
time-history data (station 3129) is located in the Defne/Antakya region. The soil
class of this region is ZC. Therefore, the ground effect coefficients Fs and F1 are 1.5
times greater than the soil class ZA in which the first building is located. The spectral
acceleration coefficient SS and S1 values of the Defne/Antakya region are 1.8 times
greater than the spectral acceleration coefficient of the Maslak/Istanbul region. For
this reason, the Equivalent Earthquake Load is approximately 2.7 times greater for

the second building.

Structural analyses of the load-carrying system of the building are carried out using
the General Analysis Method, the details of which are explained in DCCPSS2018

Section 6.3. Accordingly, while the relative story drifts and deflection checks are
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based on unreduced element stiffnesses, the required strengths of the elements are
obtained by taking into account reduced element stiffnesses, hence the second-order
effects. The second-order effects on the required strength of the elements are taken
into account by performing an Approximate Second-Order Analysis described in
DCCPSS2018 Section 6.5.

In the analysis and dimensioning, the Load and Resistance Factor Design (LRFD)
method described in DCCPSS2018 Section 5.3.1 is used.

When the effective relative story drifts are taken into account during the design
(TBEC2018 Section 4.9.1), it is found that the column dimensions are insufficient
compared to the reference building. For this reason, the column cross-section is
enlarged to HE 500B for all floors for the newly designed building. In the building
to be designed, S235, which is the most commonly used material quality in terms of
availability in the Turkish and European markets, is preferred.

The 3D view of the building is given in Figure 2-1. Plan and profile views of the

building are given in Figure 2-2.
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Figure 2-1: The 3D view of the building
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Figure 2-2: The plan and profile views of the building
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2.1  Design of the Special Moment-Resisting Steel Frame

The section design of the load-carrying system is based on the TBEC 2018 and
DCCPSS 2018.

211 Dead and Live Loads

As this building will be designed concerning the first building, the dead loads and

live loads are considered to be similar to the first building.

Roof Deck:

Roof Dead Load Distributed Load
Covering 0.5 kKN/m?
Izolation 0.4 kN/m?

Corrugated deck sheet + reinforced concrete floor 2.1 kN/m?

Suspended floor + equipment installation 0.5 kKN/m?
Dead Load G = 3.5kN/m?
Live Load Qr = 2.0 kN/m?
Snow Load S = 0.6 kN/m?

Parapet Load Gd  =2.0 kN/m

Floor:
Floor Dead Load Distributed Load
Covering 0.5 kN/m?

Corrugated deck sheet + reinforced concrete floor 2.1 kN/m?

Suspended floor + equipment installation 0.5 kN/m?
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Partition wall 1.0 kN/m?

Dead Load G = 4.1 kKN/m?
LiveLoad Q = 2.0 kN/m?
Outside Wall Load Gd = 3.0 kN/m

2.1.2 Earthquake Loads

2.1.2.1  Earthquake Ground Motion Levels

The earthquake ground motion levels are considered in the design of buildings under
seismic actions in Section 2.1 of TBEC2018. Code considers four different seismic
intensity levels DD-1, DD-2, DD-3, and DD-4.

DD-1 corresponds to the ground motion level for which the probability of exceeding
the spectral magnitudes in 50 years is 2%. The recurrence period is 2475 years. DD-
1 can be described as a very rare earthquake ground motion. This earthquake ground

motion is also considered as the largest earthquake ground motion.

DD-2 refers to the uncommon seismic activity that has a 10% chance of exceeding
specific spectral amplitudes within a 50-year timeframe and recurs approximately
every 475 years. This seismic activity is known as the standard design earthquake

ground motion..

DD-3 denotes a category of earthquake ground motion characterized by a 50%
chance of exceeding the spectral magnitudes within a 50-year span and a recurrence
interval of 72 years. This category is also commonly referred to as frequent

earthquake ground motion.

DD-4 denotes an earthquake ground motion that occurs very frequently,

characterized by a 68% chance of exceeding spectral magnitudes over 50 years (and
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a 50% chance over 30 years), with a return period of 43 years. This is also referred

to as a service earthquake ground motion.

2.1.2.2  Building Occupancy Class (BKS) and Building Importance Factor
(1

Building Occupancy Class (BKS), which is the coefficient depending on the usage
purpose of the building, is determined according to the table Earthquake Design
Classes defined in Section 3.2. of TEBC2018.

Table 2-1: Earthquake Design Classes

Building o Bultng
Use Building Usage Purpose Importance
Class Factor

Buildings that need to be used after an
earthquake, buildings where people stay for a
long time and intensely, buildings where
valuable goods are stored and buildings
containing dangerous substances

a) Buildings that must be used immediately after
an earthquake (Hospitals, dispensaries, health
BKS = | | centers, fire brigade buildings and facilities, PTT
and other communication facilities, transportation
stations and terminals, energy generation and
distribution facilities, province, district and
municipality administration buildings, first aid
and disaster planning stations) )

b) Schools, other educational buildings and
facilities, dormitories and dormitories, military
barracks, prisons, etc.

¢) museums

d) Toxic, explosive, flammable, etc. with features
buildings where substances are located or stored

1.5

Shopping malls, sports facilities,cinema, theatre,

BKS=2 [ concert halls, places of worship, etc.

1.2

Other buildings that are not included in the
definitions given for BKS=1 and BKS=2
(Houses, workplaces, hotels, building type
industrial structures, etc.)

BKS=3 1.0
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Since the building to be designed will be used in a workplace purpose, the Building

Use Class, BKS=3 and the building importance factor, 1=1.0.

2.1.2.3  Building Usage Class (DTS)

The horizontal elastic design spectral accelerations Sae(T), which represent the
values of the horizontal elastic design acceleration spectrum for any earthquake
ground motion level considered in Section 2.3.4.1 of TBEC2018, are defined as the
ordinates dependent on the natural vibration period, in terms of gravitational

acceleration (g). The horizontal design spectrum is shown in Figure 2-3.

S (D) =[0.4+0.6£JSD5 (0<T<T,)
TA

Sae(T) = Sps (Ty =T <Ty)

S
Sae(T)=% (T,<T<T,)
S.(1) =01 (T, <T)

where,

S S

T,=02-2L . p,="Dl 7,=6s
Ds SDS
S, (T)

S,.(T) _So
T

Figure 2-3: Horizontal elastic design spectrum (TBEC2018)
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Within the scope of the Turkey Earthquake Hazard Maps (https:tdth.afad.gov.tr/),
the parameters obtained to determine the Earthquake Design Class (DTS) at the DD-
2 (design level earthquake) ground motion level are as follows:

Short-time period map spectral acceleration coefficient (Ss) = 1.064
1 sec. period map spectral acceleration coefficient (S1) = 0.276

Local soil impact coefficients FS and F1, depending on the local soil class, are given
in Table 2-2, respectively. Linear interpolation can be made for intermediate values
of map spectral acceleration coefficients defined in Table 2-2.

Table 2-2: Local soil impact coefficients for different period zones

Yere_-l Kisa periyot bélgesi icin Yerel Zemin Etli Katsayis1 F

Zemin

Suufi 5.<€025 | S,=050 | §,=075 | S,=100 | S =125 | 5.=150
ZA 08 0.8 08 0.8 0.8 08
ZB 09 0.9 09 09 09 09
zc 13 13 12 12 12 12
ZD 1.6 1.4 1.2 1.1 1.0 1.0
ZE 2.4 1.7 13 1.1 0.9 0.8
ZF Sahaya ézel zemin davraniy analizi yapilacaktir (Bkz.16.5).

Yer&_~1 1.0 saniye pertyot icin Yerel Zemin Etid Katsayisi F

Zemin

Spmfi $,€010 | §=020 | 5=030 | =040 | 5 =050 | S =060
ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.8 0.8 0.8 0.8 0.8 0.8
ZC 1.5 1.5 1.5 1.5 1.5 1.4
ZD 24 22 20 19 1.8 1.7
ZE 42 33 28 24 22 20
ZF Sahaya ézel zemin davramiy analizi yapilacaknr (Bkz.16.5).

Since the local soil class for the second building is ZC, the Ss>1.50, and 0.20 < S;

< 0.30, the Fs and F1 values can be listed as follows:
Local ground impact coefficient for short period (Fs) = 1.2

Local ground impact coefficient for 1 sec. period (F1) = 1.5
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According to the TBEC2018 Section 2.3.2.2, the short-time period design spectral
acceleration coefficient (Sps) and 1 sec. period design spectral acceleration
coefficient (Sp1) will be calculated using Eg. 2.1 and Eq.2-2 according to
TBEC2018.

Sps =S¢ * F, = (1.064)(1.2) = 1.277 (Eq. 2-1)
Sp; =S, * F, = (0.276)(1.5) = 0.414 (Eq. 2-2)

Horizontal design spectrum periods:

T, = 0.2 (Sm) 0.2 (—0'414) 0.065
4 Sps 1277 s
_ Spy 0414

=20 0324
B, 1277 s

TL:6S

Earthquake Design Classes (DTS), which are important for design under seismic
events, are determined according to Table 2.3, and they depend on the Building
Usage Classes and the short-period design spectral acceleration coefficient (Sps)

specified in Section 2.3.2.2 for DD-2 earthquake motion level.

Table 2-3: Building Usage Classification

Acceleration Design Spectrum Factor ( Sps) for | Building Usage Classification
DD-2 Earthquake level and short period BKS =1 BKS=2,3
Sps <0.33 DTS 4a DTS=4
0.33 < Sps< 0.5 DTS =3a DTS=3
0.5 < Sps< 0.75 DTS = 2a DTS =2
075 < Sps DTS =1a DTS =1

From the values of Sps=1.1.277, which is greater than 0.75, and BKS=3 values, the
Earthquake Design Class (DTS) can be determined as 1.
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2.1.2.4  Building Height Class

Buildings are divided into eight classes in terms of height to account for the influence
of the height of the buildings under seismic actions in Section 3.3.2. in TBEC2018,
the building height class should be determined using the DTS and BY'S values of the
building in Table 2-4.

Table 2-4: Building Height Class

Building Allowable Height According to Earthquake Design
Bllilding Classes and Building Height Category (m)

Height Class DTS=1,1a,2,2a DTS=3,3a | DTS=44a
BYS=1 H>70 Hy>91 Hy> 105
BYS =2 56 <Hy< 70 70< Hy< 91 91< Hy< 105
BYS=3 42<Hy<56 56 <Hy<70 56 <Hy< 91
BYS =4 28<Hy<42 42<Hy< 56
BYS=5 17.5< Hy< 28 28<Hy<42
BYS=6 10.5< Hy< 17.5 17.5< Hy< 28
BYS =7 7<Hy<10.5 10.5< Hy< 17.5
BYS =38 Hy<7 Hy<10.5

The aforementioned building’s total height is 13.0 m. By considering Hy=13 and
DTS=1, the building height class (BYS) is determined as 6.

2125 Determination of Seismic Performance

According to TBEC in 2018, the ability of existing buildings to withstand seismic
activity with four different categories. These states are defined as follows:
"Immediate Occupancy Performance Level," "Limited Damage Performance Level,"
"Controlled Damage Performance Level,” and "Collapse Prevention Performance
Level” (Figure 2-4).
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The Immediate Occupancy (QC) performance level is characterized by either the
absence of structural damage in the building's elements or only negligible damage

being present.

The Limited Damage (LD) performance level reflects a scenario where structural

damage to the building is minimal. It can be said that linear behavior remains limited.

Controlled Damage (CD) performance level means that damage that is not too
serious, widespread, and can be repaired in the majority of parts of the building's

structural system to ensure life safety.

The Collapse Prevention (CP) performance level is identified as the stage prior to
structural failure, characterized by substantial damage to the structural components
responsible for carrying the building's load. The objective at this performance level

is to ensure that the building avoids any form of complete or partial collapse.

Internal Force

F 3 cD CP
LD pmnl_ ' —

1
Advanced !
Damage |
Zone :

Significant
Damage
Zone

Limited
Damage
Zone

Collapse
Zone

-
L

Displacement

Figure 2-4: Performance State Zones

For given seismic intensity levels, nominal performance targets are determined for
earthquake design classes DTS =1, 2, 3, 3a, 4, 4a, and advanced performance targets
determined for earthquake design classes DTS = 1a, 2a are given in Table 25.
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Table 2-5: Target Performance Levels

(a) New Reinforced Concrete, Prefabricated Reinforced Concrete and Steel Buildings (Except
High- Buildings BYS > 2

(1)DTS=1.1a,22a,3,3a,4,.4a

(2)(2)DTS = la, 2a

Earthquake Normal Evaluation/Design Advanced Evaluation/Design Approach
Level Performance Target Approach Performance
Target
DD-3 — e Limited Damage Deformation-Based Design
DD-2 Controlled Damage Force-Based Design Controlled Damage Force-Based Design
DD-1 — - Controlled Damage | Deformation-Based Design
(b) New Constructed or Existing High-Rise Buildings ( BYS = 1)
Earthquake DTS=1.2.3,3a, 4, 4-_a i DTS = la. Z_a :
Beval Normal Evaluation/Design Advanced Evaluation/Design Approach
Performance Target Approach Performance Target
DD-4 Immediate Force-Based Design . o
Occupancy
DD-3 — — Limited Damage Deformation-Based Design
DD-2 Controlled Damage Force-Based Design Controlled Damage Force-Based Design
DD-1 Prevention of Deformation-Based Controlled Damage | Deformation-Based Design
Collapse Design

(c) Existing Reinforced Concrete, Prefabricated Reinforced Concrete and Steel Buildings (Except
Tall Buildings - BYS = 2)

Earthquake DTS=1,2,3,3a,4, 4.3 _ DTS = la, 2_3 _
Level Normal Evaluation/Design Advanced Evaluation/Design Approach
Performance Target Approach Performance Target
DD-3 — — Limited Damage Deformation-Based Design
DD-2 Controlled Damage Deformation-Based o o
Design
DD-1 — — Controlled Damage | Deformation-Based Design

With the DTS=1 and for the earthquake ground motion level DD-2, the performance
target of the aforementioned steel building is determined as Normal Performance
Target: Controlled Damage (CD), and the Evaluation/Design Approach is

determined as Force-Based Design.

2.1.2.6  Inspection of the Irregularities

Irregularities will be checked in accordance with TBEC 3.6. There are no
irregularities in the building since any protrusions, discontinuities, or large gaps in
the floors do not exist, and the horizontal load-carrying systems are placed regularly.

Similarly, the absence of discontinuities or abrupt changes in stiffness within the
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vertical supports, and consistency of the floor masses along the building height, there

are no vertical irregularities.

In accordance with TBEC 3.6.2.1, torsional irregularity (Al type irregularity) and
stiffness irregularity between adjacent floors (B2 type irregularity) will be examined
in order to determine the earthquake calculation method according to TBEC 4.6.2.
This examination can be done by considering the conditions in the first row of table
below, whose earthquake design class is determined as DTS = 1 and building height

class is determined as BYS = 6.

Table 2-6: Buildings to which Equivalent Earthquake Load method are applicable

Allowable Building Height
DTS=1, 13, 2, 2a DTS=3, 3a, 4, 4a

Building Type

The buildings where the torsional

irregularity coefficient, nwi=2.0 for each BYS=4 BYS=2D5
floor and there is no B2 type irregularity
All other buildings BYS=5 BYS =6

In this case, it must be shown that the type Al torsional irregularity coefficient,
nbi<2.0 for each floor, and that there is no type B2 stiffness irregularity in the
building. The control of these conditions, respectively, is summarized in Tables 2-7,
8, 9, and 10. The displacement values presented in the tables below result from the
system's analysis, conducted after completing the final sizing of the load-supporting

system.
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Table 2-7: Check of B1 Type Torsional Irregularity in X Direction

Floor ( Algx))max (m) ( Agm)m (m) nﬁ,’? Requirement
Roof 0.0051 0.0048 1.06 <2.0
3 0.0069 0.0065 1.06 <2.0
2 0.0076 0.0071 1.07 <2.0
1 0.0066 0.0062 1.06 <2.0

Table 2-8: Check of A1 Type Torsional Irregularity in Y Direction

Floor (AEY))max (AgY))m Ilg) Requirement
Roof 0.0059 0.0049 1.19 <12
3 0.0081 0.0068 119 <12
2 0.0093 0.0093 1.18 <12
1 0.0086 0.0072 119 <12

Table 2-9: Check of the B2 Type Rigidity Irregularity in X Direction

Floor ( AEX))M h; ( Agx))m ( Algﬁ_f)l)ort rb(:l{) Requirement
hi hia

Roof  0.0048 3 0.0016 0.0022 1.35 <2.0

3 0.0065 3 0.0022 0.0024 1.09 <20

2 0.0071 3 0.0024 0.0016 1.53 <2.0

1 0.0062 4 0.0016

38



Table 2-10: Check of the B2 Type Rigidity Irregularity in Y Direction

Floor ( AlQ’))m h; ( AgY))m ( Ag)l)m Ilg) Requirement
h; hi—1

Roof  0.0049 3 0.0016 0.0023 1.38 <2.0

3 0.0068 3 0.0023 0.0026 1.16 <2.0

2 0.0079 3 0.0026 0.0018 1.46 <2.0

1 0.0072 4 0.0018

Upon examining Tables 2-7 and 2-8, it is observed that the torsional irregularity
coefficient of type Al, denoted as nbi, for the building at each level complies with
the requirement that nbi must be less than or equal to 2.0. Furthermore, the building
does not exhibit any B2-type rigidity irregularities. These findings indicate that the
building adheres to the specifications listed in the first row of Table 2-6, thereby
qualifying it for the application of the Equivalent Earthquake Load Method.

2.1.2.7  Determination of Natural Period of Building

The aforementioned building was modeled using the SAP2000 program, and the
natural dominant periods of the building in the orthogonal directions are 1.11975 s
and 1.03693 s. However, according to the rule specified in TBEC2018 Section
4.7.3.3, the natural dominant vibration period of the building will not be greater than

1.4 times the empirical Tpa period, calculated with Eq. 2-3.

(Eq. 2-3)

3
TPA = Ct*H;

Ctvalue is specified as 0.08 for the buildings whose load-carrying system is moment-
resisting frames, and Hn is the total height of the building (TBEC2018 4.7.3.4a).
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3
TX =1.4+%0.08 132 = 0.7668 s

3
TY, =1.4%0.08*13% = 0.7668 s
Since the dominant natural frequency of the building is greater than the Tpa values,

the natural frequency values are determined as 0.7668 s.

TX = TY = 0.7668 s.

2.1.2.8  Seismic Load Reduction Coefficient (Ra(T))

Based on Table 4.1 in TBEC20181, the Structural Load Carrying System Response
Coefficient, R, is given as 8, and the Overstrength Factor, D, is given as 3 for special
moment-resisting steel frames with high ductility level in accordance with the
allowable building height class, BYS =6>3. The earthquake load reduction
coefficient, Ra(T), should be calculated by taking Tp = 0.7668 s for both directions.

Elastic seismic loads obtained in terms of spectral acceleration coefficient should be
divided by the Seismic Load Reduction Factor, Ra. By doing this, the specific
nonlinear behavior of the structural system under the seismic actions is considered.
According to Section 4.2.1.2 in TBEC2018, The Seismic Load Reduction Factor,
Ra, to be used as a basis for reducing linear elastic seismic loads, is calculated as
with Eq. 2-4 and Eq. 2-5.

R T>T, Eq. 2-4

R T i
Ra(T)=D+<—+D>— T<Ty  (Eq.29)
] Ty

Since T=0.768 s > 0.324 s,

Ra(TP(X)) = Ra(T,S”) = g = g = % =8
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2.1.2.9 Equivalent Static Lateral Earthquake Load (Vie)

In conventional design approaches, the equivalent static lateral force method is more

preferred compared to spectrum or time-history analysis due to its simplicity.

Regarding the selection of the calculation method to be applied under seismic
actions, it is understood that this method applies to buildings with regular mass and
stiffness distribution in plan and elevation. Also, building height class is considered.

As outlined in TBEC2018, Section 4.7.1, Eq. 2-6 will be used to calculate the total
Equivalent Earthquake Load (base shear force), Ve, acting on the whole building in

the direction of the earthquake.
VD =m,  Saa(TSV) 2 004 xme « I+ Sps+ g (EQ. 2-6)

Ty =0324s<T=0767s <T, =65

S 0.414
Sae(T) = % = m = 0.540

Sae(T) _ 0.540

= = 0.0675
R,(T) 8

Sar (T) =

V) = v = 1423.95 % 0.0675 * 9.81 = 0.04 * 1423.95 * 1 * 1.2768 * 9.81

v =y = 942,756 kN > 713.424 kN

According to Section 4.7.2 in TBEC2018, the overall equivalent earthquake load is
determined by summing the equivalent earthquake loads on each floor of the
building. For the X and Y directions, the equivalent earthquake load on the building's

top floor, denoted as Arng, is calculated using Eq. 2-7 and Eq. 2-8.:
AF) = 0.0075 * N + VP = 0.0075 * 4 « 942.756 = 28.283 kN (EQ. 2-7)

AFY) = 0.0075 N * V. = 0.0075 * 4 « 942.756 = 28.283 kN (EQ. 2-8)
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The remaining part of the total equivalent load, except the force on the top floor, will
be distributed to the floors of the building based on Eg. 2-9 as specified in TBEC
2018.

) _ (&) Ap® m; * H; (Eq. 2-9)
Fig _(VtE AFNE)* ﬂy=imj*Hj
m; * H; (Eq. 2-10)

FO = FD = (942,756 — 28.283) * =

j=imy * H;

The equivalent earthquake load acting on each floor is given in Table 2-11. The
equivalent earthquake load acting on the top floor also includes the top floor force,
AFNE.

Table 2-11: The equivalent earthquake loads applied on the floors

Floor  m; (kg)  H; (m) i * Hy F¥ Ny FY (k)
j=imy * Hj

Roof ~ 321.34  13.00 0.35 349.57 349.57

3 366.91  10.00 0.31 282.20 282.20

2 366.91 7.00 0.22 197.54 197.54

1 368.79 4.00 0.12 113.46 113.46

2.1.2.10 Horizontal Earthquake Effect

In the earthquake calculation of the load-carrying system under the influence of a
horizontal earthquake, earthquake loads defined in the horizontal (X) and (Y)
directions perpendicular to each other will be combined as Eq. 2-11 and Eg. 2-12,
according to TBEC 2018 4.4.2.1.
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E® =+EX +0 3£ (Eq. 2-11)
EW =+03E + EY (Eq. 2-12)

While Eq® and E4( are the earthquake effects calculated separately in the
perpendicular X and Y directions, respectively; E« includes both direction effects

and symbolizes the design basis horizontal earthquake effects.

2.1.2.11 Vertical Earthquake Effect

According to TBEC 2018 Section 4.4.3, the vertical earthquake effect shall be
considered in the earthquake calculation. The vertical earthquake effect for this
building will be approximately taken into account with Eq. 2-13 in accordance with
TBEC Section 4.4.3.2:

2 -

Load combinations, including earthquake effects to be taken as basis in the design
of load-carrying system elements, are given in TBEC208 4.4.4.1. If the Design with
Load and Resisting Factors (LRFD) approach is applied in steel buildings, Equation
4.11 will be used with 1.2 G instead of G, and Equation 4.11 will be used as is.

G+Q+025+EM +03EP (Eq. 2-14)
0.9G + H + E{ — 03EY (Eg. 2-15)

where Q is defined as the live load, S as the snow load, and H as the lateral ground
impulse. When implementing the Design with Load and Resisting Factors Approach
(LRFD), if the live load, Q, is less than or equal to 5.0 kN/m?, the Q value in the first

equation may be decreased to 50%.

The vertical effect calculation is as shown in Eq. 2-16 and Eq. 2-17:
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2 2
G (1.2 +03 5 SDS) =G (1.2 +03%3x 1.277) =14556  (Eq.2-16)

2 2
G (0.9 —03x3x SDS) =G (0.9 ~ 0343+ 1.277) = 06456  (Eq.2-17)

Therefore, the new equations, including the vertical effects, are shown in Eq. 2-18
and Eq. 2-19:

1.455G + 0.5Q + 0.25 + EJ" (Eq. 2-18)

0.645G + H + ES (Eg. 2-19)

2.1.2.12 Value of the Accidental Eccentricity for the Horizontal Earthquake
Loads

The floors are modeled as rigid diaphragms, assuming the lack of A2 and A3 type
irregularities in the building and that no significant deformations will occur within
the floor. Value of the accidental eccentricity, defined as a fraction of the width of
the considered story in the perpendicular direction to the seismic event; according to
TBEC 2018 Section 4.5.10, to consider the additional eccentricity effect, the
equivalent earthquake loads acting on the floors in such buildings are shifted to the
points determined by +5% and -5 of the building width perpendicular to the
earthquake direction. Similarly, equivalent seismic loads shall be applied at the
center of mass. In this example, additional eccentricities in the X and Y directions
are calculated in Eq. 2-20 and Eq. 2-21:

e® = 40.05 x 32.00 = +1.60 m (Eq. 2-20)

e = 40.05 x 18.00 = +0.90 m (Eq. 2-21)
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2.1.3 Load Combinations

Internal forces result from the analysis of the building's structural system under dead
and live loads, and earthquake forces will be combined in the following
combinations in accordance with DCCSPP 5.3.1, TBEC 4.4, and TBEC 9.2.5.

Vertical Load Combinations:

e 1.4(G+Ng)

e 1.2(G+Ng)+1.6(Qr+ Nog)

e 1.2(G+Ng)+1.6(S+Ns)

e 1.2(G+Ng)+1.6(Q+Ng)+0.5(Qr+ Naqr)
e 12(G+Ng)+16(Q+Ng)+0.5(S+Ns)

e 1.2(G+Ng)+1.6(Qr+Ng)+10(Q+Ng)
e 12(G+Ng)+16(S+Ns)+1.0(Q+Ng)

Vertical Load + Earthquake Load Combinations:

e 1.455G +0.2Q + 0.2S + E¢™ + 0.3E4™
e 1.455G +0.2Q + 0.2S + 0.3E4™ + 0E4«V
o 0.645G + Eq™ + 0.3E4V)

o 0.645G = 0.3E4™ + 0E4™

The effects of geometric preliminary imperfections on structural stability can be
taken into account using fictitious forces as specified in SDDCPP Section 6.2.2.2.
These fictitious loads will act on the original undeformed system. Fictitious loads,
Ng, No, Nar, and Ns, included in the above vertical load combinations, will be

calculated as Eq. 2-22.:
N; =0.002 xa x Y; (Eq. 2-22)

a=1.0 for the LRFD approach, Nj is the fictitious load affecting the ith floor, and Y

is the total vertical load affecting the ith floor.
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Table 2-12: Fictitious Loads for Each Floor

Floor G (kN) N¢ (kN)
Roof 2340.15 4.68
3 2740.94 5.78
2 2740.94 5.78
1 2759.34 5.82

According to TBEC 2018 4.3.5, increased earthquake loadings will be considered in
the design of steel structural elements. In increased earthquake loadings, the internal
forces resulting from earthquake effects are increased by multiplying the
Overstrength Factor, D. The overstrength factor for the special moment-resisting

steel frames with high ductility levels was previously determined to be 3.0.

214 Analysis of the Building Structural System

The required strengths of the structural system elements were carried out using the
General Analysis Method, the details of which are explained in DSSCPP2018
Section 6.3. Accordingly, the required strengths of the elements are obtained by
structural analyses considering reduced element stiffnesses and second-order effects.
The second-order effects on the required strength of the elements are taken into
account by performing an Approximate Second-Order Analysis, the details of
which are described in DSSCPP Section 6.5. Unreduced element stiffnesses are used
for relative story drifts and deflection controls. Structural analyses were carried out
using SAP2000 software.
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2.14.1  Relative Storey Drifts

Relative story drift is checked according to TBEC2018 Section 4.9.1.

For any column, the calculation of reduced relative floor drift, Ai*®, which describes
the difference in horizontal displacement between two consecutive floors, is as

shown in Eq. 2-23:

x)_ &) X) -
A7V =u —ut (Eq. 2-23)

In the given equation, u; and ui.1 represent the highest horizontal displacements
experienced due to reduced earthquake loads at the ends of any column on two
consecutive floors of the building in the X direction. In this example, the maximum
values of u; displacements for each earthquake direction are determined by reduced
earthquake loads, the specific numerical values of which are provided in Tables 2-

13 and 2-14. These loads are applied with an additional eccentricity of £5%.

TBEC2018 says in Section 4.9.1.1 that the rule given in Section 4.7.3.2 shall not be
considered in the computation of total equivalent earthquake load while calculating
the relative story drifts. However, for ease of calculation and to stay on the safe side,
the total equivalent earthquake load previously calculated for this building will be
utilized, and it will be shown that horizontal displacement conditions are met for

these loads.

For the X direction, the effective relative story drift in the columns on the ith floor

of the building, &, is calculated as shown in Eq. 2-24:

R (Eq. 2-24)
x) _ x) q
61’ = TAi

Under reduced earthquake loads applied with an added 5% eccentricity in
perpendicular X and Y directions, horizontal displacements u; obtained by analysis
of the building system and reduced relative storey drifts, Ai®, Ai") between

consecutive floors are given in the table below.
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According to TBEC 4.9.3.1(b), for each earthquake direction, in the columns on any
ith floor of the building, the maximum value within the floor of the effective relative
floor drifts, 8imax™ and &i max", are calculated based on the equation below will meet
the following condition in Eq. 2-25:

€9 (Eq. 2-25)

LMAx — 0.016 k
h,

A and « values will be determined according to the TBEC2018 Section 4.9.1.

A represents the ratio of the elastic design spectral acceleration of the DD-3
earthquake ground motion to the elastic design spectral acceleration of the DD-2
earthquake ground motion for the dominant vibration period of the building in the

considered earthquake direction. The equation is shown in Eq. 2-26.

k is accepted as 1 in reinforcement concrete buildings and 0.5 in steel structures.

_ Sae(Typ)yy 0164 _ (Eq. 2-26)
Sae(Ty),,_, 0540

K =05 (Eq. 2-27)

Consequently, relative floor drifts for each floor should not exceed the limit of
0.008.

Table 2-13: Relative story drifts in X direction

Floor h; (m) ui(X) (m) AL(X) 5i(X) A ,15i(X) Requirement
h;

Roof 3 0.0262 0.0051  0.0408 0.3043 0.0041 <0.008
3 3 0.0211  0.0069  0.0552 0.3043 0.0056 <0.008
2 3 0.0142 0.0076  0.0608 0.3043 0.0062 <0.008

1 4 0.0066  0.0066  0.0528 0.3043 0.0040 <0.008
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Table 2-14: Relative story drifts in Y direction

Floor h; (m) ui<X) (m) AEX) 5l,(X) A ,wi(X) Requirement
h;

Roof 3 0.0319  0.0059 0.0472 0.3043 0.0048 <0.008
3 3 0.0260  0.0081 0.0648 0.3043 0.0066 <0.008
2 3 0.0179  0.0083 0.0744 0.3043 0.0075 <0.008

1 4 0.0086 0.0086  0.0688  0.3043 0.0052 <0.008

As is seen in Tables 2-13 and 2-14, the maximum values of A(di/hi) are shown in Eq.
2-28 and Eq. 2-29, respectively, and meet the requirement in TBEC2018 Section
4.9.3.1(b).

x)

i}'lm“" = 0.0062 < 0.0080 (Eq. 2-28)

i

%

I — 0,0075 < 0.0080 (Eq. 2-29)
i

2142 Second-Order Effects

In accordance with TBEC 2018 Section 4.9.2, the second order indicator value,
01, corresponding the second order effects, at each ith floor in the considered

direction of earthquake, is calculated as Eq. 2-30:

(A(X)) Zl@:i Wi
: ave
v O

L

X — (Eq. 2-30)

i =
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(A )ave = Average value of the reduced relative story drift in the X direction

calculated for the column in ith floor
Vi® = Reduced shear force in X direction for the ith floor
hi = the height of the ith floor

wk = Total weight acting on the kth floor calculated using the live load mass

participation coefficient

If the maximum value of 011;%, 0nmax™, calculated for all floors, satisfies the
condition in Eq. 2-31, according to TBEC2018 Section 4.9.2.2, the second-order
effects on the building will be assessed according to the DCCPSS2018 Section 6.

D
Oy = 012 (Eq. 2-31)

R is the strength reduction factor, and Cy is a coefficient that shows the nonlinear

hysteretic response of the structural system and can be determined as 0.5 for

reinforcement concrete buildings and 1 for steel structures.
) _(;, )  _{(,® _
(S )ave = (u§ )ave (u )m 0.079 m
4
z wy = 2 *2890.94 + 2340.15 = 8122.04 kN
k=2

v, ") = 829.30 kN
hz = 3 m

) N
o) _ (57) T2 we 0,079+ 8122.04

) _ = = 0.0258
ILi VZ(Y) h, 829.360 * 3
) _ D = 3 =
Blmax = 0-12 * R 0.12 * 008~ 0.045

6" = 0.0258 < 6% = 0.045

ILi II,max
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Table 2-15: Second Order Effect for the X direction

Floor ke (m) A% om) w Vi aPwy 0122
.V, ChR
Roof 3 0.0048 2340.15 349.57 0.0107 < 0.045
3 3 0.0065 5231.10 631.76 0.0179 < 0.045
2 3 0.0071 8122.04 829.30 0.0232 < 0.045
1 4 0.0062 1103138 942.76 0.0181 < 0.045
Table 2-16: Second Order Effect in the Y direction
Floor A (m) A% (m) w® Vi a®w, 0122
hY CoR
Roof 3 0.0049 2340.15 349.57 0.0110 < 0.045
3 3 0.0068 5231.10 631.76 0.0188 < 0.045
2 3 0.0079 8122.04 829.30 0.0258 < 0.045
1 4 0.0072 1103138 942.76 0.0211 < 0.045

2.15 Sizing of Structural Members

The design calculations for columns, primary beams, and secondary beams are done
as per TBEC2018 and DSSCPP2018.
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The cross-sections determined as a result of the detailed dimensioning calculations

on a column, secondary beam, and moment-resisting frame beam for all elements of

the load-carrying system of the newly designed building are given in Table 2-17.

Table 2-17: Structural Properties of the Designed Building

Load Carrying Members Cross-Section Steel Grade
Secondary Beams (all floors) IPE 360 S235
Beams on B — D axes (all floors) IPE 400 S235
Beams on A and E axes (all floors) IPE 450 S235
Beams on 1-4 axes (all floors) IPE 450 S235
Columns on £0.00/+13.00 elevations HE 500B S235
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CHAPTER 3

INITIAL ASSESSMENT OF THE STRUCTURE

Pushover analysis is a method used in structural engineering to estimate the strength
and deformation capacity of structures, particularly under seismic loading. It
simulates how a structure responds to gradually increasing lateral loads. The goal is
to evaluate how a structure responds beyond its elastic limit until it reaches failure.
The pushover analysis curve, revealed after the analysis, is a graphical representation

of the structure's response to lateral loading, capturing its post-yielding behavior.

3.1  Plastic Hinge Model Verification

A plastic hinge refers to the deformation of the member (column or beam occurring
in a virtual location where plastic deformations are concentrated. Plastic hinges help
simulate the gradual degradation of the stiffness and strength, allowing engineers to
identify potential failure mechanisms. Different hinge properties may be assigned in
SAP2000 depending on the expected behavior:

e Moment Hinges Moment hinges simulate bending behavior, where the focus
is on the only moment (M) capacity and rotation (©) relationship.

e Axial Hinges: This type of hinge simulates the axial behavior (tension or
compression) by focusing on only the axial force (P) and deformation (A)
relationship.

e P-M2-M3 Hinges: This type of hinge considers the interaction between axial
force (P) and two-moment capacities (M2 and M3) at different axes.
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Plastic hinges enable the assessment of different performance levels, which are
essential in performance-based design and assessment, especially when evaluating

buildings according to the codes.

SAP2000 offers a powerful nonlinear static pushover analysis option to investigate
the hinge properties and column/beam performance under lateral loading. This
process involves modeling the structure with the material and cross-sectional
properties, defining hinge properties, applying incremental lateral loads, and
tracking the formation of the plastic hinges. In this chapter, a pushover analysis in
SAP2000 will be done by taking a sample of 4-meter columns located on the 1st
floor of the building. The hinge features and the nonlinear behavior of the column

will be examined.

3.2 Modelling the Structure:

In the modeling, for ease of traceability, column C11E, 4 m long, placed along the

axes 1/E in the 1st story, will be investigated under a lateral load.

Material Strength

S235 Fy=235 N/mm? Fu=360 N/mm? DCCPSS2018 Table 2.1A
E=200 GPa G=76.923 GPa

Cross-Sectional Properties

HE 500B

l2,=12620 cm* Z,,=1292 cm?® r2-2=7.27 cm
133=107200 cm* Z5.3=4815 cm?® r;-3=21.18 cm
J=538.40 cm* Cw=7018000 cm®  L=400 cm

Gross Area=239 cm?

Shear Area in 2 direction = 7250 mm?
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Shear Area in 3 direction = 14000 mm?
d=500 mm tf=28 mm tw=14.5 mm
bf=300 mm

Section 9.3.3.2.1 Structural Steel Section in ASCE41-17 emphasizes that the design
strength can be calculated according to AISC 360, with the strength reduction factor,
®, of 1 instead of specified in AISC360.

Tension Capacity of the Column:

> =5616.5 kN
mm

F; = Ay * F, = 239 * 10> mm? * 235

Compression Capacity of the Column:

5 m’E
Fory = Io.658Feyl E, Fy = > = 652.05 MPa
()
Ty
Ty 235
Foy = l0.658Feyl F, = 0.658625] % 235 = 200.78 MPa

= 4798.64 kN

F. = Ag * Fopy = 239 5 10> mm?® + 200.78 —;

3.3  Defining Hinge Properties:

In SAP2000, 2 types of hinges are used to model the nonlinear behavior of structural
members — deformation-controlled (ductile) and force-controlled (brittle) hinges.
Force-controlled hinges refer to elements that are not allowed to exceed their elastic
limits by experiencing a significant degradation after yield deformation.
Deformation-controlled hinges, on the other hand, refer to elements that are allowed
to exceed their elastic limit in a ductile manner. The difference may be seen in more

detail in Figure 3-1.
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Type 1 Curve: Ductile Type 2 Curve: Semi-Ductile Type 3 Curve: Brittle

Deformation controlled < oForce controlled

Figure 3-1: Component force vs. deformation curves (FEMA 356)

In this model, P-M2-M3 interacting hinge is selected with a deformation-controlled

hinge type to accurately capture the expected ductility of the element.

SAP2000 implements the ASCE41-17 guidelines for the definition and use of
column flexural hinges. Figure 3-2 represents the moment-rotation (M- ©) or force-

deformation (P-A) relationship based on parameters a, b, and ¢ defined in Table 3-1.

Q
=1

1.0 .......... B C

D E|l &
"

BorA

Figure 3-2: Generalized relationship between force and deformation for steel

elements or components (ASCE 41-17 Section 9.4.2.2)

ASCE41-17 Section 9.4.2.2.2 Nonlinear Static Procedure says that if the length of
the beam or column is equal to 2.6 Mce/Vce or greater, 0y shall be determined as in

Eq. 3-1 by using Eq. 3-2 for Mck:
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_ MpcL(1+1)

= Eg. 3-1
Y 6(t,E)I (Eq )
|P| |P|
for—<0.2 M, (1—
Mop = My = He 2By (Eq. 3-2)
CE — pce — |P| 9 |P| q.
—>0.2 My,=|1——
rorgyz02 (i)

where Mpe=expected plastic moment capacity about bending axis, substituting Fye
for Fyin Eqg. 3-3.

My, = F, * Z3_3 = 1131.25 kNm (Eq. 3-3)
Mcg = Myce = Mye(1—0) = 1131.25 kNm for P = 0

For shear yielding, the expected shear strength, Vcg, is calculated as Eq. 3-4:

(. Pl
forP— <0.2 0.6F, A
ye
Veg = Vye = 1P| 1P| 2 (Eq- 3'4)
for — > 0.2 0.6EF,,A; |1— <—>
Pye yells Pye

where As=effective shear area of the cross-section. As in direction 3 is defined as
14000 mm?.

kN
— 2 -3 — —
Ver = 0.6 235 —— + 14000 mm? * 10~ — = 1974 kN for P = 0
Jo Meg o 113L2SkNm_ o
Veg 1974.00 kN m m

Since 2.6 Mce/Vce is smaller than the length of the column, which is 4 m, 6y shall
be determined as in Eq. 3-1 according to ASCE41-17.

12E1 12 % 200 = 10° % % 0.001072 m*

= 2 =
L*GAs  (4m)2 769+ 106% £0.014 m?

= 0.1493

n
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( P
for— < 0.5 1.0
Ty = Be
| for s s 4ﬂ<1_ﬂ)
P ' P P

T, =10 forP =0

1131.25 kNm x4 m * (1 + 0.1493)
0, = = 0.0040438 rad

6@0*mm 1mkN)(MmuW2m4

Table 3-1: Acceptance Criteria and Modelling Parameters for Nonlinear Procedure

of Steel Structural Columns and Beams flexural actions — ASCE41-17

Modeling Parameters

Plastic rotation angle a and b (radians)

Residual strength ratio ¢

Column in Compression
1. Whereﬁ < 0.30 fi and
2t Fye

For —£< 0.2 <245/E(1—071 )
ye
PG E

For >02—<077f (293——)<149 /
Pye tw Fye

-1
a=0.38 <1——> <01—+08 ) —0.0035=0

P,

-1

Pc h

b=74(1—— 05—+29 —0.006 >0
P 1y tw

Pg
c=09-09—
Py
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Table 3-1: (Cont’d): Acceptance Criteria and Modelling Parameters for Nonlinear
Procedure of Steel Structural Columns and Beams flexural actions — ASCE41-17

2. Where 2L > 0.38 /i or
2tf Fye

For fé < o.zti >3.76 | £ (1 —1.83 P—G)

ye w Fye ye

For £ >0221>1.12 /i (2.33 — ) > 1.49 /i
Pye tw Fye Pye

P.\"? L
a=12(1—— 1.4— +01—+09 —00023>0
Pye g
Pe 18 L b
b=25(1—— 01—+02—+27 —00097>0
Pye Ty tf
c=0.5- 05—
Pye

3. Other: Linear interpolation between the values on lines 1 and 2 for both
flange slenderness (first term) and web slenderness (second term) shall be

performed, and the lower resulting value shall be used.

Columns in Tension

1. For 1Pgl <0.2

Pye
a=90),
b=116,,
c=0.6

2. ForPdl > 02

Pye

a=13.5(1 — 5/3|Pg|/Pyefy = 0
b=16.5(1 — 5/3|Pg|/P,e0y = 0
c=0.6(1 — 5/3|P;|/Pye) + 0.2 = 0.2

3. Other: Linear interpolation between the values on lines 1 and 2 shall

be used.
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by 300 200000
- = 5.357 < 0.30 *

2t;  2+28 235 °7°

Po_ 0 0,500 oo, [200000
—=—==<02%x——==6. A5 *
B, 235 14.5 = 235

(1-0.71%0) = 71.47
1

_ 2.2 : — =
a=0.8x(1—-0)~x (0.1 * 0.0727 + 0.8 * 0.0145) 0.0035 =0.0327749
=0
-1
_ _ N\2.3 ’ — =
b=74x%(1-0)>x (0.5 * 0.0727 + 2.9 % 0.0145) 0.006 = 0.0785615

>0
c=09-09+«0=09

The modeling parameters are calculated according to the Table 3-1. When the a and
b values are scaled in order to place the A, B, C, D, and E points on the graph. The
calculated values are similar to what SAP2000 shows in Figure 3-3.

a—8105 b—19428
By_ . ) By_ .

Select Curve

Axial Force | 0. ~ Angle | 90 ~| Curve#53 (M| 4

Moment Rotation Data for Selected Curve

Point  Moment™ield Mom Rotation/SF c
A 0. 0. 8
B 1. 0. 3 rf’z ?
C 1.2276 7.5868
D 0.9 76627
E 0.9 19.4437
A

Current Curve - Curve #53
Force #4; Angle #5

Figure 3-3: The moment rotation data calculated by SAP2000
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3.4  Assigning Nonlinear Beam Column Hinge:

Different ‘Hinge Distribution Types’ are used in SAP2000 to simulate the plasticity
of the element. The ‘Nonlinear Beam Column’ option refers to the Lumped Plasticity
model with the expected hinge length. It is important to note that that the plastic
hinge will occur in the middle of the specified length. The ‘User Defined’ option will
allow users to define the plastic hinge locations throughout the column length. The
‘Distributed Plasticity’ models the plastic behavior along the length of the element
where the plasticity is distributed to different points instead of the lumped plastic
hinges at the ends. The plastic hinge distribution will be defined using different
approaches such as 5-point Gauss-Lobatto and 7-point Gauss-Legendre. The ‘Equal
Spacing’ hinge type, on the other hand, will allow the user to define a certain number
of hinges in equal spacing along the length. ‘Continuous Spring Support’ distributes
the spring along the length of the frame to represent the nonlinear behavior. These
springs can model different types of nonlinear responses, such as stiffness
degradation and hysteresis, and may be effective for modeling complex interaction

with the surrounding media (e.g., soil-structure interaction).

According to the TBEC2018 Section 5.3.1.2, the 'Lumped Plasticity (Plastic Hinge)
Model' can be utilized as a non-linear behavior model for beams and columns
modeled as frame (line) finite elements. The plastic hinge length (Lp), which is
determined as half of the cross-sectional height (h), results in Lp being 0.5h. In this
example, with a calculation of 0.5*500 mm, the hinge length is established at 250
mm. For the implementation of the 'Lumped Plasticity Model," 'Nonlinear Beam
Column' hinge type is selected as depicted in Figure 3-4. The plasticity occurs at the
midpoint of the defined hinge length. Therefore, the plastic hinge's position is
calculated to be 0.125 meters from the bottom end, achieved by 0.25/2=0.125 m.
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B Assign Frame Hinges
Frame Hinge Distribution Type

(® Nonlinear Beam Column

) Distributed Plasticity —c o—
_) Equal Spacing 'm' m'
_) Continuous Spring Support (Piles or Grade Beams)
() User Defined
Convert to User Hinge
Frame Hinge Assignment Data - Nonlinear Beam/Column
Expected Hinge Length 0.25 m Selected Hinge Auto P-M2-M3 ] ‘ Modify/Show Auto Properties... ‘
Auto
[ Relative Length Available Hinges

[#] Save individual fiber response for Fiber Hinges

Figure 3-4: Assigning the P-M2-M3 hinge on the bottom end of the column

3.5  Defining the Loads:

Pushover load, or pushover analysis, is a nonlinear static analysis method to evaluate
the performance of a structure. It contains applying gradually incremental load to the
structure until it reaches the target displacements such as yielding points and rupture

points. In this analysis, loads shall be applied incrementally.

E Load Application Centrel for Monlinear Static Analysis *

Load Application Control
() Full Load

(®) Displacement Control

Control Displacement
O Uze Conjugate Displacement
@ Uze Monitored Displacement

Load to a Monitored Displacement Magnitude of

Monitored Displacement

@ DOF Ut v at Joint

Additional Centrolled Displacements

None Modify/Show. ..

Cancel

Figure 3-5: Load Application Control Panel
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The ‘Conjugate Displacement’ in Figure 3-5 refers to tracking relative displacements
between nodes rather than absolute displacements. The ‘Monitored Displacement’,
on the other hand, corresponds to tracking the global displacements of the assigned
DOF throughout the analysis. In this case, the DOF will be U1, which is in the same

direction as the applied load.
B Results Saved for Nonlinear Static Load Cases >
Results Saved

() Final State Only @ Multiple States

For Each Stage

Minimum Number of Saved States 10

Maximum Number of Saved States 100

Figure 3-6: Output Saving

The output savings are arranged as in Figure 3-6. If the ‘Final State Only’ is selected,
SAP2000 provides the results of only the last step of the analysis, which is the state
after all incremental loads have been applied. The ‘Multiple States’ provides the
results for various steps throughout the analysis. This option is selected since the
intermediate states of the loading and corresponding displacements will be
investigated. Minimum and Maximum Number of Saves is determined as 10 and

100, respectively.

For the nonlinear parameters, the solution type is selected as Iterative Event-to-Event
since this process combines iterative steps with event-to-event points, providing a
more accurate approach. If ‘Iterative Only’ is selected, the analysis proceeds in small
increments, solving iteratively each step (using such as Newton-Raphson) to achieve
equilibrium at each step. If ‘Event-to-Event only’ is selected, the analysis directly
moves from one significant event to the next, reducing the number of steps.
Therefore, to ensure the capture of critical events accurately, the ‘Iterative Event-to-

Event’ solution is selected.

A 100 kN load is generated for the incremental lateral loading to observe the flexural

bending of the column in its strong axis.
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3.6 Monitoring Hinge Formation and Progression

When determining first and second failure points (also known as first and second
significant events or critical points in pushover analysis), SAP2000 primarily
considers various factors related to nonlinear behavior. The first breakdown (or first
significant event) is the initial yielding of key structural components. This yielding
indicates the beginning of inelastic behavior. The second breakdown (or second
significant event) corresponds to further yielding or damage in other structural
elements. This can include plastic hinge formations or the yielding of previously
unaffected elements. In this case, the second breakdown represents the hinge
formation which is the situation of reaching the ultimate capacity. At the second
breakdown, the structure (in this case, the column) experiences a substantial
reduction in its load-carrying capacity. This is reflected as a noticeable drop in the

pushover curve.

The pushover curve of the column is seen in Figure 3-7.

Displacement

Base Shear

-IIII|IIII|iirr'||||||III|IIIIIIIIIIII||||||III
50 100 150 2000 250, 300 350 400 450 500,

Figure 3-7: Pushover curve of the 4-m long HEB500 column (the units are in
KN&m)
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The base shear for the first failure point can be calculated as Eq. 3-5:

Mg 1131.525kNm

Vbase—L_L7p— (4_0'2i5)m

For the second point, ASCE41-17 states that the beams and columns are permitted
to have a strain-hardening slope of 3% of the elastic slope for flexural actions.
Therefore, when the 3% of the elastic slope is accepted as a strain-hardening slope,
the base shear when the second failure point is achieved is calculated with Eq. 3-6

by using Eq. 3-7:

Cordinate - Bordinate 3 ,
= Eq. 3-6
- 00" Elastic Slope (Eq. 3-6)
Elastic sl = ! = 247.29 (Eq. 3-7)
astic stope =5 0040438~ <1 a

Cordinate — 1

0.0327749 - C =1.2431

3
= 247.2
2* 100

The base shear for the second failure point can be calculated by Eg. 3-8:

v, ) _ MCE@PointC
base@PointC — Lp (Eq 3-8)
L=

1.2431 * 1131.525 kNm
Vbase@pointc = = 362.99 kN

-
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The hinge moment-rotation curve is seen Figure 3-8.

Q
Qy |
= a=0.0327749 =—= = 0.013876
1.2431 | <
{_ 2nd Point
Ultimate Capacity
~—13%0of 409 of) achieved
1 | B Elastic  giastic |\
| Slope  giope
09 1st Point D E
Yield Capacity

achieved

Elastic
Slope

By=0.0040438 -6

Figure 3-8: The hinge moment-rotation curve

The D point is limited, with a negative stiffness ratio of 10%. This value is

recommended to prevent snap-back within the element.

0.9 —1.2431

10
= 247.29 (— —) - 6p = 0.050695
HD - HC

100

The values given in the SAP2000 Moment Rotation Data are very close to the
calculated values. Therefore, the auto hinge can be utilized to analyze and assess the

structure.
3.5. Pushover Analysis with Different Axial Loads

When the axial load of 1700 kN (nearly 35% of the compression capacity) is applied
to the column, the hinge values change according to Table 9-7.1 in ASCE41-17.

P =1700 kN
Mpe=expected plastic moment capacity about bending axis, substituting Fye for Fy.

My, = E, * Z3_3 = 1131.53 kNm
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Mg = Mpce = Mpe *

9 ( 1700
*

3 1- 5616.5) = 887.67 kNm for P = 1700 kN

For shear yielding, the expected shear strength, Vce:

Vo = 0.6 % 235 « 14000 mm? » 103 V. |1 (1700 )2
= (0.6 * * * —_ —
CE mm? mm N 5616.5

= 1881.4 kN for P = 1700 kN

Mcg 887.67 kNm

2.6 6kt
" Ver "T1881.4 kN

=123m<L=4m

Since 2.6 Mce/Vce is smaller than the length of the column, which is 4 m, 6y shall

be determined as in equation 3-1.
7, = 1.0 for P = 0.15 % P,

887.67 kNm * 4 m (1 + 0.1493)
6, = = 0.00378456 rad

6(1.0 + 200 « 106 k—’!) £0.001072 m*
m

The base shear for the first failure point can be calculated as seen in Eq. 3-9:

_ Mgz 887.67kNm

Vbase_L_L%_(zl-_O_zis)m

= 229.08 kN (Eq. 3-9)

The calculated values are in parallel with the graphs provided by SAP2000 after the
analysis (Figure 3-9 and Figure 3-10).
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Displacement

Base Shear
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25 50 75 100. 125. 150 175 200 225 250, ...a.-f

Figure 3-9: Pushover curve of the column under 1700 kN axial compressive load
(units are in KN&m)
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Figure 3-10: Hinge moment-rotation curve for the column under 1700 kN axial
compressive load

68



3.7 Pushover Analysis of The Structure

The strong column-weak beam (SCWB) design principle is a critical concept in
seismic design for steel MRFs. The intention behind SCWB is to ensure that beams
yield and dissipate energy before columns do, thereby preventing a soft-story
mechanism that could lead to catastrophic structural failure. The pushover analysis
was performed on the designed structure to verify whether the designed building

adheres to this principle.

Hinges were assigned to beams and columns following the ASCE 41-17 guideline,
which allows the tracking of plastic behavior. In the beams, P-M3 hinges are placed
at the ends, while in the columns, P-M2-M3 hinges are applied, capturing the
interaction between axial force and moments. A pushover analysis is carried out by
applying a gradually increasing lateral equivalent earthquake force until a target
displacement of %0.75, %1, %3, and %5 of the roof DR is reached. The hinge states
color description can be seen in Figures 3-11, and the structure moment frame
column and beam hinge states can be seen in Figures 3-12 and 3-13. The hinge states

shown are calculated according to the ASCE41-17.

A B C D E

Figure 3-11: The hinge state colors

a) b) c) d)

Figure 3-12: States on Different Roof DRs in X direction of Pushover Loading
a) 0.75% Roof DR b) 1% Roof DR c) 3% Roof DR d)5% Roof DR
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a) b) c) d)

Figure 3-13: States on Different Roof DRs in Y direction of Pushover Loading
a) 0.75% Roof DR b) 1% Roof DR c¢) 3% Roof DR d)5% Roof DR

The results showed that the beams yielded earlier than the columns, which indicates
that the design follows the SCWB principle.

The yielding of beams is desirable because it ensures that energy is dissipated
through plastic deformations in the beams before the columns, reducing the
likelihood of column failure. Overall, the pushover analysis supports that the
structure adheres to the strong column-weak beam principle, indicating that the

moment-resisting frames are properly designed to sustain seismic forces.

3.8 Nonlinear Time History Analysis of the Structure

The time-history analysis is carried out utilizing the earthquake data of station 3129
(Lat:36.19117, Long:36.1343). The earthquakes in the EW and NS directions are
applied individually, not simultaneously. For the structure's natural periods in the X
and Y directions (1.11975 s and 1.03693 s, respectively), there is a close match
between the design spectral values and the Kahramanmaras earthquake data in the
EW direction. However, the earthquake data in the NS direction significantly
deviates from the design values in the natural periods of structure in both directions,

as shown in Figures 1-3a and 1-3b.

The horizontal directions of the earthquake, EW, and NS are applied to the structure
individually, both in X and Y directions, respectively. The hinge states are shown in
Figures 3-14 and 3-15. The hinge states are calculated according to ASCE41-17.

70



a) b)

Figure 3-14: Hinge states after the horizontal earthquakes are applied individually in
X direction a) EW earthquake b) NS earthquake

a) b)

Figure 3-15: Hinge states after the horizontal earthquakes are applied individually in
Y direction a) EW earthquake b) NS earthquake

Figure 3-14 illustrates the moment-resisting frame in the X-direction of the
earthquake placed on axis 1, while Figure 3-15 depicts the moment-resisting frame
in the Y-direction of the earthquake placed on axis E. During the seismic evaluation,
it was observed that the building exhibited differential performance under the North-
South (NS) and East-West (EW) earthquake loads due to variations in the earthquake

spectral acceleration values when compared to the design spectra.

The spectral acceleration values in the NS direction of the earthquake closely aligned

with the design spectral values, indicating that the seismic demands in this direction
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were within the range anticipated during the design process. As a result, the structure
demonstrated acceptable performance, with no significant signs of overloading in
both directions. The plastic hinge formation in the moment-resisting frames (MRFs)

remained within B-C level.

In contrast, the spectral acceleration values in the EW direction exceeded the design
spectra. Under the EW directional earthquake loading, the structure sustained more
severe damage as the plastic hinge formation level is above the C point defined in

ASCE41-17, which represents the significant level of inelastic deformation.

When the 3-dimensional earthquake is applied to the structure (EW in X direction,
NS in Y direction, UD in Z direction), the hinge states of the moment-resisting
frames in the X and Y directions are presented in Figures 3-16 and 3-17, respectively.
Even though the states show that the hinge state in the Y direction is between B and
C points, the columns experience the ‘Collapse’ level, as can be seen in Table B-1

in Appendix B.

Figure 3-16: Hinge states in the X direction moment-resisting frame after the 3-
direction of the earthquake are applied simultaneously (1-4 axes)

Figure 3-17: Hinge states in the Y direction moment-resisting frame after the 3-
direction of the earthquake are applied simultaneously in A, E axes
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CHAPTER 4

INFILL WALL MODELLING APPROACH

Two prevalent modeling methods, micro- and macro-modelling, are utilized for infill
wall implementation on the structures. As highlighted in the study by J-R Wu et al.
(2022) and M. Mohammadi et al. (2021), macro modeling — employing either
equivalent single-strut or multi-strut approaches — effectively captures the overall
structure response. Representing infill walls as a single strut is a widely accepted

practice, which is also adopted by the Turkish Earthquake Code of 2018.

INFILL WALL EQUIVALENT SINGLE STRUT
APPROACH

Figure 4-1: Equivalent single strut modeling representing the infill wall

A link model in the SAP2000 will be utilized to capture the compressive axial truss
behavior of the equivalent strut for the infill wall, as seen in Figure 4-1. Firstly, the

link model will be calibrated, then the influence on the MRF will be investigated.
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4.1

Link Element Modelling

A 2-node link element is essentially a straight line connecting two points (Figure 4-

2). It represents a simplified representation of the wall’s behavior, assuming it acts

primarily in compression. To simulate the nonlinear behavior of the model, a multi-

linear plastic link element is selected. The force-deformation relationship is

calculated according to the Eq. 4-1 and Eq. 4-3 and values given in TBEC2018
Section 15C.2.

b

e

Figure 4-2: Simply modeling of a single strut

Table 4-1: The Mechanical Properties Of The Column And Beam Materials

Esteel
v

Fy
Ic

200000 MPa
0.3
235 MPa

1.072E0+9

Young’s Modulus of beam and column material
Poisson’s Ratio

Yield Stress
Moment of Inertia of the Column HE500B

Table 4-2: The Mechanical Properties Of The Infill Wall

Einf
fc
Tinf
hinf
Linf
Tinf
®

u

2000 MPa
5 MPa
200 mm
4000 mm

6000 mm
7211.1 mm
33.69 degrees
0.67 mm’!

Young’s Modulus of beam and column material
Compressive strength of the masonry unit
Thickness of the infill wall

Height of the infill wall

Length of the infill wall
Length of the strut (off-diagonal of the infill wall)
The angle of the diagonal with the horizontal

Friction coefficient of the infill to the columns
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1

EinrintinrinsSin26]4
Relative Stif fness of the infill ,A; = [ /il inf i l (Eq. 4-1)
4‘Esteellchinf

2000 * 200  sin(2 * 33.69) |/* .
= = - Eq. 4-2
A4 = 47200000« 1.072 = 109 » 4000] >73+10 (Ea.4-2)
ag; = 0.175 * (Ahc)_OA- *Tinf (Eq 4-3)

ag = 0.175 * (5.73  10™* * 4000) %4 x 7211.1 = 905.78 mm  (Eq. 4-4)

The material axial force behavior is calculated using the related formulas proposed
by M. Mohammadi et al. (2021) shown in Eq 4-5, 4-6, 4-7 and 4-8.

Fyp = fe * ag * ting = 5% 905.78 x 200 = 905.78 kN (Eq. 4-5)
FUD == 0.25 * FMD == 0.25 * 905.78 - 226.44‘ kN (Eq. 4‘6)
6MD == 12.4‘ * 10_4 * Sll’l(za) * LDstrut (Eq. 4‘7)

Sup = 12.4 x 107* % sin(2 * 33.69) * 7211.1 = 8.25 mm

6yp = 0.4 = arctan(u) * 6yp = 0.4 * arctan(0.67) = 8.25 (Eq. 4-8)
6UD = 11167 mm

200

0

50 100

-1000

Displacement (mm)

Figure 4-3: The force-displacement curve of the single strut compression element
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Figure 4-4: The axial behavior of the single strut compression element under
compression load provided by SAP2000

The response of the single strut element shows a parallel behavior with the axial

response obtained from SAP2000, as depicted in Figure 4-3 and Figure 4-4.

In order to investigate the cyclic behavior of the link element, a cyclic property of
the link element is assigned. ‘Concrete’ hysteresis type is selected with an Energy
Degradation Factor of 0. The ‘Concrete’ hysteresis model is intended for masonry
materials, and this model provides a different and independent behavior for the
tension and compression side. The only parameter for this type of model is the energy
degradation factor, f, which should be defined as 0. 0 < f < 1.0. A value of f=0
indicates a clean gap while unloading of the compression force and dissipating the
least amount of energy. This behavior is similar to a gap element, where the element
provides no resistance once the load reverses, representing a loss of contact. If the
energy degradation factor, f, is equal to 0, subsequent compression loading follows
the previous unloading. Figure 4-5 shows the unloading and reloading path for the

single strut.
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Figure 4-5: Force displacement relation of the single strut element

A user-defined time-history displacement is defined as shown in the Figure 4-6.

Cyclic Time-History Function

Displacement (mm)

Time

Figure 4-6: The user-defined time-history function

The hysteretic curve shows resistance on the compression side, while the tension side
shows no resistance - it only appears as a flat line at very low forces (Figure 4-7).
The inability to carry tensile forces leads to increased deformation when it is under
tensile loading. This asymmetrical shape of the hysteretic curve indicates that the
link can dissipate energy and provide stiffness only in compression. The unloading
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to zero follows a nearly parallel line to the compression elastic line, as adopted in

the model by Mohammadi et. al (2021).

Link Deformation

22104 ey JuIr]

=120, -80. -40 a 40. 80. 120. 160. 200. 240.x10 -2

Figure 4-7: The hysteresis graph of the single strut element
4.2 MRF with Equivalent Strut Element

The study involves analyzing the performance of 1-story MRFs with different
equivalent single-strut models of infill walls. The analysis is conducted to assess the
impact of infill wall thickness on the structural response under pushover loading.

The MREF structure is forced to displace up to a 5% drift ratio.

Model 1 incorporates an equivalent strut representing a masonry infill wall with a
thickness of 200 mm. Model 1 will be named IW20, indicating an MRF with a 20

cm thickness infill wall.
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Model 2 contains equivalent struts with a reduced thickness of 100 mm. Model 2

will be named IW10, representing the MRF with a 10 cm thickness infill wall.

Model 3 does not include any infill walls in order to understand the behavior of bare
MRF without the additional stiffness of single struts. Model 3 will be named as BF,
indicating the bare frame.

The cross-sections of the columns and beam used in all MRFs are HE500B and

IPE450, respectively. The material quality is S235.

Auto PM2M3 hinges are assigned to the columns, and auto M3 hinges are assigned
to the beam. The ‘Drift Ratio vs. Base Shear’ graph is plotted on the MRF with an

equivalent single strut and without a strut element, as shown in Figure 4-8.

Drift Ratio vs. Base Shear
1600
1400
1200

1000

800
600
400

Base Shear (kN)

200
0% 1% 2% 3% 4% 5%

Drift Ratio (%)
—IW20 IW10 ——BF

Figure 4-8: Drift ratio vs Base Shear of the MRF structures with different
thicknesses of infill walls
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The model IW20 exhibits the highest peak base shear force of 1522.7 kN at the drift
ratio of 0.6%. The analysis reveals that thicker infill walls contribute to higher
stiffness and strength in MRFs, with the 20 cm infill wall model demonstrating up
to 87% and 31% higher peak base shear at the lower drift ratios compared to the

model without infill walls and the model with 10 cm infill wall, respectively.

On the other hand, the post-peak responses of the models reveal their ductility
mechanism. The IW20 and IW10 model exhibits a reduction in strength after the
drift ratio of 0.7%. The strength reduction ratio experienced by the IW20 and IW10
models is 24% and 9% up to 3.5% drift ratios. This emphasizes that the infill wall
contributes to the lateral load capacity in the lower drift ratios; after that point, they
crack immediately, and the strength reduction on the structure begins.

After a 3.5% drift ratio, the strength of the BF is approximately 20%, and 10% is less
than the IW20 and IW10 models.

These findings underscore the importance of carefully considering infill wall
thickness in the seismic analysis. The BF model shows lower strength, although more
ductility; while thicker walls enhance stiffness and strength, they may also lead to
immediate strength loss after low drift ratios and less ductile behavior. Therefore,
achieving an optimal balance between stiffness, strength, and ductility is crucial for

ensuring a structure’s seismic resilience.
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CHAPTER 5

INFILL WALL IMPLEMENTATION ANALYSIS RESULTS

5.1  Column Hinge Status

Hinge rotation values are crucial parameters for assessing the performance of steel
columns and beams during and after the earthquake. These values are utilized to
evaluate the extent of inelastic deformations that occur in structural elements and
determine the performance level of the elements after the earthquake. These values
are compared with the limit values specified in TBEC2018 to evaluate whether the
structural elements remain within "acceptable™ limits. This assessment provides
information about whether the building can continue to be used safely or whether

retrofitting is required.

Table 5.1 and Table 5.2 address plastic hinge formation and yield rotation in steel

columns and beams.

The yield rotation for the steel beams:

WoEyely (Eg. 5-1)
For all shapes: 6, = 6El,
The yield rotation for steel columns:
VVprelc |P| (Eq 5'2)
For all shapes: 6, = 6EL 1 —a

At the same time, since high axial loads have a major impact on the stability of
columns and increase the risk of columns buckling, the columns where the P/Pc>0.5
are not allowed for nonlinear deformation. Not allowing nonlinear deformation in

columns with P/Pc > 50 aims to minimize the risk of buckling and collapse by
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preserving the stability of these columns under high axial loads. This restriction

increases structure safety and stability, making the structure more durable during an

earthquake.

Table 5-1: Acceptance Criteria for Nonlinear Procedures — Structural Steel Beams

Deformation Limits

Beam (Bending)

LD CD CcP
High Ductility Level 16y 60y 90y
Limited Ductility 0.250y 36y 46y

Level

Table 5-2: Acceptance Criteria for Nonlinear Procedures — Structural Steel Columns

Plastic Rotation Li

Column (Flexure)

LD CD CcpP

P/Pc <0.20
High Ductility Level 16y 60y 96y
Limited Ductility Level 0.256y 36y 40y

0.20 < P/Pc < 0.50

High Ductility Level ~ 1.5(1-1.66P/Pc)0y 9(1-1.66P/Pc)6y 13.5(1-1.66P/Pc)0y

Limited Ductility Level 0.250y 0.70y 10y

Slip Zone 10y 96y 126y

Three distinct structural models consisting of 2 sets of 3 different buildings are

considered for the analysis, as depicted in Figure 5-1. In the first model, the high
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MRF system is evaluated as a bare frame. The second model contains infill walls
only at the intermediate openings in the upper 3 stories. The third model consisted
of a continuous wall configuration with infill walls placed at each level of

intermediate spans.

The difference between the models in the first set and the second set is that the
material quality of the first set and the second set are different from each other. The
steel material quality of the columns and beams is S235 for the first set of models,
while the material quality of the columns and beams in the second set is selected as
S355 and S275, respectively.
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Figure 5-1: Three different configurations of analysis buildings
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The time-history analysis is carried out utilizing the earthquake data of station 3129
(Lat:36.19117, Long:36.1343) since the building is designed with the soil design
parameters in Antakya, Defne. The analysis starts with the ‘Vertical load’ case,
which includes the G+0.3Q+0.3S loads. After these loads are applied, the earthquake
time history analysis is continued. In the analyses, P-Delta effect is considered. The
hinge values resulting from the time-history analysis are evaluated according to
Tables 5-1 and 5-2 as specified in TBEC2018 Section 5.

Column C11A in the bare frame example is calculated according to Eq. 5-2.

P=1302.44 kN in compression affects the column.

o WyxFyele P _ 4815000 * 235 * 4000 | — 1302.44|
X 6El, Pye| 6%200000 * 1.072 % 10° 5616.5
= 0.0027 rad
P 130244 _ 027 < 0.50
P. 479864 T T 7

Table 5-3: The calculated values of the sample column C11A

Plastic Rotatior

Column (Flexure) D D P

0.20 < P/Pc < 0.50
High Ductility Level  1.5(1-1.66P/Pc)0y 9(1-1.66P/Pc)0y 13.5(1-1.66P/Pc)0y

0.00223 0.01336 0.02004

The absolute hinge rotation of C11A in the direction of X is -0.041506 rad.

HCllA,X == _0041506 T'ad
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Since the hinge rotation of C11A in the axial compressive load of 1302.44 kN is -
0.041506 rad, which is higher than the Collapse Prevention level limit of 0.02004

rad, the column experiences a Full Collapse (Table 5-3).
Column C11B as a sample is calculated as presented below:

P=158.733 axial tensile load affects the column.

o WosFyele P| 4815000 * 235 * 4000 [ |158.733]
VX 6El, Pye| 6%200000 * 1.072 % 10° 5616.50
= 0.00342 rad
P 158733 0.03 < 0.20
P. 479864 T

Table 5-4: The calculated rotation values of the sample column C11B

Plastic Rotation Limits (rad)

Column (Flexure)

LD CD CP
P/Pc <0.20
High Ductility Level 10y 60y 90y
0.00342 0.02051 0.03077

The absolute hinge rotation of column C11B is 0.05093 rad.
6C113,X = 0005093 rad

Since the hinge rotation of column C11B is 0.005093 rad, which is higher than the

limit value of Limited Damage State and less than the limit value of Controlled
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Damage, the column is in the performance level of Controlled Damage (CD) (Table
5-4).

The other column and beam hinge rotations and performance levels are calculated in
a similar manner. The results obtained from the SAP2000 software are presented in

the appendix. The number of columns for each building is presented in Figure 5-2.

Column Hinge Status Quantity in Different High MRF
Structures

80
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S235 S235 S235 S355 S355 S355
BF 2341W CIw BF 2341W CIW

LD CcD CP mCOLLAPSE

Figure 5-2: The column hinge status of the MRF structures with different infill wall

configurations after the time-history analysis

S235 Bare Frame model contains 14 columns in the ‘Collapse’ level. Adding infill
wall only to the 1st story of the S235 Bare Frame model results in a slightly more
number of columns in ‘Collapse’ state. Also, 27% of the columns in the above floors,
which are in the ‘LD’ state, changed to the ‘CD’ performance level as an adverse

effect of the infill wall placed only on the 1st floor.

At the same time, increasing the column material grade from S235 (Fye=235 MPa)
to S355 (Fye=355 MPa) has a significantly positive effect on the structure.
Performance levels of 12 columns in the first story are changed from ‘Collapse’ to

‘CD’ and ‘CP’ levels.
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In the S355 Bare Frame model, no ‘Collapse’ occurred in any of the columns. This
model exhibits a response without any collapsed columns, indicating significant
improvement in seismic performance compared to the S235 bare frame. The
presence of 8 columns in the CP level on the 1st story shows how severe the
earthquake intensity is, as 40% of the total columns in the first story are in the CP
level. The continuous infill wall shows a positive effect on the S355 MRF structure,
reducing the total number of columns in CD and CP levels by 60% and increasing
the number of columns in LD level by 13%. However, the structure without an infill
wall on the 1st floor shows an adverse effect, increasing the number of ‘Collapse’
columns on the 1st floor by 10%. It should be noted that the maximum utilization of
columns in the building with material strength S355 is 41.1%, which is 31.6% lower
than that of the building with material strength S235.

In the end, the bar chart underscores that the continuous infill wall included MRF
structure’s seismic performance is improved in the lower states of performance
levels such as LD and CD. However, beyond the Advanced Damage Zone, the
beneficial effect of the infill wall is diminished, and the structure is more susceptible
to seismic loads. The performance limit states of all columns can be reached in

Appendix A.

5.2  Floor Displacement Profile

The average displacements for each floor level are computed by evaluating the
maximum displacement values recorded at the corners of each floor. An average
floor displacement is determined by using the maximum displacement values at these
nodes. It provides a representative value for each floor's lateral movement under the

applied loads.

Figure 5-3 illustrates the displacement profile of a structure where all the structural
components have S235. In contrast, Figure 5-4 presents the displacement profile for
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a structure where the columns are upgraded to steel grade S355 while the beams

remain S235.

Story Displacements in X direction for $235 Structure

Floar
-
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Displacement (m)
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Story Displacements in Y direction for 5235 Structure
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Figure 5-3: Displacement Profile of the S235 Structure

Story Displacements in X direction for 5355 Structure
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Figure 5-4: Displacement Profile of the S355 Structure

The displacement profile in the X direction indicates that the absence of infill walls

on the first floor has a slightly adverse effect on the overall displacement behavior.

In contrast, the presence of continuous infill walls has a beneficial impact by

significantly reducing lateral displacements.

In the Y direction, the displacement profile reveals greater lateral movement, which

can be attributed to the higher seismic demand in the NS direction of the earthquake

loading. Notably, the best scenario belongs to the structure with continuous infill

walls, as it results in a substantial reduction in lateral displacement compared to the

BF and 2341W configurations.
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CHAPTER 6

BASEMENT FLOOR EFFECT ON THE SEISMIC PERFORMANCE OF A

LOW-RISE SPECIAL MRF STRUCTURE

The basement floor is the initial level of the building, located beneath ground level.
With the improved soil-structure interaction, the basement helps the structure be
more securely placed on the ground, especially in areas with loose or liquefiable
soils. Also, it lowers the structure's center of mass, reducing overturning moments
during seismic events. This contributes to the overall stability of the building. The
basement floor can serve as an integral part of the foundation, helping to distribute
seismic forces more evenly across the structure, and may act as a damping
mechanism by absorbing and dissipating the seismic energy before it reaches the

superstructure.

In this study, a basement floor will be added to the 6 buildings, including 2 sets of
bare frames, a model with continuous infill walls, and a model with the soft story —
with S235 and S355 column material structure, taken as the basis in the previous
chapters. The first floor will be doubled as a basement floor of the same height, which
is 4m. Beams and moment releases will be doubled, similar to the other floors. Shear
walls used in the basement floor will not be explicitly modeled. However, the effect
of shear walls and surrounding ground will be achieved by using supports that will
fix the lateral movement, as done in the study conducted by P. Jones et. al (2010)
(Figure 6-1).
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Figure 6-1: The side view of the building with the lateral supports on the 1st floor,

representing the basement walls not explicitly modeled

Nonlinear time history analysis is carried out on all 6 building models using
earthquake ground motion records obtained from station 3129 (Lat:36.19117,
Long:36.1343) in Hatay/Defne. Nonlinear time-history analysis continues after the
“Vertical load’ case, which consists of G+0.3Q+0.3S loads. For the basement floor,

no wind load is considered. All analyses consider the P-Delta effect.
The first set of MRF structures with the material quality of S235 is as follows:

e Bare Frame Model (BF235): This model only contains a bare MRF frame
with the beams and columns material strength of S235 constructional steel.

e 1st Floor wo Infill Wall (2341W235): This model contains the infill wall
equivalent struts for the 2nd, 3rd, and 4th floors. The equivalent strut
modeling is not included on the 1st floor.

e Continuous Infill Wall (CIW235): The infill wall equivalent struts are
included in all the floors of the building.

e Bare Frame Basement (BF235Base): This model has a basement floor with
the bare MRF on it.

e 1st Floor wo Infill Wall Basement (2341W235Base): This model has a
basement floor in addition to the infill walls on the 2nd, 3rd, and 4th floors.
The 1st floor of the building does not contain the infill wall modeling.

e Continuous Infill Wall Basement (CIW235Base): This model has a

basement floor with infill wall struts on all floors of the buildings.
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The hinge results that occurred in the columns of the building are presented in Figure
6-2. The performance level difference between the structures without a basement and

with a basement draws attention.

Column Hinge Status Quantity in Different S235 High
MRF Structures
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Figure 6-2: The column hinge status quantity of S235 MRF structures with

different configurations of infill wall and basement implementation

The computation of average displacements across different floor levels is calculated
with the maximum displacement at the corners of each floor. Figures 6-3 and 6-4
illustrate the displacement profile of the structure where all the structural

components have S235 in X and Y directions, respectively.
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Displacement in X direction
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Figure 6-3: The displacement profile in X direction for S235 Structure
Displacement in Y direction
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Figure 6-4: The displacement profile in Y direction for S235 Structure
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BF235 model contains 14 ‘collapsed’ columns on the 1% floor. Adding a basement
decreased the number of collapsed columns by 29% to 10. It should be noted that 6
out of 20 basement columns have exhibited the ‘CD’ performance state, indicating
these elements dissipated a portion of the input energy prior to its transmission to the
superstructure. Also, it is observed that the lateral displacement in the BF is reduced

when the basement is implemented to the structure.

234IW235 model has 10 columns in the ‘Collapse’ Zone. The basement floor has a
positive effect on the columns, with a decrease in the number of ‘Collapse’ columns
from 15 to 10 on the 1% floor. The columns on the above floors, which are in the
‘Advanced Damage Zone,” were changed to ‘Significant Damage Zone, ' resulting

in a favorable structural behavior that no column in the ‘CP’ state on the above floors.

The positive effect of the basement floor is more prominent in the Continuous Infill
Wall configuration. While the 12 columns on the Ist floor are in a ‘Collapse’ state,
the basement floor has decreased the number by 50% to 5. All 6 columns in the ‘CP’
state shown in the chart are located in the 1% column. Adding the basement floor
caused 5 out of 6 columns in the overall performance state to change from 'CP' to
'CD', showing an 83% positive impact. The total number of ‘LD’ columns does not

change, while the ‘CD’ column number is increased by 44%.

In general, it can be said that the basement has a positive effect on the MRF
structures, with the transition of the columns’ performance states from the
‘Advanced Damage Zone’ to the ‘Significant Damage Zone’. This led to
improvement in the overall seismic performance of the structures, attributed to the

increased energy dissipation capacity and reduced lateral movement.

The second set of MRF structures using the material quality of S355 in the columns

and S275 in the beams are summarized below:

e Bare Frame Model (BF355): This model only contains a bare MRF frame
with the beams and columns material strength of S275 and S355

constructional steel, respectively.
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1st Floor wo Infill Wall (2341W355): This model contains the infill wall
equivalent struts for the 2nd, 3rd, and 4th floors. The equivalent strut
modeling is not included on the 1st floor.

Continuous Infill Wall (CIW355): The infill wall equivalent struts are
included in all the floors of the building.

Bare Frame Basement (BF355Base): This model has a basement floor with
the bare MRF on it.

1st Floor wo Infill Wall Basement (2341W355Base): This model has a
basement floor in addition to the infill walls on the 2nd, 3rd, and 4th floors.
The 1st floor of the building does not contain the infill wall modeling.
Continuous Infill Wall Basement (CIW355Base): This model has a
basement floor with infill wall struts on all floors of the buildings.

The hinge results that occurred in the columns of the building are presented in

Figure 6-5.
Column Hinge Status Quantity in Different S355 High
MRF Structures
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Figure 6-5: The column hinge status quantity of S355 MRF structures with

different configurations of infill wall and basement implementation
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The displacement profile, shown in Figures 6-6 and 6-7, is determined by averaging
the displacement of corner nodes per floor, illustrating the structure's response with

columns and beams made of S355 and S235 steel material, respectively.

Displacement in X direction
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Figure 6-6: The displacement profile in X direction for S355 Structure
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Figure 6-7: The displacement profile in Y direction for S355 Structure

95




BF355 model exhibited 8 columns in total in the ‘CP’ limit states. Adding the
basement floor showed a good contribution to the energy dissipation and reduced
half of the columns in the ‘CP’ states to the lower states. Additionally, the total
number of columns in the ‘LD’ state has increased by 11.7%, showing a conducive
impact on the overall seismic response. The basement implementation also shows
that the top floor lateral displacement of the BF355 model is decreased by 20% in

X direction.

In the 234IW355 model, 2 columns are in the ‘Collapse Zone.” While the total
number of ‘Collapsed’ columns did not change, the total number of columns in the

‘LD’ state increased from 60 to 72 by 20%.

CIW355 model is classified as in the ‘Advanced Damage Zone’ at the beginning.
After the inclusion of the basement floor, the seismic response of the 2 more columns
showed an improvement in terms of performance states and transitioned to a
‘Significant Damage Zone,” suggesting that the basement floor has a beneficial
impact on the overall response by reducing the limit states of the columns. Although
the total number of columns in the ‘LD’ state remains constant, half of the columns

previously in the ‘CP’ state were shifted to the ‘CD’ limit state.

In conclusion, the implementation of a basement floor resulted in a notable
enhancement of the overall structural behavior. The basement effectively absorbed
the energy, reducing the damage on the columns in the superstructure. The
performance limit states of the columns on the basement floor can be reached in
Appendix B. The moment-resisting beams hinge states for the S235 Bare Frame and

the S235 Continuous Infill Wall with the Basement are also shared in Appendix B.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary

On January 6, 2023, two devastating earthquakes in Turkey severely affected the
southern part of the country, with magnitudes of 7.8 and 7.6. Over 50,000 deaths
were reported in Turkey. Besides that, 58,000 buildings collapsed, along with
200,000 with severe damage. In this thesis, the seismic performance of a steel
building designed according to the Turkish Building Earthquake Regulation (2018)
and Principles of Design, Calculation, and Construction of Steel Structures (2018) is
assessed under earthquake data taken from station 3129 located in Hatay/Defne
region. The same design methodology is used as the reference building designed by
Erkan Ozer, Cavidan Yorgun, and Ciineyt Vatansever (2018). The design is
significantly affected by the change in soil class, causing alterations to the column

cross-sections.

The analysis and design are conducted considering the Load and Resistance Factor
Design method as described in DCCPSS 2018, Section 5.3.1. The soil class is ZA
and PGA value is 0.452g for 475 years return period where the building is located in
Defne/Antakya. The dead loads, live loads, and snow loads are considered in the
design with different combinations in accordance with the DCCSPP 5.3.1, TBEC
4.4, and TBEC9.2.5. The fictitious loads caused by imperfections are considered in
the vertical load combinations. The inspection of the irregularities of the building is
conducted to ensure that the building meets the requirements to use Equivalent
Earthquake Load Method. Since the Al torsional irregularity coefficient, nbi<2.0,
and there is no type B2 stiffness irregularity, the Equivalent Earthquake Load
Method is used. The Structural Response Coefficient is given as 8, and the

Overstrength Factor, D is given as 3 for special moment-resisting steel frames. The
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Seismic Load Reduction Factor, Ra of 8 is found to be used as a basis for reducing
the linear elastic seismic loads. The relative story drifts at the end of the design is
checked and meet the requirements under defined cross-sectional properties.
Second-order effects are also considered, and the building meets the requirements of
the second-order limitations. The strength and service limit status checks are
conducted under vertical loads and service loads. For all structural members, the
dimensioning of the members is presented under the most governing combination.
At the end of the design, the check of the strong column — weak beam principle is
carried out, in which TBEC Section 9.3.2 emphasizes that the columns shall be
designed to be stronger than the beams. While performing this check, expected
material strengths are used with the Ry values specified in TBEC Table 9.2 for the
beam elements. The cross-sections of the structural elements result in the altering of
the column sections to HEB500, which was HEB450 in the reference model designed

for Maslak/Istanbul previously.

All the analyses and assessments conducted throughout the study are performed by
using the SAP2000 program, which is a well-known commercial program in the
industry. The material nonlinearity and P-Delta effect are incorporated into the
assessment. Therefore, plastic hinges at the ends of the beams and columns are
located to capture inelastic deformation in the structural members. Deformation-
controlled hinges are selected to obtain the expected ductile response of the columns.
This approach helps in evaluating the different performance levels of the building's
structural elements while simulating the gradual degradation of stiffness and
strength. In order to ensure the accuracy of the model response, the hinge models
assigned to the beams and columns of the building are verified according to the
ASCE41-17. The verification is completed in a single column to make it easier to
track the response. The yielding and plastic rotation angles of a 4-meter-long column
(the same height as the 1st story of the building in question) are calculated and
compared with the values presented by SAP2000. The results are very similar,
suggesting that the 'Nonlinear Beam Column Hinges’ as an Auto Hinge Property

could be utilized in the assessment. Also, it should be noted that a higher P/Pye value
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leads to a greater reduction in yield rotation, indicating earlier plastification on the
column. ASCE41-17 Section 9 defines two limits for the 7, value, which is the
additional reduction factor for the flexural stiffness for the members whose P/Pye
ratio is under 0.5 and above 0.5. Additionally, the expected moment capacity of the
section depends on the P/Pye value with a limit of 0.2. The higher axial force on the

member has a noticeably detrimental impact on the member's elastic limits.

The influence of infill walls is considered on the overall structural behavior, and two
sets of numerical models were generated for investigation. One set employed S235
structural steel for all structural members, while the other set utilized a higher
strength of S275 steel for beams and S355 steel for columns. The infill wall modeling
may be implemented in the structures using either micro-modeling or macro-
modeling. Micro-modeling of infill walls includes a detailed numerical model and
simulation. This method can give more accurate results, especially in the local
response of the structural elements. Macro-modeling, on the other hand, simplifies
the infill-wall modeling using equivalent strut approaches. Different strut models are
presented in the literature. In this study, one couple of the equivalent strut approaches
is used with the strut width value, calculated as per TBEC2018 Section 15C. The
material properties are taken from the code 15C.2.2 for the blend brick assumption.
The material axial behavior is calculated by taking reference to the equations
proposed by M. Mohammadi et al. (2021). One single compression-only truss
member is generated using the ‘Link’ property in SAP2000. Under the static
pushover and hysteretic loading case, the behavior of the strut is simulated.
According to the results obtained from pushover analysis, the strut is found to go the
high axial compression loads in a very limited displacement, indicating a very steep
curve in the elastic region. After reaching the elastic limit, the strength capacity
immediately drops by nearly 75% and shows a perfectly plastic response after that
point. The tension force capacity is assigned as very low. In order to investigate the
cyclic behavior of the link element, the ‘Concrete’ hysteresis type is assigned with
the Energy Degradation Factor of 0, as also recommended by SAP2000. The selected

hysteretic behavior demonstrates that the tension and compression behavior of the
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strut are independent of each other. When the strut shows resistance under the
compression load, there is no resistance under the tension load, similar to the gap
element, representing a loss of contact under tension loading. Also, the member
follows the same unloading curve during subsequent compression loading. Three
different simple MRF models are generated with different infill wall thicknesses —
without infill wall, 200 mm, and 200 mm - to compare the influence of the infill
thickness on the %DR of the MRFs. Based on the analysis results, it was observed
that the wall thickness has a significant impact on the %DR value under the same
Base Shear. A thicker infill wall leads to a lower %DR value, indicating that it limits

the lateral movement of the MRFs by providing additional lateral strength.

After investigating the equivalent single strut approach of infill wall modeling, the
designed building is utilized in 3 different configurations to examine the infill wall
effect on the overall structural seismic response. The model explanations are

presented below:

e First set of building configurations with the material strength of S235
o The designed bare frame with the structural elements’ strength of
S235
o The designed building includes infill wall in 2", 3" and 4™ story.
Only 1% story does not include the infill wall simulating the soft story.
The infill walls are placed in the middle bays of the stories.
o The infill wall is continuously placed across all stories in the middle
bays of the building.
e Second set of building configurations with column material strength of S355
o The bare frame with the column and beam strength of S355 and S275,
respectively.
o Infill walls are placed to the bare frame in the 2nd, 3rd, and 4th
stories. Only 1% story does not include the infill wall simulating the

soft story. The infill walls are placed in the middle bays of the stories.
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o The infill wall is continuously placed across all stories in the middle

bays of the building.

The thickness of the infill wall is selected as 200 mm, and the material axial behavior
of the equivalent single strut models is calculated based on this thickness. The time-
history analysis is conducted using the earthquake data of station 3129
(Lat:36.19117, Long:36.1343) located in Antakya/Defne since the building is
designed with the soil parameters and PGA values of the Antakya/Defne region. The
column hinge rotation values are assessed according to the TBEC2018 Section 5C.1.
As stated in the aforementioned section of TBEC2018, plastic deformation on the
columns with P/Pc > 0.5 is not allowed. This limitation aims to reduce the risk of
buckling and collapse under high axial loads of columns. Since the peak vertical
ground acceleration observed in the earthquake data is significantly high -0.73g-, it
is worth noting that the P values recorded within the columns approach
approximately 50% of their capacity, albeit not precisely reaching this threshold. The
seismic performance of the buildings is compared between the different
configurations by considering the performance states of the columns. Adding the
infill wall to the building affects the structure’s seismic performance positively in
the lower states while having a negative effect beyond the ‘Advanced Damage
Zone.” Also, reducing the usage ratio of the columns by increasing the strength of
the columns has a major impact on the ‘Collapsed Column’. Also, the infill wall has

a beneficial effect on lateral displacement by reducing it.

Additionally, the seismic performance of the basement level is evaluated in this study
using the same numerical models and ground motion records. The basement floor is
added to these different configurations by doubling the 1% floor. Beams and moment
releases are the same for the basement floor. The shear walls to be placed on the
basement floor are not explicitly modeled. Instead, supports that fix the lateral
movements are defined to take into account the shear wall effect and the lateral
support by surrounding ground, as done in the study carried out by P. Jones et. al
(2010). The nonlinear time history analysis is conducted for all 6 different
configurations. Implementation of a basement floor has a positive effect on reducing
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the number of 'Collapsed Columns' by dissipating a portion of the energy before it
transmits to the superstructure. The basement floor implementation also significantly
reduces the lateral displacement in the bare frame configuration. The positive effect
IS more prominent in the models with S355 material strengths. Especially with
continuous infill walls, the basement floor significantly increases the number of ‘LD’

columns when compared to the models with S235 columns.

7.2 Conclusion

Based on the observations and results derived from the numerical analysis, the
following conclusions can be drawn. All findings are based on the model designed

in Chapter 2 and its various configurations adhering to the original design.

e As aresult of the analyses made using the acceleration records recorded at
station 3129 in Defne/Hatay during the February 6, 2023 Earthquakes, The
overall structural performance evaluation of the special moment-resisting
frame building designed according to TBEC2018 is made, and it is observed
that the building considered is at the Collapse Performance Level and could
not meet the targeted Controlled Damage Performance Level.

e The PGA value taken into consideration in the design for the Defne/Antakya
region is 0.452g for a 475-year return period. It was observed during the time-
history analysis that the accelerations occurring on February 6, 2023, were
greater than the accelerations predicted by the earthquake regulations,
resulting in the properly designed structural elements being insufficient to
meet the moment demands.

e The implementation of infill walls in a building has a significant impact on
its structural performance level. Infill walls add stiffness to the structure. If
the walls are unevenly placed to the stories, this can lead to stiffness
irregularities in the building, leading to high differential movement between
different stories of the structure. Leaving the first floor without an infill wall

had such a negative effect on the building's seismic performance, even in
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cases where the building was constructed with high-strength materials. This
resulted in reduced seismic performance in the columns of the first story, with
a higher lateral drift ratio on the first floor. The continuity of the wall across
all the floors has a positive effect on preventing the hinge states from going
beyond the advanced damage zone.

The basement floor implementation on the structure reduces the column
plastification states in a significant manner. While effectively absorbing the
energy with the basement columns, the hinge states of the columns on the
upper structure remain in the ‘Controlled Damage Zone,” which is the target
performance level of such a building defined in the TBEC 2018.

There are 2 sets of models generated — one set includes the S235 material
strength in the columns and beams as designed, and the other one includes
the S355 and S275 material strength in the columns and beams, respectively.
Restricting the column capacity usage to below 50% has been observed to
enhance the seismic performance of a building by increasing the yield

rotation and reducing the lateral displacement.

In conclusion, it has been observed that the special MRF steel structures
designed considering the minimum conditions of the earthquake regulations
and steel standards, the relevant structure will not exhibit sufficient
earthquake performance. Therefore, the PGA values should be revised to
reflect the high seismic design parameters. Additionally, the infill wall
should be continuous across the whole story in order to prevent stiffness
irregularity, resulting in a high differential movement and high-performance
states of columns. Furthermore, as a result of the basement effect
investigation, the basement floor has a significant effect on the first-floor
lateral movement by reducing it. Also, this application enhances the
structural performance by absorbing the energy at the basement level before

its transmission to the upper structure. Hence, the application of the basement
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7.3

floor should be considered for the special MRF steel structures to help

increase seismic performance.

Future Recommendations

1. Extension to Mid-Rise and High-Rise Buildings: This study focuses on
the seismic behavior of low-rise buildings. It is recommended to extend
the analysis to mid-rise and high-rise buildings. This would provide a
more comprehensive understanding of seismic performance across
different building heights and help generalize the findings to a wider

range of structures.

2. Consideration of Interior Wall Effects: The current study evaluates only
the impact of exterior walls under seismic loading. Future research could
incorporate the effects of interior walls to comprehensively evaluate their

influence on the overall seismic response of the building.

3. Incorporation of Window Openings in External Walls: In this study,
external walls were modeled without considering window openings,
assuming walls only in the middle spans. A future study could focus on
considering the effects of window openings on external walls, as they
might influence the stiffness and seismic response of the building.
Understanding these effects could lead to more accurate seismic

performance.
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APPENDICES

A. The Check of Strong Column Weak Beam Principle

X-Direction of Earthquake:

This system, which has a high ductility level according to TBEC 9.3.2, will check
whether its columns are stronger than its beams in the X direction moment-resisting
frame.

2 M.

P¢ > 1.0
Z Mpb

In the evaluation of this condition, the 1st Floor C/2 column is taken as a basis. The

joint connection is visualized in Figure 2-5.
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Figure A-1: Strong column - Weak beam principle
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The expected flexural strength of the beam, My,

My, = My, = My, = CprRyF)Z
While performing SCWB check, possible (expected), material strengths will be
utilized in the design of steel structural components and their connections.

_E,+F, 2354360
PmT2F,  2%235

=127>12-C, =12

The possible yield stress of structural steel, RyFy, will be determined depending on
the structural steel class and element type. For S235, Ry=1.4 according to TBEC2018
Table 9.2.

My, = My,g = My, = CpRyF,Z = 1.2 % 1.4 % 235 * (1702 * 103) * 107°
= 671.95 kNm

0.500
—2%x0.302=6.89%6m

dc
ln=L—2*7—2ln=8—2*

2Myr 2 % 671.95 (Eq. A-1)
= PR =2 " _90.201 = 104.68 kN
Vuer ===+ Var = —gggg — — 90201 = 10468 k
My, _ 2%671.95 (Eq. A-2)

Vier, = =" 450.273 = 245.15 kN
uel L, TV 6896

In equation, A-1 and A-2, the Vg¢r and Vg shear forces are calculated only under the

influence of vertical load combination (1.2G+0.5Q+0.2S).

d. 0.5
Z My = (Vonar + Venar) (Lh + 7) = (104.68 + 245.154)(6.896 + —-)

= 193.108 kNm

ZM,,,, = 2(1LAR,FyWyp) = 2% 1.1+ 1.4 % 235 (1702 % 10*) x 10~°

= 1231908 kNm

Z M, = Z M, + Z M,, = 1231.908 + 193.108 = 1425.016 kNm
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The flexural capacity of the column, My.:

Pena
Mye = Wy, (ch _;_n)
g

Axial ~ compression  force, Penda, under  the  combination  of
1.455G+0.5Q+0.2S+D(E4**0.3E4™M):

Pec = 1190.572 + 3 % 1.036 * (~0) = 1190.572 kNm

1190.572 * 103
23900

M, = (4815 * 10%) (235 — ( )) *107¢ = 891.67 kN

Py = 1056.216 + 3 * 1.036 = (~0) = 1056.216 kNm

1056.216 * 103

M1 = (4815 x 10°) <235 — < )) * 107% = 918.74 kN

23900
. 2.0
Mpeo = 89167 —5=5 | = 1019.05 kNm
2.0 - =5
. 15
Mpey =91874| — 55 | = 110249 kNm
1.5 - T

Y My, 1019.05 + 1102.49
M, 1425.016

=149 >1.0V

Y-Direction of Earthquake:

The same system, which has a high ductility level according to TBEC 9.3.2, will
check whether its columns are stronger than its beams also in the Y direction

moment-resisting frame.

In the evaluation of this condition, the 1st Floor E/3 column is taken as a basis.
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The expected flexural strength of the beam, My,

My, = My, = My, = CprRyF)Z
While performing SCWB checl, possible (expected) material strengths will be
utilized in the design of steel structural components and their connections.

_E,+F, 2354360
PmT2F,  2%235

=127>12-C, =12

The possible yield stress of structural steel, RyFy, will be determined depending on
the structural steel class and element type. For S235, Ry=1.4 according to TBEC2018
Table 9.2.

My, = My,g = My, = CpRyF,Z = 1.2 % 1.4 % 235 * (1702 * 103) * 107°
= 671.95 kNm

0
—2%x0.302 =489 m

dc
ln=L—2*7—Zlh=6—2*

Voo = 2MprR YV = 2+ 67195 73.331 =201.16 kN (Eq. A-3)
ucR — L, drR = 4.896 . B . !
MprL 3 2%x671.95

=2 " 4723 =346.79 kN Eq. A-4
L +Va =506 +72.3=346.79k (Eq. A-4)

In equations A-3 and A-4, the V4r and VqL shear forces are calculated only under the

influence of vertical load combination (1.2G+0.5Q+0.2S).

dc 0.5
D Moy = Vien + Vaer) (1 + 55 ) = (20116 + 346.79)(0.302 + )

= 302.47 kNm

ZM,,,, = 2(1LAR,FyWyp) = 2% 1.1+ 1.4 % 235 (1702 % 10*) x 10~°

= 1231908 kNm

Z M, = Z M,; + Z M,, = 1231.908 + 302.47 = 1534.38 kNm
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The flexural capacity of the column, My.:

Buc
Mpc = VVpc (ch - A_>

Axial compression  force, Puca, under  the  combination of
1.455G+0.5Q+0.2S+D(E4X-0.3E4™):
P,.¢ = 775.05+ 3 % 1.036 * (~0) = 775.05 kN

775.05 * 103

-6 _
33900 >> *107° = 975.38 kNm

My = (4815 * 10%) (235 - <

Ponar = 572.661 + 3 * 1.036 * (~0) = 572.661 kN

572.661 * 103

M, = (4815 x 10°) (235 — ( )) *107¢ = 1016.15 kNm

23900
. 2.0
Mpeg = 77505 —55 | = 885.77 kNm
2.0 - =5
. 15
Mper =572.661( ——5=5 | = 687.19 kNm
1.5 - T

X Mp, _ 885.77 + 687.19

= =1.03> 1.0V
Y M, 1534.38
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B. Infill Wall Implementation Hinge Status Results for Each Column

Table B-1: S235 Bare Frame Hinge Results in the Columns

EQ Data

S?ation 8129

Element Floor Element | Performance Floor Element | Performance Floor Element | Performance Floor Element | Performance

Type ID Level ID Level ID Level ID Level
Column 1 cuA [JCONEEl C21A LD 3 C31A LD 4 C41A LD
Column 1 CliB CP 2 C21B LD 3 C31B LD 4 C41B LD
Column 1 Clic CP 2 Cc21C LD 3 C31C LD 4 C41C LD
Column 1 C11D cP 2 C21D LD 3 C31D LD 4 C41D LD
Column 1 C11E 2 C21E LD 3 C31E LD 4 C41E LD
Column 1 C12A 2 C22A LD 3 C32A LD 4 C42A LD
Column 1 C12B 2 C22B LD 3 C32B LD 4 C42B LD
Column 1 C12C 2 C22C LD 3 C32C LD 4 C42C LD
Column 1 C12D 2 C22D LD 3 C32D LD 4 C42D LD
Column 1 Cl12E 2 C22E LD 3 C32E LD 4 C42E LD
Column 1 C13A 2 C23A LD 3 C33A LD 4 C43A LD
Column 1 C13B 2 C23B LD 3 C33B LD 4 C43B LD
Column 1 C13C 2 C23C LD 3 C33C LD 4 c43C LD
Column 1 C13D 2 C23D LD 3 C33D LD 4 C43D LD
Column 1 C13E 2 C23E LD 3 C33E LD 4 C43E LD
Column 1 Cl4A 2 C24A LD 3 C34A LD 4 C44A LD
Column 1 C14B [ 2 C24B LD 3 C34B LD 4 C44B LD
Column 1 Cl4C CP 2 C24C LD 3 C34C LD 4 C44C LD
Column 1 C14D CP 2 C24D LD 3 C34D LD 4 C44D LD
Column 1 ci4E_ |JCOBESEN 2 C24E LD 3 C34E LD 4 C44E LD
Table B-2: S235 1st Floor without Infill Wall Hinge Results in the Columns

Element Floor Element | Performance Floor Element | Performance Floor Element | Performance Floor Element | Performance

Type ID Level ID Lewel ID Lewel ID Lewel
Column 1 Cl1A 2 C21A CD 3 C31A CD 4 C41A LD
Column 1 Cl1B 2 C21B LD 3 C31B LD 4 C41B LD
Column 1 Cl1C 2 c21C LD 3 C31C LD 4 c41C LD
Column 1 C11D 2 C21D LD 3 C31D LD 4 C41D LD
Column 1 Cl1E 2 C21E CD 3 C31E CD 4 C41E LD
Column 1 C12A 2 C22A CD 3 C32A CD 4 C42A LD
Column 1 C12B 2 C22B LD 3 C32B LD 4 C42B LD
Column 1 C12C 2 Cc22C LD 3 C32C LD 4 C42C LD
Column 1 C12D CP 2 C22D LD 3 C32D LD 4 C42D LD
Column 1 CI12E 2 C22E CD 3 C32E CD 4 C42E LD
Column 1 C13A 2 C23A CD 3 C33A CD 4 C43A LD
Column 1 C13B 2 C23B LD 3 C33B LD 4 C43B LD
Column 1 C13C 2 C23C LD 3 C33C LD 4 C43C LD
Column 1 C13D 2 C23D LD 3 C33D LD 4 C43D LD
Column 1 CI13E 2 C23E CD 3 C33E CD 4 C43E LD
Column 1 Cl4A 2 C24A CD 3 C34A CD 4 C44A LD
Column 1 Cl14B 2 C24B LD 3 C34B LD 4 C44B LD
Column 1 clac 2 c24C LD 3 c34c LD 4 ca4ac LD
Column 1 C14D 2 C24D LD 3 C34D LD 4 C44D LD
Column 1 Cl4E 2 C24E CD 3 C34E CD 4 C44E LD
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Table B-3: S235 Continuous Infill Wall Hinge Results in the Columns

Element Floor Element | Performance Floor Element | Performance Floor Element | Performance Floor Element | Performance
Type ID Level ID Level ID Level ID Level
Column 1 2 C21A CD 3 C31A LD 4 C41A LD
Column 1 2 C21B LD 3 C31B LD 4 C41B LD
Column 1 2 Cc21C LD 3 C31C LD 4 C41C LD
Column 1 2 C21D LD 3 C31D LD 4 C41D LD
Column 1 2 C21E CD 3 C31E LD 4 C41E LD
Column 1 2 C22A CD 3 C32A CD 4 C42A LD
Column 1 2 C22B LD 3 C32B LD 4 C42B LD
Column 1 2 C22C LD 3 C32C LD 4 C42C LD
Column 1 2 C22D LD 3 C32D LD 4 C42D LD
Column 1 2 C22E CD 3 C32E CD 4 C42E LD
Column 1 2 C23A CD 3 C33A CD 4 C43A LD
Column 1 2 C23B LD 3 C33B LD 4 C43B LD
Column 1 2 C23C LD 3 C33C LD 4 C43C LD
Column 1 2 C23D LD 3 C33D LD 4 C43D LD
Column 1 2 C23E CD 3 C33E CD 4 C43E LD
Column 1 2 C24A CD 3 C34A LD 4 C44A LD
Column 1 2 C24B LD 3 C34B LD 4 C44B LD
Column 1 2 C24C LD 3 C34C LD 4 C44C LD
Column 1 2 C24D LD 3 C34D LD 4 C44D LD
Column 1 2 C24E CD 3 C34E LD 4 C44E LD
Table B-4: Bare Frame Hinge Results in the Columns

Element Floor Element | Performance Floor Element | Performance Floor Element | Performance Floor Element | Performance
Type ID Level ID Level ID Lewel ID Level
Column 1 C11A CP 2 C21A LD 3 C31A LD 4 C41A LD
Column 1 C11B CD 2 C21B LD 3 C31B LD 4 C41B LD
Column 1 C11C CD 2 C21C LD 3 C31C LD 4 C41C LD
Column 1 C11D CD 2 C21D LD 3 C31D LD 4 C41D LD
Column 1 Cl1E CP 2 C21E LD 3 C31E LD 4 C41E LD
Column 1 C12A CP 2 C22A LD 3 C32A LD 4 C42A LD
Column 1 Cl12B CD 2 C22B LD 3 C32B LD 4 C42B LD
Column 1 c12C CD 2 c22C LD 3 C32C LD 4 c42C LD
Column 1 C12D CD 2 C22D LD 3 C32D LD 4 C42D LD
Column 1 C12E CP 2 C22E LD 3 C32E LD 4 C42E LD
Column 1 C13A CP 2 C23A LD 3 C33A LD 4 C43A LD
Column 1 C13B CD 2 C23B LD 3 C33B LD 4 C43B LD
Column 1 C13C CD 2 C23C LD 3 C33C LD 4 C43C LD
Column 1 C13D CD 2 C23D LD 3 C33D LD 4 C43D LD
Column 1 C13E CP 2 C23E LD 3 C33E LD 4 C43E LD
Column 1 Cl4A CP 2 C24A LD 3 C34A LD 4 C44A LD
Column 1 C14B CD 2 C24B LD 3 C34B LD 4 C44B LD
Column 1 Cl4C CD 2 C24C LD 3 C34C LD 4 C44C LD
Column 1 C14D CD 2 C24D LD 3 C34D LD 4 C44D LD
Column 1 Cl4E CP 2 C24E LD 3 C34E LD 4 C44E LD
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Table B-5: S235 1st Floor without Infill Wall Hinge Results in the Columns

Element Element | Performance Element
Floor
Type ID Level
Column 1 Cl1A CD
Column 1 C11B CD
Column 1 Cl1C
Column 1 C11D
Column 1 Cl1E
Column 1 C12A
Column 1 C12B
Column 1 C12C
Column 1 C12D
Column 1 CI12E
Column 1 C13A
Column 1 C13B
Column 1 C13C
Column 1 C13D
Column 1 C13E
Column 1 C14A
Column 1 C14B
Column 1 Cl4C
Column 1 C14D
Column 1 Cl4E

Performance

Element

Performance

Element

Performance
Lewvel

Element Floor Element | Performance Floor Element
Type ID Level ID
Column 1 Cl1A CD C21A
Column 1 Cl11B
Column 1 Cl1C
Column 1 C11D
Column 1 Cl1E
Column 1 C12A
Column 1 C12B
Column 1 Cl2C
Column 1 C12D
Column 1 C12E
Column 1 C13A
Column 1 C13B
Column 1 C13C
Column 1 C13D
Column 1 C13E
Column 1 Cl4A
Column 1 C14B
Column 1 Cl4C
Column 1 C14D
Column 1 Cl4E

Performance
Lewvel
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C. Basement Floor Implementation Hinge Status Results for Each Column

Table C-1: S235 Bare Frame with Basement Hinge Results

EQ Data

S?atmn 8129

EI_?;;:"( Floor Elelr‘gent Perfli:er‘r/‘n;nce El,;e_;;m Floor Element ID PerfLoerVrr;Tnce Floor Element ID Perffer‘rlv:nce Floor Element ID Perfli)ervr‘r:nce Floor Eleln;em Perfllr‘zfnce
Column | Basement | CB1A LD Column 1 Cl1A 2 C21A LD 3 C31A LD 4 C41A LD
Column_| Basement | CB1B LD Column 1 C11B CD 2 C21B LD 3 C31B LD 4 C41B LD
Column_| Basement | CB1C LD Column 1 c11c CD 2 c21C LD 3 C31C LD 4 c41C LD
Column | Basement | CB1D LD Column 1 C11D CD 2 C21D LD 3 C31D LD 4 c41D LD
Column_| Basement | CBLE LD Column 1 Cl1E 2 C21E LD 3 C31E LD 4 C41E LD
Column_| Basement | CB2A LD Column 1 C12A - 2 C22A LD 3 C32A LD 4 C42A LD
Column_| Basement | CB2B CcD Column 1 C12B 2 C228 LD 3 C32B LD 4 C42B LD
Column_| Basement | CB2C CD Column 1 C12C CP. 2 Cc22C LD 3 C32C LD 4 C42C LD
Column_| Basement | CB2D CD Column 1 C12D CP 2 C22D LD 3 C32D LD 4 C42D LD
Column_| Basement | CB2E LD Column 1 C12E 2 C22E LD 3 C32E LD 4 C42E LD
Column | Basement | CB3A LD Column 1 CI13A 2 C23A LD 3 C33A LD 4 C43A LD
Column_| Basement | CB3B CD Column 1 C13B 2 C23B LD 3 C33B LD 4 C43B LD
Column | Basement | CB3C cD Column 1 c13C cp 2 c23C LD 3 C33C LD 4 c43C LD
Column_| Basement | CB3D CD Column 1 C13D CP 2 C23D LD 3 C33D LD 4 C43D LD
Column | Basement | CB3E LD Column 1 C13E 2 C23E LD 3 C33E LD 4 C43E LD
Column | Basement | CB4A LD Column 1 Cl4A 2 C24A LD 3 C34A LD 4 C44A LD
Column_| Basement | CB4B LD Column 1 C14B CD 2 C24B LD 3 C34B LD 4 C44B LD
Column_| Basement | CB4C LD Column 1 c14C CD 2 C24C LD 3 C34C LD 4 c44C LD
Column_| Basement | CB4D LD Column 1 C14D CD 2 C24D LD 3 C34D LD 4 C44D LD
Column | Basement | CB4E LD Column 1 cueE  oolEsEl - C24E LD 3 C34E LD 4 C44E LD
Table C-2: S235 1st Floor without Infill Wall with Basement Hinge Results

T

EI;;T::' Floor |Element ID Perfg\r/r;nce HTE;;:‘ Floor Element ID Perfg\r::nce Floor Element ID Perffx;nce Floor Element ID Pel‘fg\rlr:lnce Floor  [Element ID me;[“:lme
Column | Basement | CBIA LD Column 1 ClA 2 C21A CD 3 C31A CD 4 C41A LD
Column | Basement | CB1B LD Column 1 C11B 2 C218 LD 3 C31B LD 4 C41B LD
Column | Basement | CBIC LD Column 1 Cl1C 2 C21C LD 3 C31C LD 4 C41C LD
Column | Basement | CBI1D CD Column 1 C11D CP 2 C21D LD 3 C31D LD 4 C41D LD
Column | Basement | CBIE LD Column 1 CLIE 2 C21E CD 3 C31E CD 4 C41E LD
Colurm | Basement [ CB2A LD Column 1 CI2A 2 C22A CP 3 C32A CD 4 C42A LD
Column | Basement | CB2B CD Column 1 C12B CD 2 C22B LD 3 C32B LD 4 C42B LD
Column | Basement [ CB2C CD Column 1 C12C CD 2 C22C LD 3 C32C LD 4 C42C LD
Colum | Basement | CB2D CD Column 1 C12D CD 2 C22D LD 3 C32D LD 4 C42D LD
Column | Basement | CB2E LD Column 1 CI12E 2 C22E CP 3 C32E CD 4 CAE LD
Column | Basement | CB3A LD Column 1 CI3A 2 C23A CD 3 C33A CD 4 C43A LD
Column | Basement | CB3B CD Column 1 C138 CD 2 C238 LD 3 C33B LD 4 C438 LD
Colurm | Basement | CB3C CD Column 1 C13C CP 2 C23C LD 3 C33C LD 4 C43C LD
Column | Basement | CB3D CD Column 1 C13D CD 2 C23D LD 3 C33D LD 4 C43D LD
Column | Basement | CB3E LD Column 1 CI3E 2 C23E CD 3 C33E CD 4 C43E LD
Colum | Basement [ CB4A LD Column 1 Cl4A 2 C24A CD 3 C34A CD 4 CA4A LD
Column | Basement | CB4B LD Column 1 C14B 2 C24B LD 3 C34B LD 4 Ca4B LD
Column | Basement | CBAC LD Column 1 C14C CD 2 C24C LD 3 C34C LD 4 Ca4C LD
Column | Basement | CB4D CD Column 1 C14D CP 2 C24D LD 3 C34D LD 4 C44D LD
Colum_| Basement | _CB4E D | o | 1 ClE H 2 3 D 3 CaE ) 4 | omE )
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Table C-3: S235 Continuous Infill Wall with Basement Hinge Results

EQData

Station o
Element Floor  [Element ID Performance | Element Floor Element ID Performence Floor Element ID Performence Floor Element ID Performance Floor  [Element ID Performence
Type Level Type Level Level Level Level
Column | Basement| CBIA CD Column 1 CLIA CP 2 C21A CD 3 C31A LD 4 C4IA LD
Column | Basement| CBI1B LD Column 1 Cl1B CD 2 C21B LD 3 C31B LD 4 CA1B LD
Column | Basement | CBIC LD Column 1 Cl1C CD 2 c21C LD 3 C31C LD 4 CA1IC LD
Column | Basement | CBLD LD Column 1 C11D CD 2 C210 LD 3 C31D LD 4 C41D LD
Column | Basement | CBIE LD Column 1 CLIE 2 C21E CD 3 C31E LD 4 CAIE LD
Column | Basement | CB2A CP Column 1 CI2A 2 C22A CD 3 C32A CD 4 CA2A LD
Column | Basement | CB2B CD Column 1 C12B CD 2 C22B LD 3 C328B LD 4 C42B LD
Column | Basement| CB2C CD Column 1 C12C CD 2 C22C LD 3 C32C LD 4 C42C LD
Column | Basement | CB2D CD Column 1 C12D CD 2 C22D LD 3 C32D LD 4 C42D LD
Column | Basement | CB2E LD Column 1 CL2E 2 C2E CD 3 C32E CD 4 CA42E LD
Column | Basement | CB3A CP Column 1 CI13A 2 C23A CD 3 C33A CD 4 C43A LD
Column | Basement | CB3B CD Column 1 C13B CD 2 C23B LD 3 C33B LD 4 C43B LD
Column | Basement | CB3C CD Column 1 C13C CD 2 C23C LD 3 C33C LD 4 C43C LD
Column | Basement | CB3D CD Column 1 C13D CD 2 C23D LD 3 C33D LD 4 C43D LD
Colum_| Basement | CB3E D | Coum | 1 - E e D 3 e D 4 3 D)
Column | Basement | CB4A CD Column 1 Cl4A CD 2 C24A CD 3 C34A LD 4 CA44A LD
Column | Basement | CB4B LD Column 1 C14B CD 2 C24B LD 3 C34B LD 4 C44B LD
Column | Basement | CBAC LD Column 1 Cl4C CD 2 C24C LD 3 C34C LD 4 Ca4C LD
Column | Basement | CB4D LD Column 1 C14D CD 2 C24D LD 3 C34D LD 4 C44D LD
Colum_| Basement | _CB4E LD | Com | 1 cue_ ool ° CuE cD 3 C3E ) 4| omE )
Table C-4: S355 Bare Frame with Basement Hinge Results
EQ Data
S?ation 8129
E!?;;:l Floor  (Element ID Perff;rln;nce E!?';::l Floor Element ID Perff;rln;nce Floor Element ID Perflr_);‘r/r:nce Floor Element ID Perfg\l::nce Floor  [Element ID Perfi)er‘T:Ime
Column | Basement [ CBLA LD Column 1 CLIA CD 2 Q1A LD 3 C31A LD 4 CA1A LD
Column | Basement | CB1B LD Column 1 Cl1B LD 2 C21B LD 3 C31B LD 4 C41B LD
Column | Basement | CBIC LD Column 1 CliC LD 2 Cc21C LD 3 C31C LD 4 C41C LD
Column | Basement | CBID LD Column 1 Cl1D LD 2 C21D LD 3 C31D LD 4 C41D LD
Column | Basement |  CB1E LD Column 1 CLIE CD 2 C21E LD 3 C31E LD 4 CAIE LD
Column | Basement | CB2A LD Column 1 CI2A CP 2 C2A LD 3 C32A LD 4 CA2A LD
Column | Basement | CB2B LD Column 1 C128 CD 2 C28 LD 3 C328 LD 4 C428 LD
Column | Basement | CB2C LD Column 1 C12C CD 2 C22C LD 3 C32C LD 4 C42C LD
Column | Basement | CB2D LD Column 1 C12D LD 2 C22D LD 3 C32D LD 4 C42D LD
Column | Basement | CB2E LD Column 1 CI2E CP 2 C22E LD 3 C32E LD 4 CA2E LD
Colurm | Basement | CB3A LD Column 1 CI3A CP 2 C23A LD 3 C33A LD 4 CA3A LD
Column | Basement | CB3B LD Column 1 C13B CD 2 C238 LD 3 C338 LD 4 C438 LD
Column | Basement |  CB3C LD Column 1 C13C CD 2 C23C LD 3 C33C LD 4 C43C LD
Column | Basement | CB3D LD Column 1 C13D LD 2 C23D LD 3 C33D LD 4 CA3D LD
Column | Basement | CB3E LD Column 1 CI3E CP 2 C23E LD 3 C33E LD 4 CA3E LD
Column | Basement [ CB4A LD Column 1 Cl4A CD 2 C2A LD 3 C34A LD 4 CA4A LD
Column | Basement |  CB4B LD Column 1 C14B LD 2 C24B LD 3 C34B LD 4 C44B LD
Column | Basement |  CB4AC LD Column 1 Cl4C CD 2 C24C LD 3 C34C LD 4 C44C LD
Column | Basement | CB4D LD Column 1 C14D LD 2 C24D LD 3 C34D LD 4 C44D LD
Column | Basement | CB4E LD Column 1 CL4E CD 2 C24E LD 3 C34E LD 4 CA4E LD
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Table C-5: S355 1st Floor without Infill Wall with Basement Hinge Results

EQ Data
S?aliu n i
Element Floor |Element ID Performénce | Element Floor | Element ID Performance Floor | Element ID Performance Floor | Element ID Performance Floor  |Element ID Performance
Type Level Type Level Level Level Level
Column | Basement | CBIA LD Column 1 ClIA CP 2 C21A LD 3 C31A LD 4 C41A LD
Column | Basement | CB1B LD Column 1 Cl1B LD 2 C21B LD 3 C31B LD 4 C41B LD
Column | Basement | CBIC LD Column 1 ClIC LD 2 C21C LD 3 C31C LD 4 C41C LD
Column | Basement| CBID LD Column 1 C11D LD 2 C21D LD 3 C31D LD 4 C41D LD
Column | Basement | CBIE LD Column 1 CLIE CP 2 C21E LD 3 C31E LD 4 C4LE LD
Column | Basement | CB2A LD Column 1 CI2A 2 C22A LD 3 C32A LD 4 CAA LD
Column | Basement | CB2B LD Column 1 C12B LD 2 C22B LD 3 C32B LD 4 C42B LD
Column | Basement | CB2C LD Column 1 C12C LD 2 C22C LD 3 C32C LD 4 C42C LD
Colum | Basement | CB2D LD Column 1 C12D0 LD 2 C22D LD 3 C32D0 LD 4 C42D0 LD
Colurm_| Basement | CB2E L | ooum | 1 cE JOONRSEN 2 Cc2E b 3 e D 4 | omE D)
Column | Basement | CB3A LD Column 1 CI3A CP 2 C23A LD 3 C33A LD 4 C43A LD
Column | Basement | CB3B LD Column 1 C13B LD 2 C23B LD 3 C33B LD 4 C43B LD
Column | Basement | CB3C LD Column 1 C13C LD 2 C23C LD 3 C33C LD 4 C43C LD
Column | Basement | CB3D LD Column 1 C13D LD 2 C23D LD 3 C33D LD 4 C43D LD
Column | Basement | CB3E LD Column 1 CI3E CP 2 C2E LD 3 C33E LD 4 CA3E LD
Column | Basement | CB4A LD Column 1 Cl4A CP 2 C24A LD 3 C34A LD 4 C44A LD
Column | Basement | CB4B LD Column 1 C14B LD 2 C24B LD 3 C34B LD 4 C44B LD
Column | Basement | CBAC LD Column 1 Cl4C LD 2 C24C LD 3 C34C LD 4 ca4c LD
Column | Basement | CB4D LD Column 1 C14D LD 2 C24D LD 3 C34D LD 4 C44D LD
Column | Basement| CB4E LD Column 1 CI4E CP 2 C24E LD 3 C34E LD 4 CAE LD
Table C-6: S355 Continuous Infill Wall with Basement Hinge Results
EQ Data Station 3129
Element Type Floor Element ID PerfEer\rlr:nce Element Type | Floor |Element ID Perfzer\r/n:lnce Floor Elelrr[\)enl Perfzer‘r/r:lnce Floor  |Element ID| Perff;\r:lnce Floor Elelrr;m Perfzg‘rlr:nce
Column Basement CB1A LD Column 1 CLIA CD 2 C21A LD 3 C31A LD 4 C41A LD
Column Basement CB1B LD Column 1 Cl1B LD 2 Cc21B LD 3 C31B LD 4 Cc41B LD
Column Basement CBIC LD Column 1 Cl1C LD 2 C21C LD 3 C31C LD 4 C41C LD
Column Basement CB1D LD Column 1 C11D LD 2 C21D LD 3 C31D LD 4 C41D LD
Column Basement CBlE LD Column 1 CLIE CD 2 C21E LD 3 C31E LD 4 CALE LD
Column Basement CB2A LD Column 1 CI2A CD 2 C22A LD 3 C32A LD 4 C42A LD
Column Basement CB2B LD Column 1 Cl12B LD 2 C228 LD 3 C32B LD 4 Cc428 LD
Column Basement CB2C LD Column 1 C12C LD 2 C22C LD 3 C32C LD 4 C42C LD
Colurm Basement [ CB2D LD Column 1 C12D LD 2 Cc22D LD 3 C32D0 LD 4 c42D0 LD
Column Basement CB2E LD Column 1 C12E CD 2 C22E LD 3 C32E LD 4 CA2E LD
Column Basement CB3A LD Column 1 C13A CP 2 C23A LD 3 C33A LD 4 C43A LD
Column Basement CB3B LD Column 1 C13B LD 2 C23B LD 3 C33B LD 4 C43B LD
Column Basement CB3C LD Column 1 C13C LD 2 C23C LD 3 C33C LD 4 Cc43C LD
Colurm Basement [ CB3D LD Column 1 C13D LD 2 C23D LD 3 C33D LD 4 C43D LD
Column Basement CB3E LD Column 1 CI13E CP 2 C23E LD 3 C33E LD 4 CA3E LD
Column Basement CB4A LD Column 1 CL4A CD 2 C24A LD 3 C34A LD 4 C44A LD
Column Basement CB4B LD Column 1 C14B LD 2 C248 LD 3 C34B LD 4 448 LD
Column Basement CB4C LD Column 1 Cl4C LD 2 c24C LD 3 C34C LD 4 c44c LD
Colurm Basement [ CBAD LD Column 1 C14D LD 2 C24D LD 3 C34D LD 4 C44D LD
Column Basement CB4E LD Column 1 Cl4E CD 2 C24E LD 3 C34E LD 4 CA4E LD

119




Table C-7: S235 Bare Frame Moment-Resisting Beams Hinge Results

EQ Data

Station 8129

Element Cro_ss» Length | Floor Element |Performance Floor Element | Performance Floor Element | Performance Floor Element | Performance
Type sections ID Lewel ID Level ID Lewel ID Lewel
Beam IPE450 8m 1 B11BC CD 2 B21BC CD 3 B31BC CD 4 B41BC CD
Beam IPE450 8m 1 B11CD CD 2 B21CD CD 3 B31CD CD 4 B41CD CD
Beam IPE450 8m 1 B12BC CD 2 B22BC CD 3 B32BC CD 4 B42BC CD
Beam IPE450 8m 1 B12CD CD 2 B22CD CD 3 B32CD CD 4 B42CD CD
Beam IPE450 8m 1 B13BC CD 2 B23BC CD 3 B33BC CD 4 B43BC CD
Beam IPE450 8m 1 B13CD CD 2 B23CD CD 3 B33CD CD 4 B43CD CD
Beam IPE450 8m 1 B14BC CD 2 B24BC CD 3 B34BC CD 4 B44BC CD
Beam IPE450 8m 1 B14CD CD 2 B24CD CD 3 B34CD CD 4 B44CD CD
Beam IPE450 6m 1 B1A12 LD 2 B2A12 LD 3 B3A12 LD 4 B4A12 LD
Beam IPE450 6m 1 B1A23 LD 2 B2A23 LD 3 B3A23 LD 4 B4A23 LD
Beam IPE450 6m 1 B1A34 LD 2 B2A34 LD 3 B3A34 LD 4 B4A34 LD
Beam IPE450 6m 1 B1E12 LD 2 B2E12 LD 3 B3E12 LD 4 B4E12 LD
Beam IPE450 6m 1 B1E23 LD 2 B2E23 LD 3 B3E23 LD 4 B4E23 LD
Beam IPE450 6m 1 B1E34 LD 2 B2E34 LD 3 B3E34 LD 4 B4E34 LD

Table C-8: S355 Continuous Infill Wall with Basement Moment-Resisting Beams
Hinge Results

EQ Data

S?ation 8129

Element erss» Length | Floor Element |Performance Floor Element | Performance Floor Element | Performance Floor Element | Performance
Type sections ID Lewvel ID Lewel ID Level ID Level
Beam IPE450 8m 1 B11BC LD 2 B21BC LD 3 B31BC LD 4 B41BC LD
Beam IPE450 8m 1 B11CD CD 2 B21CD LD 3 B31CD LD 4 B41CD LD
Beam IPE450 8m 1 B12BC CD 2 B22BC LD 3 B32BC LD 4 B42BC LD
Beam IPE450 8m 1 B12CD CD 2 B22CD LD 3 B32CD LD 4 B42CD LD
Beam IPE450 8m 1 B13BC CD 2 B23BC LD 3 B33BC LD 4 B43BC LD
Beam IPE450 8m 1 B13CD CD 2 B23CD LD 3 B33CD LD 4 B43CD LD
Beam IPE450 8m 1 B14BC LD 2 B24BC LD 3 B34BC LD 4 B44BC LD
Beam IPE450 8m 1 B14CD CD 2 B24CD LD 3 B34CD LD 4 B44CD LD
Beam IPE450 6m 1 B1A12 LD 2 B2A12 LD 3 B3A12 LD 4 B4A12 LD
Beam IPE450 6m 1 B1A23 LD 2 B2A23 LD 3 B3A23 LD 4 B4A23 LD
Beam IPE450 6m 1 B1A34 LD 2 B2A34 LD 3 B3A34 LD 4 B4A34 LD
Beam IPE450 6m 1 B1E12 LD 2 B2E12 LD 3 B3E12 LD 4 B4E12 LD
Beam IPE450 6m 1 B1E23 LD 2 B2E23 LD 3 B3E23 LD 4 B4E23 LD
Beam IPE450 6m 1 B1E34 LD 2 B2E34 LD 3 B3E34 LD 4 B4E34 LD
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