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Evaluation of the Displacement Behavior of Wide Beam 

Frames Using Nonlinear Static and Dynamic Analyses 

Abstract 

Wide beam frames are a substructural type of reinforced concrete frames, in which the 

beam sections are shallow and wide. Typically, the depth of the beams is the same as 

the depth of the slabs, and therefore these beams are hidden from view and provide 

aesthetically appealing ceilings in residential structures. However, since the beam 

sections are slender and flexible, RC structures constructed with wide beams are 

deemed not suitable to withstand moderate to high seismic action. These types of 

frames are often deemed to not be capable of ductile behavior. 

An analytical investigation of 30 frame models is presented in this thesis. The frame 

models have different geometric configurations were designed according to the 

Turkish Building Earthquake Code. Of these models, 10 were conventional beam 

frames used as reference, and 20 were wide beam frames. Their seismic capacities 

were obtained from pushover analyses. A considerable number of time-history 

analyses were performed on each model to obtain their displacement demands. The 

data obtained from the time-history analyses were statistically processed to obtain 

expected (mean) displacement demands, demand ranges for a desired confidence level 

and fragility functions. The displacement demand was mainly assessed in terms of 

global drift ratio and was compared to the displacement capacities obtained from 

pushover analyses. The interstory drift ratios were also estimated and were used to 

obain insight into the damage spread among the floors. Besides displacement 
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parameters, initial stiffness and energy dissipation values were also computed for the 

frame models. 

The results of these analyses showed that code-compliant wide beam frames perform 

satisfactory under seismic loading. They are more flexible than the conventional beam 

frames and are subjected to higher displacement demands, but they also have greater 

displacement and energy dissipation capacities. An important outcome of this study 

was the generation of the fragility functions of the global drift ratios for all the frames. 

 

Keywords: wide beam frames, RC frames, pushover analyses, time history analyses, 

FEMA P-58, fragility functions, displacement demand, global drift ratio 
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Doğrusal Olmayan Statik ve Dinamik Analizler 

Kullanarak Yassı Kirişli Çerçevelerinin Yer Değiştirme 

Davranışının Değerlendirilmesi 

 

Öz 

Yassı kirişli çerçeveler, kiriş kesitlerinin sığ ve geniş olduğu bir betonarme çerçeve 

tipidir. Genel olarak, bu kirişlerin derinliği döşemelerin derinliği ile aynıdır ve tavanda 

görünmemektedir, böylece daha estetik bir görünüm sağlamaktadır. Ancak, kiriş 

kesitleri narin ve esnek olduğundan, yassı kirişlerle inşa edilen betonarme yapıların, 

orta ila yüksek sismik sarsıntılara karşı dayanıma sahip olmadığını düşünülmektedir. 

Bu tip çerçevelerin genellikle sünek davranışa sahip olmadığını kabul edilir. 

Bu tezde 30 çerçeve modelinin analitik bir incelemesi sunulmaktadır. Farklı geometrik 

konfigürasyonlara sahip çerçeve modelleri, Türkiye Bina Deprem Yönetmeliği'ne göre 

tasarlanmıştır. Bu modellerden 10 tanesi referans olarak kullanılan normal kirişli 

çerçeveler olup 20 tanesi ise yassı kirişli çerçevelerdir. Çerçevelerin sismik 

kapasiteleri itme analizlerinden elde edilmiştir. Yer değiştirme taleplerini elde etmek 

için her model üzerinde çok sayıda zaman tanım alanı analizi yapılmıştır. Zaman tanım 

alanı analizlerinden elde edilen veriler, beklenen (ortalama) yer değiştirme taleplerini, 

istenen güven düzeyi için talep aralıklarını ve kırılganlık fonksiyonlarını elde etmek 

için istatistiksel olarak işlenmiştir. Yer değiştirme talepleri esas olarak ötelenme oranı 

cinsinden değerlendirilmiştir ve itme analizlerinden elde edilen yer değiştirme 
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kapasiteleriyle karşılaştırılmıştır. Göreli kat ötelenme oranları da değerlendirilmiştir 

ve katlarda oluşan hasar hakkında fikir edinmek için kullanılmıştır. Çerçeve modelleri 

için yer değiştirme parametrelerinin yanı sıra başlangıç rijitliği ve enerji tüketim 

değerleri de hesaplanmıştır. 

Bu analizlerin sonuçları, kurallara uygun tasarlanan ve inşa edilen yassı kirişli 

çerçevelerin sismik yüklerin altında tatmin edici bir performans sergilediğini 

göstermiştir. Yassı kirişli çerçevelerin, normal kirişli çerçevelerden daha esnek 

oldukları ve daha yüksek yer değiştirme taleplerine sahip oldukları gözlenmiştir, ancak 

aynı zamanda daha büyük yer değiştirme ve enerji tüketim kapasitelerine sahiplerdir. 

Bu çalışmanın önemli bir çıktısı, bütün çerçeveler için üretilmiş olan kırılganlık 

fonksyonlarıdır. 

 

Anahtar Kelimeler: yassı kiriş, betonarme çerçeveler, itme analizi, zaman tanım 

analizi, FEMA P-58, kırılganlık fonksyonları, deplasman talebi, ötelenme oranı 
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Chapter 1 

1Introduction 

The improvements in construction technology and the increase in the knowledge of 

the behavior of structures have led to a rapid increase in construction of residential and 

commercial or governmental structures around the world. This has been followed by 

more regulations regarding urban planning and cityscapes. Additionally, to appeal to 

customers, architects have come up with more creative solutions to make the structures 

they design more functional and aesthetically pleasing. One of the outcomes of these 

changes is the emergence of the use of hidden beams in reinforced concrete 

construction. They are more common in residential structures, where suspended 

ceilings are not widely used. 

Hidden beams are, as the name itself suggests, beams that are not visible to the eye. 

They perform two main duties. Being hidden in the ceiling, they are more aesthetically 

pleasing than normal beams who may run through in the middle of the ceiling of the 

rooms and show. They also create more headspace and may facilitate the installation 

of HVAC systems. Hidden beams are generally encountered in ribbed slab systems. 

A ribbed slab, as shown in Figure 1.1 consists of a thin concrete layer, 5-7 cm thick, 

reinforced by a grid of steel bars running in both directions. A series of ribs placed at 

regular intervals runs in one direction, thus making this slab system a one-way slab. 

The ribs, shown in close-up in Figure 1.2 are generally small and have nominal 

reinforcement. The space between the ribs can be filled to make the plastering and 

finishing work on the ceiling easier. One option is polystyrene, which can be used as 

a filler, due to its negligible weight. However, polystyrene is a controversial material, 

because it is highly flammable, non-biodegradable and it is thought to be cancerogenic. 

Another alternative are hollow bricks, which add little weight to the slab itself. On the 

other hand, they add some rigidity to the ribbed slabs. 
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Figure 1.1: A ribbed slab during construction 

 

 

Figure 1.2: Close-up of the rib beams in a ribbed slab 

 

Flat slab systems are similar to ribbed slab systems, but the beam type used in the flat 

slabs is different. In flat slabs, strips of slabs are more heavily reinforced and detailed 

as beams, while in ribbed slabs, actual beams, sometimes normal, sometimes hidden 
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beams are used. Hidden beams are more commonly referred to as wide beams, which 

will be the term used in this thesis from this point on. 

Wide beams are quite common in buildings in Turkey. They are generally found in the 

ribbed slab systems called asmolen, after the name of the brick type used for filling the 

space between the ribs. They can be used throughout the whole structure, or in some 

of the floors only. Besides Turkey, many other Mediterranean countries, such as Italy, 

Spain, Greece and Albania also use this type of construction. Both ACI 318 [1] and 

Eurocode [2] regulate the design and construction of ribbed slabs. 

1.1 Summary of Important Seismic Events in the Last 

Decades 

The Mediterranean basin is a highly seismic region, with many moderate and heavy 

earthquakes that have occurred even in the recent years. Often times, even moderate 

earthquakes turn out to be devastating due to the poor quality of the buildings, which 

may be traced to both design and construction practices. For instance the earthquake 

that hit Molise in Italy in 2002 had a magnitude of Mw=5.7, resulted in the collapse of 

many schools and the death of 27 children [3]. The inspection that followed afterwards, 

resulted in unsafe placarding of 40% of structures, due to their high vulnerability [4]. 

In 2009 a moderate earthquake of magnitude Mw=6.3 hit L’Aquila, Italy, which 

resulted in 308 casualties and considerable damage to the structures [5]. Most of the 

damage was imparted to nonstructural elements such as infill walls [6, 7]. One year 

later, the region of Emilia-Romagna was hit by another devastating series of 

earthquakes, with the main shocks having a magnitude of Mw=5.8-5.9. Considerable 

damages were observed in structures [8], and life loss and heavy economic damages 

were also reported to have incurred [9]. 

The city of Lorca in Spain was hit by an earthquake of magnitude Mw=5.1 in 2011. It 

caused only two collapses, but the damages on older structures were considerable [10, 

11]. Damage to infill walls and other nonstructural elements was reported and the need 

to account their seismic response in design was put forth [12]. Two more notable 

earthquakes have hit Spain in the recent years, the deep earthquake of Granada in 2010 
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[13], which caused no damages, and the Alboran Sea earthquake of 2016, which 

caused damages to mostly nonstructural members [14]. 

Greece also has a very high seismic activity. In the recent times several large 

earthquakes have occurred, of which some have caused damages and some not. To 

mention a few are the earthquake of Aigio in 1995 [15], which despite its magnitude 

of Mw=6.4 caused little damage even to buildings not designed for seismic forces. The 

high variability in ground motion intensity across the affected area was thought to be 

the reason for lesser damages than expected from an earthquake of such magnitude. In 

1999, an earthquake of magnitude Mw=5.9 hit Athens and resulted in 150 deaths and 

80 collapses [16]. Many reinforced concrete structures suffered damages in spite of 

good workmanship observed [17]. The Greek islands of Lesvos and Kos were hit by 

moderate earthquakes in 2017. In Lesvos, the earthquake of magnitude Mw=6.3 caused 

considerable damages to reinforced concrete structures [18, 19]. The earthquake that 

hit the island of Kos caused a tsunami which was responsible for damages both in the 

island of Kos and in mainland Turkey, in Bodrum province [20, 21]. 

Turkey is another large country in the Mediterranean basin, which has experienced 

several big earthquakes and heavy damages from time to time. The earthquakes of 

İzmit and Düzce in 1999 were two earthquakes with very high magnitude and 

catastrophic consequences. The İzmit earthquake had a magnitude of Mw=7.4 and the 

Düzce earthquake had a magnitude of Mw=7.2 [22]. A large number of buildings, 

including reinforced concrete collapsed or were heavily damaged during these two 

earthquakes. The structural damages were often the result of poor material properties, 

poor workmanship and insufficient design practices of the previous codes [23]. These 

seismic events set the stage for the revision of seismic design practices and the 

publication of the Turkish Building Code [24]. It also set the stage for the assessment 

and strengthening of many structures, mostly public buildings such as schools, 

hospitals and municipalities. Finally, it started the process of Urban Regeneration, 

which continues to this day. In this process, residential structures are assessed per the 

will of the owners, and if found at high risk, deals are made with construction 

companies, which otherwise would not be able to build in highly populated and central 

areas, due to the lack of developable land. Nonetheless, several more serious 

earthquakes have hit Turkey from these two pivotal events. In 2003, the province of 
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Bingöl was hit by an earthquake of magnitude Mw=6.3. A total of 1351 buildings were 

reported to be heavily damaged or collapsed [25]. In 2010 and earthquakes of 

magnitude Mw=5.5-6.1 hit the province of Elazığ and caused the collapse and damage 

of many structures. The main cause of damage was noted to be poor workmanship and 

material quality [26, 27]. The Van earthquakes of 2011 had magnitudes Mw=5.6 and 

Mw=7.1. 600 casualties were reported [28] and the number of damaged or collapsed 

buildings reached 35000 [29]. It was noted that the response spectra calculated from 

the earthquake that hit Van was lesser than the code-based spectra of the design code 

in power at the time, leaving place for questioning whether the designs were not code-

compliant or the application was not done properly [30]. Bikçe and Çelik [31] partially 

answered this question, when investigating a new structure designed according to the 

Turkish Earthquake Code (TEC) and found that while the design of the case study 

structure was code-conforming, the construction was not performed in accordance 

with the project and TEC. One of the recent damaging seismic events in Turkey is the 

Elazığ-Sivrice earthquake of 2020 which had a magnitude of Mw=6.7 [32]. A quick 

assessment performed after the event reported that 547 buildings collapsed, 6270 

buildings were heavily damaged and 962 buildings were moderately damaged [33]. 

The death toll of this earthquake was 41. The last major earthquake to date to hit 

Turkey was in 30 October 2020 in vicinity of the province of İzmir and Samos Island. 

Considerably more damage was observed in İzmir than in Samos due to several 

reasons. For once, the soft soils that make up the downtown İzmir amplified the 

spectral accelerations in the mid-to-long period range. Additionally, the building stock 

of İzmir is characterized by mid-to-high rise RC structures, while in Samos low rise 

masonry structures are more prominent. Finally, İzmir is a highly populous and dense 

city thus heavier damages were observed [34]. 

Albania is a small country in the western Balkans, which is also included in the 

Mediterranean region, and is considered to have a relatively high seismic activity. The 

earthquake that hit Tirana in 1988 and had an intensity of Mw=5.7 was the last 

earthquake with serious consequences until recently. No collapses nor casualties were 

reported for this event; however damages were observed in some of the buildings 

located in the area affected. The buildings were mostly masonry structures [35]. In 

2019 the city of Durres was hit by two major earthquakes, one in September and then 

in November [36]. The earthquakes were felt in the nearby city of Tirane and in Italy, 
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Greece, Montenegro and North Macedonia [37]. This earthquake killed 51 people, 

injured 3000-5000 others, and left 14000 people homeless. A considerable amount of 

structures collapse or became unusable due to the high risk. The observed damages 

were either located in nonstructural elements such as infill walls, or caused by their 

collapse [38]. 

So far, major seismic events that have occurred in the last 20-30 years in the 

neighboring region were summarized. In the next paragraphs, some of the most 

devastating seismic events that have occurred around the world, mostly in the region 

known as the Ring of Fire, the region around much of the rim of the Pacific Ocean, are 

presented. 

In 1985 a devastating earthquake of magnitude Ms=8.1 hit Mexico City, followed by 

an aftershock of magnitude Ms=7.5. The intensity of the ground motion exceeded the 

expected intensities relayed in the seismic codes. This factor, together with the long 

duration of the ground motion contributed to the extensive damages that were 

observed. These damages included a death toll of approximately 20000, and 800-1000 

buildings either collapsed or were heavily damaged [39]. High rise structures, which 

were designed according to the best practices available at the time suffered damages, 

top floor collapse was observed in a considerable portion of these buildings [40, 41]. 

The West Coast of the United States of America was hit by two major earthquakes in 

1989 in Loma Prieta and 1994 in Northridge. The Loma Prieta earthquake had a 

magnitude of 7.1 and caused 64 deaths [42] as wells as structural damage 

predominantly due to pounding, mostly in older structures [43]. The Northridge 

earthquake had a magnitude of Mw=6.7 and was considered the most costly earthquake 

in USA since the seismic event of 1906 [44]. It caused the loss of 33 lives and injured 

and left thousands of people homeless. Buildings and lifelines, such as major highways 

were heavily damaged, resulting in a monetary loss between 13-20 billion USD. Old 

non-ductile RC structures were heavily damaged, among which several waffle slab 

structures were reported to have collapsed [45]. 

2010 was a devastating year in terms of massive earthquakes. In January 2010, an 

earthquake of magnitude Mw=7 hit the island state of Haiti and killed 217000 people, 

injured 300000 people and affected the lives of five million more. Residential and 
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governmental buildings, mostly reinforced concrete, roads and other facilities suffered 

great damages, mostly due to inappropriate seismic design [46]. In February 2010, an 

earthquake of magnitude Mw=8.8 hit Chile and left 432 people dead and many more 

injured. 810000 houses were damaged, among which 160000 either collapsed or were 

heavily damaged [47]. Damages greater than expected on new and well-designed 

buildings, alongside with the prevalence of nonstructural damages, pushed forth the 

need for the revision of the Chilean Seismic Code [48]. 

New Zealand was also hit by a series of seismic events in 2010-2011, which is known 

as the Canterbury earthquake swarm, and counted 3690 main events and aftershocks. 

The main shock of the Darfield earthquake had a magnitude of Mw=7.1 while the 

Christchurch main shock had a magnitude of Mw=6.2. Considerable damages were 

inflicted to buildings, particularly to unreinforced masonry structures [49]. Damages 

to nonstructural components, such as chimneys, parapets, gable walls and racks and 

shelves, were a major cause of the economic loss from the Darfield event [50]. The 

Christchurch event caused the death of 181 people [51] and damages of varying 

intensity to more than 2200 buildings, mostly masonry structures of some type [52]. 

This event saw the infliction of severe damages or collapse of 135 RC structures; the 

collapse of two midrise buildings was the cause of death of 135 of the victims of the 

Christchurch earthquake [53]. 

The discussion on some of the major seismic events that have hit two of the most 

seismically active regions in the world, the Mediterranean region, and the Ring of Fire, 

shows that time and again devastating earthquakes will occur. While some of the 

events mentioned in the paragraphs above have had outstanding magnitudes, in many 

cases the inadequacy of the design and construction practices are the cause of the 

extensive damages that were observed. A good example of this is the Durres 

earthquake of 2019, which was a moderate earthquake, but caused severe damages to 

the poor country of Albania. The construction practices are highly debatable, and the 

seismic code in use has not been updated in almost 40 years. 
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1.2 Problem Statement 

Main earthquake events are generally followed by site visit from teams of specialists, 

who then report the findings of the visit in their scientific publications. There is a 

limited number of reports which explicitly mention damages to wide beam structures, 

or even further correlate the damages to this type of structure. 

Waffle slab structures with hidden beams seem to have been common in Mexico until 

the earthquake of 1985. Esteva [54] and Meli and Avila [55] describe the damages 

suffered by several waffle slab structures during this earthquake, however in most of 

the cases a mix of several reasons such as poor detailing of columns, ribs etc., 

contributed to the ultimate damage state of these structures. This was likely in part due 

to the design of waffle slabs using the same procedure used in the design of 

conventional solid slabs, which are more rigid than waffle slabs [56]. Sordo et al. [57] 

investigated a 12 story waffle slab RC building with wide beams, and reported 

damages on columns and shear walls as well as bending cracks in the slabs. They noted 

that the formation of flexural cracks in the slabs enabled the structure to reach some 

ductility, thus they concluded that waffle slabs can develop ductile behavior if 

designed to avoid early shear failure. Though waffle slab structures that were severely 

damaged or collapsed constituted about 41% of the total number of damaged 

structures, only 4% of the failures occurred due to punching of waffle slabs [54, 58]. 

Wide beams seem to be more problematic in the Mediterranean region. The 

observations of damages from the site visit after the Durres earthquake of 2019 

reported the lack of conventional beams and the predominance of wide beams as one 

of the major factors that contributed to the unsatisfactory performance of the damaged 

buildings [38]. Doğangün [25] reported that buildings with ribbed slabs and shallow 

beams suffered heavy damages and one such building collapsed causing the loss of 30 

lives. The considerable damages after the Lorca earthquake were also partially 

attributed to the widespread use of wide beam frame systems [59]. Some more 

examples from Turkey include the damaged Provincial Hall during the Adapazarı 

earthquake of 1967 [60]; most of the residential structures that were damaged during 

the Adana-Ceyhan earthquake of 1998 [61]; and the reinforced concrete building stock 

of Erzincan that were hit by the 1992 earthquake [62]. During both the Haiti earthquake 
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and the Chile earthquake of 2010, the damage reports showed wide beam structures 

among the damaged buildings, or stated their presence, but did not relate damages to 

the structural type [46, 47]. 

In Turkey, residential structures are often constructed using ribbed and sometimes 

waffle slabs, in which the main load carrying beams are shallow beams. The ribbed 

slabs are locally known as asmolen, after the type of brick that is commonly used to 

fill the void between the ribs, and this type of construction is known as wide beam 

structures. The wide beams are preferred mostly due to architectural reasons since the 

beams remain hidden in the slabs and make for very aesthetically appealing interiors. 

However, there seem to be concerns regarding the ability of WBF to sustain seismic 

loads, which is why the newly updated Turkish Building Earthquake Code (TBEC) 

[63] contains restrictions regarding this type of construction. 

The main perceived issues with wide beam frames are excessive deformation and lack 

of ductility capacity. This perceived lack of ductility capacity is reflected in the seismic 

standards of some countries which denote wide beam frames as Limited or Mixed 

Ductility class [63-65]. Even though wide beams have widths considerably large to 

compensate for the limited depth and provide the required capacity, they are less stiff 

than an equivalent conventional beam. This translates in lower lateral stiffness for the 

frames, and therefore higher expected demands.  

Some of the questions that could be asked are:  

▪ What is the seismic demand of wide beam frames? 

▪ Is it that much higher than the seismic demand of conventional beam frames 

designed similarly? 

▪ If yes, does this type of structures possess sufficient capacity to withstand the 

higher demand? 

▪ Are the code provisions regarding wide beam frames too demanding? 

▪ Can any of these provisions be loosened without negatively affecting the 

performance of this type of structures in case of an actual seismic event? 

This thesis sets out to answer the above questions by performing a thorough analytical 

investigation on wide beam frames that are designed according to the clauses of TBEC 

2018. TBEC2018 was chosen for design, in order to focus on new, code-conforming 
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construction. 30 frames were designed, and then analyzed to obtain their capacities 

and their expected seismic demand. The capacities of the frames were obtained from 

nonlinear static analyses. The seismic demands were obtained from nonlinear dynamic 

analyses, performed using ground motion records pertaining to past earthquakes. 

Seismic demand was measured in terms of interstory and global drift ratio. 

While earthquakes cannot be predicted and the good or bad performance of a structure 

to a particular earthquake is not a definite indicator of said structure to any given 

earthquake, performing many analyses using many ground motion records, which are 

selected randomly, but are compatible with the seismicity of the presumed location of 

construction can give a good idea of demand. Such an approach is suggested in US 

Federal Emergency Management Agency, Seismic Performance Assessment of 

Buildings Guide (FEMA P-58), which is the document used as the main guideline for 

the assessment of seismic demand. 330 demand data were obtained; 30 sets of time-

history analyses for each of the frame models, and they were processed to obtain the 

expected seismic demand. 

For this purpose, 30 simple and symmetric frames were designed. While the study 

aims to assess the role of wide beams on the performance of structures, other 

parameters were tested as well. Half of the frames were designed for soil class C and 

the rest for soil class D. Most of the frames were regular and symmetric in elevation 

with four and six stories, and two, four and six bays, while some of the frames were 

designed to have different story heights and bay lengths. They were denoted as 

irregular frames. Two dimensional (2D) frames were used in order to be able to 

perform more analyses, since less time is required for modeling and analyzing 2D 

frames rather than three dimensional (3D) frames. The response of 3D frames is also 

obtained in each direction separately generally, thus 2D frames were found suitable. 

Each type of frame, defined by a soil class, number of stories and bays was designed 

three times, once with conventional beams, to be used as reference models, and the 

other two with wide beams. Two approaches were used for the selection of the size of 

wide beams. In one case, small width wide beams were used, their width set equal to 

the column width on which they are supported. In the second case, great width wide 

beams were used, in which the width is set to the maximum permissible value by 

TS500. 
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1.3 Thesis Outline 

This thesis is composed of eight main chapters and three appendices. Below are given 

detailed information about the content of each chapter. 

Chapter 1 – Introduction provides some general information regarding wide beam 

frames, their use, spread and related problems. In this chapter some of the most notable 

seismic events and their consequences in the last decades have been summarized. The 

literature was investigated to gather information about damages to wide beam frames 

during earthquakes, whether mentioned explicitly or implicitly. Afterwards, the 

problem statement was laid out and the method with which this problem was addressed 

in this thesis is briefly discussed. 

Chapter 2 – Literature review presents a summary of work previously done, solely 

on the topic of wide beams and related structures and substructures. The stances of the 

major codes on the topic of wide beams were initially discussed. Afterwards, 

experimental studies on wide beam-column connections were summarized. Finally, a 

review of the analytical work on wide beam structures was presented. 

Chapter 3 – Design of models presents information about the code procedure (TBEC) 

for the design of wide beam structures. It was followed by a detailed explanation and 

description of the frame models that were used in this thesis. Additionally, the 

parameters that were varied in the model database were also discussed. 

Chapter 4 – Creating the Nonlinear Models presents the approach used to model 

the nonlinear behavior of the reinforced concrete frames and their constituting 

elements. Nonlinear material properties were discussed in this chapter, and then the 

nonlinear formulations of structural elements were presented. The assumptions and 

simplifications for some of the structural elements or analyses choices were explained 

as well. 

Chapter 5 – Pushover Analyses initially presents the method used to perform 

pushover analyses and analyze the outcome that was used in this thesis. Afterwards, 

the results of the pushover analyses for all the models are presented. An assessment 

and discussion on the behavior of the frames is presented based on the capacities and 

mechanisms obtained from the pushover analyses. 
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Chapter 6 – Time-History Analyses initially presents the method used to select 

ground motion records and obtain seismic demand from time-history analyses. 

Afterwards the demand results were reported for all the frames. A discussion of the 

demand obtained from time-history analyses was presented at the end of this chapter. 

Chapter 7 – Reliability Assessment. This chapter presents the method laid out in 

FEMA P-58 for the assessment of seismic demand. It includes a discussion on 

uncertainties, and the code-based and probabilistic assessment of the seismic demand 

of the frame models were presented. The chapter was concluded with an interpretation 

and discussion of the obtained results. 

Conclusion summarizes the work that was done in this thesis and the findings that 

were obtained. It assesses the completeness of the work and provides suggestions on 

how it can be furthered. 

Appendix A contains all the detailed drawings of the frame sections and the gravity 

load configurations. 

Appendix B lists the ground motion records of all the sets. 30 sets were selected each 

for Soil Class C and SDS=0.5, Soil Class D and SDS=0.5, and Soil Class D and SDS=0.75. 

The compatibility of the ground motion records of each set with the corresponding 

response spectrum is also shown in this Appendix. Graphs containing the acceleration 

spectra of the ground motion records, their mean spectrum and the target spectrum for 

each set of ground motion records are provided for all 90 sets. 

Appendix C contains the results of the time-history analyses that were not presented 

in Chapter 5. These include the graphs of variance of global drift ratios, the graphs of 

interstory drift ratios and the graphs of their variance for each story and each frame. 
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Chapter 2 

2A Summary of the Research Pertaining 

to Wide Beam Structures 

Reinforced concrete construction is at the same time an ancient and a new technology. 

It is ancient in that concrete was a known construction material in the Roman Empire. 

It is new in that it has seen a surge in use, development and regulation in the 20th 

century. Consequently, wide beam structures are a relatively new form of construction. 

Nonetheless they have gained popularity especially in regions in which reinforced 

concrete framed structures are commonly used. Wide beams are often found in one-

way joist slab systems. 

Sometimes wide beam structures are recognized as a separate form of construction, 

while in other cases they are not distinguished from other type of reinforced concrete 

frame construction. This chapter focuses on the works published on the topic of wide 

beam construction. A revision of pertinent code provisions is presented initially, 

followed by a summary of experimental studies on wide beam column connections, 

and concluded by a review of analytical studies on wide beam frames. 

2.1 Review of Code Provisions and Regulations 

Regarding Wide Beam Structures 

The Turkish Building Earthquake Code of 2018 (TBEC2018) [63] defined wide beam 

moment-resisting frames, which in Turkey are commonly known as asmolen, as 

Limited Ductility Class (LDC). Moment frames and shear wall dual systems 

containing asmolen slabs and wide beams can be designed as Mixed Ductility Class 

(MDC). This definition has implication with respect to wide beam structures. It limits 
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the number of stories a WBF can have and where it can be constructed. WBF without 

shear walls can be constructed only in areas with Seismic Design Coefficient (SDC) 3 

or 4. TBEC2018 keeps the provisions of TS500 [66] regarding beam section depth, 

width and flange width. TEC2007 [24] on the other hand did not automatically define 

wide beam structures as Nominal Ductility Class. Italian [67] and Spanish [64] seismic 

codes have defined structures containing wide beams or ribbed slabs as Low Ductility 

Class as well, similar to the approach of TBEC2018. The definition of wide beam 

structures as LDC again has implications with respect to the seismic hazard for which 

they can be designed. 

ACI standards recognize wide beams as a type of structural member which can display 

different structural behavior than other types of flexural members. ACI 318 [1] relates 

the maximum width permissible for wide beams to the size of the column on which it 

is supported rather than the depth of the beam itself. ACI 352 [68] emphasizes this 

relationship is important to ensure the formation of plastic hinges on the wide beam 

rather than the column. ACI 352 also states that provisions for shear reinforcement of 

wide beams are too restrictive, since wide beams generally are subjected to low shear 

stresses. 

Other codes do not pay particular attention to wide beams, but they provide minimum 

and maximum section sizes for beams in general. The defined maximum beam widths 

accommodate wide beam sections as well. This approach is taken by Eurocode 8 [69], 

New Zealand Standard [70] and Greek Seismic Code [71]. Eurocode 2 [2] regulates 

the section aspect ratio for beams to avoid excessive slenderness and second order 

effects, while the National Building Code of Canada [72] defines the minimum ratio 

of width to depth for members of ductile moment-resisting frames. 

2.2 Wide Beam – Column Connections 

A considerable amount of research is available on wide beam column connections. 

Mostly, these are experimental studies that have focused on different aspects of design 

and performance of wide beam connections. Most of the studies have focused on 

beam-column connections designed according to the seismic codes used at the time of 
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publication. However, a few studies have focused on connections that represent 

existing structures, and connections that have been designed for gravity loads only. 

Hatamoto et al. [73] investigated the effect of the ratio of beam width to column width 

and the amount of beam longitudinal reinforcement that can be placed outside the 

column core. They found that the ideal beam width to column width ratio limit is 2, 

larger ratios result in smaller beam effective widths. The longitudinal reinforcement 

of the beam placed outside the column core resulted in torsional stress in the outside 

portions of the beams and reduced the energy dissipation capacity, therefore it was 

suggested that the maximum amount of reinforcement that will not pass through the 

column should be limited. The effect of beam longitudinal reinforcement not passing 

through the column was investigated by Popov et al. [74] as well. They found that the 

rebars located outside the column core were strained sufficiently to contribute to the 

lateral resistance and energy dissipation capacity of wide beam connections, and that 

well designed transverse beams were important for the good behavior of these bars. 

Gentry and Wight [75] tested exterior connections designed according to ACI352 and 

reported that wide beam column connections are suitable for construction in zones of 

high seismic risk when these connections are designed and detailed appropriately. 

They stated that the torsional demand in the transverse beams should be controlled in 

order to allow the wide beam to develop a flexural hinge. LaFave and Wight [76] also 

reported torsional cracking in the transverse beams of exterior wide beam connections. 

However, the performance of the connections was satisfactory even when most of the 

wide beam longitudinal reinforcement was anchored outside the column core. 

Furthermore, the portions of the wide beam outside the column were found to 

contribute to the joint shear strength, thus very little joint shear cracking was observed. 

The wide beams did not experience any shear cracking at all. Another study from 

LaFave and Wight compared exterior wide beam connections to conventional beam 

connections [77]. They reported that well designed wide beam connections were 

capable of dissipating similar amount of energy to conventional beam connections and 

exhibit similar displacement behavior as well. Wide beam connections experienced 

less joint and beam shear cracking than conventional beam connections. Greater slab 

participation was observed in wide beam connections. Regarding the torsion stresses 

in the transverse beams, they reported that proper design was sufficient to keep these 
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stresses low, and not affect the overall behavior of the connections. Quintero-Febres 

and Wight [78] investigated the effect of the beam width to column width ratio in 

interior connections. Larger column sections, thus lower ratios would be beneficial to 

reduce or eliminate pinching in the hysteretic curve of the interior wide beam 

connections. Another important factor affecting the hysteretic behavior of the 

connections was the amount of longitudinal reinforcement of the wide beams passing 

outside the column core. On the other hand, proper design of the connections was 

reported to guarantee adequate behavior, strength, and deformation capacity. This 

study confirmed slab contribution to the capacity of the beams as well. LaFave [79] 

summarized the studies on wide beam connections and suggested that transverse 

reinforcement requirements for wide beams can be relaxed. He also concluded that the 

wide beam contributes to the shear capacity of the joints, and that torsional cracking 

of transverse beams is observed on both wide and conventional beam connections, but 

as long as transverse beam reinforcement yield is prevented this cracking is not 

problematic. 

The anchoring of wide beam longitudinal bars was seen as a problem in wide beam 

connections because the load transferred from these bars caused torsional stresses and 

cracking in the transverse beams. Several studies [80-84] focused on intentional rebar 

debonding as a strategy to avoid torsion failure of transverse beams. They reported 

that while wide beam connections built according to the local seismic code performed 

satisfactorily for low seismic risk, debonding of wide beam longitudinal bars outside 

the column core improved the behavior of the connections and made them suitable for 

construction in zones of high seismicity. Bar debonding reduced torsional stresses in 

the transverse beams. Another suggestion for improving the seismic behavior of wide 

beam connections was to focus most of the bottom beam reinforcement within the 

column core. 

Kulkarni and Li [85] and Li and Kulkarni [86] investigated the behavior of interior and 

exterior wide beam connections respectively. They used experimental tests to calibrate 

finite element (FE) models and perform parametric studies on the effect of column 

axial load, transverse beam, and wide beam longitudinal bar anchorage ratio. They 

reported that column axial load levels up to 40% for interior and 25% for exterior 

connections can be beneficial for their behavior. They found that torsional behavior of 
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the transverse beams can control the overall behavior and capacity of the connections 

and suggested proper design of these members. The bars anchored outside the column 

core yielded after the bars anchored within the column core, and this resulted in the 

delay in the formation of plastic hinges in the wide beams. The study concluded that 

wide beam connections that were properly designed and detailed to resist seismic 

forces displayed adequate behavior and reached their lateral load and displacement 

capacities. 

Masi et al. [87] and Masi and Santarsiero [88] tested exterior wide beam connections 

designed according to the local code for three seismic zones. They reported that the 

insufficient anchorage length of beam longitudinal reinforcement can result in poor 

bonding and bar slip. Larger amounts of longitudinal reinforcement were also found 

to be not beneficial, and result in earlier formation of shear cracks in the joints. 

Benavent-Climent [89] tested wide beam-column connections designed primarily for 

gravity loads on a shaking table and found that wide beam connections had very low 

initial lateral stiffness and the behavior of the connections was generally controlled by 

the torsion in the transverse beam. Surprisingly, the beam-column joints did not fail, 

and while the tested exterior connections exhibited strong column-weak beam 

behavior, the interior connections displayed weak column-strong beam behavior. The 

torsional cracking and failure of the transverse beams was observed from Benavent-

Climent et al. [90], which tested interior connections under cyclic loading. They found 

that this behavior prevented the wide beams from reaching their full moment capacities 

and resulted in low ductility. The exterior connections representative of connections 

found in the moderate seismicity areas of the Mediterranean region during the 1970-

1990 and tested by Benavent-Climent et al. [91] also displayed low ductility. 

Furthermore, drift ratios several times higher than the drift ratio suggested by 

Eurocode 8 for Damage Limitation were observed. Low energy dissipations were 

exhibited by the interior and exterior wide beam connections tested on both above 

mentioned studies.  

However, Elsouri and Harajli tested both interior [92] and exterior [93] wide beam 

connections that were primarily designed for gravity loads, but seismic detailing were 

added to some of the connections. They reported that detailing the connections 

according to ACI318 guidelines for seismic resistant structures improved considerably 
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their energy dissipation, lateral load and displacement capacities. The failure mode 

shifted from joint shear to beam flexural failure. 

Fadwa et al. [94] compared both interior and exterior wide beam connections to 

conventional beam connections designed for modern codes and found their behavior 

satisfactory. They reported that the wide beam connections had higher energy 

dissipating capacity and better hysteresis response than conventional connections. 

They noted that the presence of longitudinal reinforcement in the transverse beams 

helped avoid torsion failure of the connection and led to a pure flexural failure. 

Mirzabagheri and Tasnimi [95] tested roof connections with wide and conventional 

beams and found that while wide beam connections were more ductile, there were no 

significant differences between the load and energy dissipation capacity between the 

specimens. None of the specimens reached their design strength, but the joint shear 

design was adequate in wide beam connections. Mirzabagheri et al. [96] further 

investigated the transverse beams of wide beam column connections. They tested two 

interior connections, in which one had a transverse beam on one side only, and the 

other connection had transverse beams on both sides. They reported that the presence 

of transverse beams on both sides provided better confinement for the joint and 

resulted in better overall behavior. Pakzad and Khanmohammadi [97] also tested four 

wide beam-column connections that were properly designed and detailed to withstand 

seismic action and reported that the expected capacities were exceeded and ductile 

behavior was observed. They noted that beam flexure determined the response of the 

connections, while brittle mechanisms such as shear and torsion were not observed. 

They also noted the importance of proper detailing and adequate transverse beams. 

Using conventional beams as transverse beams for wide beams considerably reduced 

the torsional strains in the reinforcement of the transverse beams itself. 

Huang et al. [98] investigated the effect of design shear force to nominal shear strength 

ratio on exterior wide beam connections designed for modern codes. They reported 

that premature joint shear failure was not observed in any of the specimens tested, 

however the ratio affected the behavior. The first specimen with a joint shear force to 

strength ratio of one exhibited a ductile behavior, only wide beam flexural failure was 

observed. The other specimen which had a joint shear force to strength ratio of 1.7 

displayed joint shear failure after the wide beam had hinged and the maximum capacity 
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was reached. Behnam et al. [99] tested four exterior wide beam connections with 

different beam width to column ratios and different joint shear ratios. They concluded 

that for connections with low beam width ratio and joint shear ratio the behavior was 

governed by the flexural hinge of the beam, and very few if any cracks were formed 

in the joint region. Connections with higher ratios displayed shear cracking in the joint 

region. The behavior of the specimen with beam width ratio of 2.5 was governed by 

the torsional failure of the transverse beam. However, they noted that the portions of 

the wide beams outside the column core contribute to the joint shear capacity. Beam 

width ratios lesser than two were reported to produce more favorable behavior in wide 

beam connections. Behnam and Kuang [100] investigated the effect of transverse 

beams on wide beam connections by using specimens that had the same column and 

wide beam, but transverse beams with varying geometry and reinforcement. They 

reported that transverse beams with no reinforcement at all produced pure torsional 

failure of the connections. Conventional beams used as transverse beams did not 

contribute considerably to the shear capacity of the joints, while well detailed wide 

beams used as transverse beams provided the solution for avoiding both transverse 

beam torsion failure and joint shear failure. Another study from Huang at al. [101] 

investigated the effect of longitudinal reinforcement ratio of the wide beams on the 

behavior and failure mode of exterior connections. They found that connections with 

low beam reinforcement ratios (0.84%) displayed purely ductile behavior, while in the 

other specimens with reinforcement ratios greater than 1%, joint shear cracking was 

observed after the yielding of the wide beams, thus beam flexure-joint shear failure 

mode occurred. The transverse beams were designed according to ACI318 and did not 

experience any damage. 

The shear design of wide beams was investigated by Serna-Ros et al. [102] through a 

series of tests on wide beams of different reinforcement configurations. They 

recommended that the spacing between the stirrup legs should be around the value of 

the effective depth of the beams, and thus two-legged stirrups should not be used in 

wide beams. They found that the ACI318 shear capacity formulations underestimated 

the shear strength of wide beams, and that the spacing requirements are conservative. 

This study suggests a spacing of 0.8 times the depth for the stirrups of wide beams. 

These observations were confirmed by Shuraim [103] as well. 
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2.3 Wide Beam Frames 

The performance of WBF have been studied analytically, and different parameters 

have been evaluated. In some instances, the behavior of existing WBF was of interest, 

in some other cases, design and regulation requirements were put to test. 

As it is obvious from the literature, WBF have been quite common in Spain for about 

half a century. The earthquake that hit the city of Lorca in 2011 caused considerable 

damage even though it had a moderate intensity [59]. 

Donaire-Avila et al. [104] reported that a considerable number of WBF were subjected 

to different levels of damage during this earthquake. It was noted that the irregular 

distribution of infill walls in the elevation of the WBF, particularly the lack of infills 

in the ground floors resulted in soft story mechanisms, and ground floor collapses. Soft 

and weak story mechanisms are a commonly reported failure mode in conventional 

RC structures as well, both due to the lack of infills and higher story height in the 

ground floors, that are generally used for commercial purposes [23, 25, 29, 30]. 

The effect of infill walls on the performance of existing WBF in Spain, representative 

of typical buildings for different time periods, was investigated in several studies. 

Benavent-Climent at al. [105] reported that infill walls can reduce the seismic capacity 

of structures and adversely affect their behavior by increasing the risk of local 

damages. Lopez-Almansa et al. [106] reported that while infill walls can increase the 

seismic capacity of WBF, the effect is short-lived, since infill walls are known to crack 

and fail at early stages. Dominguez et al. [107] noted that even infill walls could not 

improve the behavior of existing WBF sufficiently to resist the Lorca earthquake. 

Finally, Dominguez et al. [59] investigated the contribution of infill walls in 

association with the level of seismic design of the WBF. They reported that structures 

that were not designed for any seismic action would collapse from Lorca earthquake 

with or without the contribution of infill walls. However, they found that infill walls 

seem to improve the behavior of seismically designed WBF and upgrade their 

performance to moderate-to-severe damage. 

Vielma et al. [108] investigated the performance of waffle slabs buildings, flat beam 

frame buildings and moment resisting frame buildings in Spain through pushover and 
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time-history analyses. While all the assessed models displayed higher behavior factors 

than the code required values, waffle slabs buildings and flat beam frame buildings 

were reported to be more likely to reach severe damage than moment resisting frame 

structures. On the other hand, Benavent-Climent at al. [105] suggested that applying 

capacity design to WBF could reduce the damage level of the structures to moderate 

or severe damages and thus avoid collapse. Research on WBF designed with modern 

codes, such as Eurocode 8, displayed a more positive situation. Gomez-Martinez et al. 

[109, 110] assessed the need for the reduced behavior factor which is required by both 

NTC and NZSE for WBF, but not by Eurocode 8. They reported that Eurocode 8 

designed WBF had capacities similar to normal beam RC frames, and that designing 

the WBF for Damage Limit States makes the use of a reduced behavior factor 

unnecessary. Similarly, the ductility of WBF was investigated by Gomez-Martinez et 

al. [111]. Again NTC and NZSE classify WBF as Limited Ductility Class, while 

Eurocode 8 does not make a differentiation. They found that modern code seismic 

design procedures, such as those described in Eurocode 8 guarantee sufficient ductility 

for WBF as well. They reported that the ductility of WBF relies more on the lateral 

stiffness of the frames than the local rotational ductility of wide beams. The low local 

rotation ductility of wide beams that results from limited heights and high 

reinforcement ratios has been often thought to be one of the reasons of unsatisfactory 

performance of WBF [59, 106]. 

The situation of WBF in Turkey and the corresponding design practices and provisions 

of TEC were investigated by Dönmez [112]. It was reported that the force-based 

methods may not be sufficient to provide adequate design for WBF, and rather 

displacement-based design was suggested. It was also noted that WBF designed 

according to TEC did not meet the performance criteria of that code and displayed 

behavior that was not sufficiently ductile. 

2.4 Summary and Discussion of Literature Regarding 

Wide Beam Structures 

Reinforced concrete construction containing wide beams of some form has been 

around for the last 50-60 years. There is still no consensus whether this type of 
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construction should be treated as a separate substructure or not. Wide beams are 

acknowledged in ACI 318, AC1 352 and NZS but no limitation besides the maximum 

beam width is provided. On the other hand, countries in the Mediterranean region such 

as Turkey, Italy and Spain, where this type of beam is quite common, and the seismic 

hazard is high, do not treat wide beams as equivalent alternatives to conventional 

beams. Limitations regarding ductility class and permissible seismic hazard are present 

in the national codes of these countries. The rest of the summarized seismic codes do 

not provide any clauses pertaining wide beams. 

There is almost a universal agreement that wide beam connections are more flexible 

than conventional beam connections, however LaFave and Wight [77] found this 

discrepancy to be smaller in the experimental estimation of initial stiffness than from 

the analytically determined initial stiffness of wide beam and conventional beam 

connections. Wide beams are generally subjected to low shear stresses and the shear 

reinforcement requirements can be relaxed. Wide beams were also found to contribute 

to the shear capacity of the joints. Joint shear cracking was generally not the main 

failure mode of wide beam connections. There is no definite consensus on the torsion 

behavior of transverse beams. In some cases, torsion failure of transverse beams seems 

to govern the behavior of the connections, while in some other studies it is reported 

that proper design and detailing of the transverse beams is sufficient to prevent such 

brittle failure. Wide beams up to 1000 mm, and connections with beam width to 

column width ratio up to three were tested. While it was reported that even such 

connections can perform well under quasi-static loading, connections with beam width 

to column width ratio of two or less performed better. In such connections more of the 

beam longitudinal bars are anchored within the column core, and it was reported by 

several studies that anchoring a higher percentage of longitudinal bars within the joint 

yields better seismic performance. Mostly well-designed wide beam-column 

connections seem to attain satisfactory load, displacement, and energy dissipation 

capacities, comparable to the capacities of conventional connections. Connections 

representing existing structures did not perform particularly well, essentially due to 

poor design. 

Analytical studies on existing WBF concluded that their capacities are often 

insufficient, and even infill wall contribution does not provide adequate strength 
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against seismic action. Methods such as Capacity Design, designing for Damage Limit 

State or Displacement-Based Design were reported to result in WBF that were ductile 

and performed comparably to CBF. It was also noted that the larger displacements 

observed in WBF are due to larger chord-rotations that results in columns due to 

greater length, and in beams due to smaller depths [109, 110]. 

In overall, the key takeaway from the experimental studies conducted on wide beam 

connections is that specimens that are properly designed and detailed to resist seismic 

forces, have a limited beam width to column width ratio and a limited percentage of 

beam longitudinal reinforcement anchored outside the joint perform satisfactorily and 

comparatively to conventional beam connections. Analytical studies on WBF also 

pinpoint modern seismic design practices as fundamental for good seismic 

performance. Therefore, a satisfactory or non-satisfactory performance of WBF is 

more connected to good design practices, rather than inherent to the structural type. 
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Chapter 3 

3Frame Models and Design According 

to TBEC 

An extensive analytical procedure was designed to assess the behavior and 

performance of WBF. This procedure aimed to provide answers to the questions that 

were pondered in the Introduction and sufficient data to validate the results. For this 

purpose, 30 frames with different properties were designed according to TBEC. 

Besides the type of beam, conventional or wide, some other design features were 

varied as well. These features were soil class, number of stories, number of bays and 

regularity. Most analytical studies, and the majority of the work presented in this thesis 

as well make use of regular and symmetric models. Such simple models have two-fold 

advantages: (1) they enable observing the effect of a parameter in the outcome more 

easily due to their simplicity; (2) they enable performing more analyses due to the 

reduced time and computational effort required in the design, modeling, analysis, and 

assessment stages. On the other hand, irregularity is more difficult to include due to its 

own nature. Besides the regular frames, several irregular frames are further analyzed. 

Some design parameters such as material grades and column section type were decided 

based on the available literature. The rest of the design features were determined 

according to TBEC, which has provisions for the design of wide beam frames which 

limit parameters such as total building height and design seismic hazard. Therefore, 

firstly a brief summary of the TBEC clauses relevant to the design of wide beam frames 

were summarized in this chapter. Afterwards the geometrical features of the frames 

and other design parameters were explained in detail, followed by a summary of the 

models and discussion on the outcomes of the design. 
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The design procedure of TBEC is based on capacity design, which implies that a 

certain hierarchy of failure is expected for code-compliant structures. Capacity design 

stipulates a failure hierarchy both among the members and among the failure modes 

within a member. The basis of it is that no brittle failure modes should occur before 

the ductile failure modes, and the member failure chain should be beams-columns-

shear walls-joints. Therefore, when designing a structure, after the calculation of 

internal actions from the external forces, the following should be ensured: 

▪ The shear capacity of beams and columns is greater than the shear forces 

resulting as both the action of external forces and moments at the end of the 

members. This will make sure that beams and columns reach their moment 

capacities before their shear capacities. 

▪ The moment capacities of the beams in a joint should be less than the moment 

capacities of the columns intersecting them. This condition, also known as 

strong column-weak beam behavior, ensures that beams reach their moment 

capacities before columns that intersect them do. 

▪ Beam-column joints should remain elastic meanwhile. 

3.1 Turkish Building Earthquake Code of 2018 and 

Wide Beam Frames 

The Turkish Building Earthquake Code [63] defines three ductility classes for 

reinforced concrete construction, Limited, Mixed and High. Each of the Ductility 

Classes comes with the permissible Seismic Design Categories (SDC), and each 

substructure type comes with a permissible Building Height Class (BHC). Ribbed slab 

(asmolen) structures without shear walls are defined as Limited Ductility Class (LDC). 

The maximum permissible BHC is 7, so the total height of WBF without shear walls 

cannot exceed 17.5 m. WBF without shear walls can only be constructed in seismic 

zones defined as SDC3 and SDC4. The corresponding maximum short period spectral 

acceleration coefficient SDS is 0.5. The behavior factor and overstrength of WBF are 4 

and 2.5 respectively. 

Since WBF are designated as LDC, all the structural elements, such as columns, beams 

and joints, are designed as Limited Ductility elements. TBEC requires that the smallest 
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dimension of RC columns be not less than 300 mm, and that the beam width be not 

less than 250 mm. The Turkish Standard [66] regulates the rest of the section size 

requirements, such as minimum beam depth and maximum beam width. These are 

defined as: 

▪ Minimum beam depth should not be less than 300 mm or three times the depth 

of the slab, whichever is the smallest. 

▪ Maximum beam width should not be more than the summation of the beam 

depth and column width (the size of the column perpendicular to the axis of the 

beam) 

Designing beam and column sections and joint panels as LDC yields to greater 

reinforcement ratios and smaller transverse reinforcement spacing. Additionally, LDC 

structures are not checked for compliance with the strong column-weak beam 

mechanism. 

3.2 Seismic Action  

The frame models were designed for the maximum permissible seismic hazard, that is 

SDC3 and short period spectral acceleration coefficient SDS=0.5. Normally TBEC is 

accompanied by an interactive digital seismic hazard map for Turkey [113], shown in 

Figure 3.1. Most commercial design programs available in Turkey have this map 

embedded. For design purposes, the location of the building to be designed is entered, 

the seismic design coefficients are retrieved, and the response spectrum is generated. 

In this thesis the process of calculating the response spectrum went in the opposite 

direction. The models are hypothetical and there is no location to start with, but there 

is a preferred seismic hazard level known in terms of short period spectral acceleration 

coefficient SDS. The acceleration spectrum of TBEC is defined by Equations (3.1) to 

(3.4), where: 

Sae – horizontal elastic design spectral acceleration 

SDS – short period design spectral acceleration coefficient 

SD1 – design spectral acceleration coefficient for 1 s period 
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TA, TB – corner periods 

TL – constant displacement zone period 

 

 

Figure 3.1: Seismic Hazard Map of Turkey in terms of PGA 
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The corner periods of the response spectrum are calculated by Equations (3.5) and 

(3.6). SD1 parameter is unknown and should be retrieved from the interactive Turkish 

Seismic Hazard Map. This again requires building location coordinates, which is not 

possible for the models presented in this thesis. 
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On the other hand, both SDS and SD1 can be calculated using Equations (3.7) and (3.8) 

respectively. SS and S1 are short period spectral acceleration and spectral acceleration 

for 1 s period respectively. FS and F1 are local soil coefficients for short period and 1 

s period respectively. The values of FS and F1 are tabulated in TBEC and are dependent 

of soil class and the corresponding spectral acceleration coefficients. Parameters SS, 

S1, FS and F1 are necessary to generate the design elastic spectrum. 

 DS S SS S F=  (3.7) 

 1 1 1DS S F=  (3.8) 

 

Table 3.1: FS values suggested in Table 2.1 in TBEC[63] 

Local 

Soil 

Class 

Local Soil Effect Coefficient for Short Period Zone 

SS ≤0.25 SS =0.50 SS =0.75 SS =1.00 SS =1.25 SS ≥1.25 

ZA 0.8 0.8 0.8 0.8 0.8 0.8 

ZB 0.9 0.9 0.9 0.9 0.9 0.9 

ZC 1.3 1.3 1.2 1.2 1.2 1.2 

ZD 1.6 1.4 1.2 1.1 1.0 1.0 

ZE 2.4 1.7 1.3 1.1 0.9 0.8 

ZF Field assessment to be performed 

 

SS and FS were obtained from Table 3.1. The soil classes of interest are C and D. In 

order to obtain an SDS =0.5, the SS and FS parameters are taken as below: Interpolation 

was used when necessary to calculated FS. 
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▪ For soil class C, SS=0.385 and FS=1.30 

▪ For soil class D, SS=0.324 and FS=1.54. Interpolation was used to obtain FS. 

TBEC provides a similar table that relates parameters S1 and F1 as well, shown here in 

Table 3.2. However, it is not possible to determine these parameters from the 

information available. 

 

Table 3.2: F1 values suggested in Table 2.2 in TBEC[63] 

Local 

Soil 

Class 

Local Soil Effect Coefficient for 1 s Period Zone 

SS ≤0.10 SS =0.20 SS =0.30 SS =0.40 SS =0.50 SS ≥0.60 

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 2.4 2.2 2.0 1.9 1.8 1.7 

ZE 4.2 3.3 2.8 2.4 2.2 2.0 

ZF Field assessment to be performed 

 

3.2.1 Determining S1 and Calculating SD1 

The use of spectral acceleration coefficients and local soil parameters to estimate the 

seismic hazard of a zone is an approach taken by modern codes, such as IBC [114]. 

Several studies [115-117] have provided some statistical relationship between the new 

spectral acceleration coefficients and PGA, but they seem to vary. Therefore, the 

author of this thesis set out to determine the relation of coefficient S1 to SDS for the 

seismic hazard in Turkey. For this reason, random points were selected in the 

interactive seismic map of Turkey, and the SS and S1 parameters for each of these 

locations were obtained. In order to avoid choosing the same location multiple times, 

or clustered points, one dataset was obtained for each province in Turkey, resulting in 

a dataset containing 82 data points. PGA was also noted for each of the locations and 

was used as the common factor, to which a relationship of SS and S1 was sought for. 
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Figure 3.2: Relationship of SS to PGA 

 

 

Figure 3.3: Relationship of S1 to PGA 

 

The relationship of both SS and S1 to PGA was almost linear. Figure 3.2 and Figure 3.3 

depict these relationships. The correlation between the spectral acceleration 

parameters and PGA was very good, since R2 was very close to 1 on both cases. The 

equations of the linear fits (Equations (3.9) and (3.10)) were used for the calculation 

of the desired S1 parameters. Since the SS was already estimated, the corresponding 

PGA was calculated from Equation (3.9). The corresponding PGA coefficients for soil 

class C and D were 0.167 and 0.143, respectively. The values of S1 were calculated 

from Equation (3.10) as 0.120 and 0.105 for soil class C and D respectively. The F1 
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values were obtained from Table 3.2, and are 1.5 for soil class C and 2.39 for soil class 

D. The SD1 coefficient was calculated using Equation (3.8), as 0.179 for soil class C 

and 0.251 for soil class D. 

 2.4827 0.0313sS PGA= −  (3.9) 

 1 0.6047 0.0183S PGA= +  (3.10) 

3.2.2 Response Spectra for Soil Class C and D and SDS=0.5 

The spectral acceleration coefficients and soil related parameters for soil classes C and 

D and for SDS=0.5 were calculated in the previous section and are summarized in Table 

3.3. Consequently, the design elastic response spectra for the two soil classes were 

calculated using Equations (3.1) to (3.4), and were plotted into a graph, that is shown 

in Figure 3.4. 

 

Table 3.3: Seismic hazard parameters for soil classes C and D and SDS=0.5 

 Soil Class C Soil Class D 

SDS 0.500 0.500 

SS 0.385 0.324 

FS 1.30 1.54 

S1 0.120 0.105 

F1 1.50 2.39 

SD1 0.179 0.251 

TA 0.072 0.100 

TB 0.359 0.502 
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Figure 3.4: Elastic Design Acceleration Response Spectrum for soil classes C and D 

and SDS=0.5 

 

3.3 Gravity Loads and Infill Walls 

The models were designed as residential buildings, therefore typical loadings for 

residential structures were used. The slabs were assumed to have typical layers found 

in residential structures, such as plumbing, filling, plastering, and tiling. The dead load 

of the slabs was calculated using these layers and the average unit weights reported in 

TS498 [118]. The live loads of residential structures per TS98 are 2 kN/m2 for living 

areas, 3.5 kN/m2 for stairs, 5 kN/m2 for balconies and 1.5 kN/m2 for the rooftops. But 

since the floor plans were hypothetical and simple, and no architectural plans were 

prepared, stairs were ignored, and all the slabs were assumed to have 2 kN/m2 live 

loads uniformly distributed in the normal floors and 1.5 kN/m2 in the rooftops. In the 

irregular frames, balconies were assigned the required 5 kN/m2. 

To make up for neglecting some areas typical of residential structures with higher live 

loads, a uniform infill wall distribution was assumed. On the perimeter beams, 20 cm 

thick infill walls were assumed to be continuous and without openings or 

discontinuities. On all the internal beams, 13 cm thick infill walls were assumed to be 

continuous and without openings or discontinuities. These assumptions both 

simplified modeling the magnitude and distribution of infill wall load and 

compensated for neglecting higher live loads for some areas by considering full walls 



33 

 

without openings, which is seldom the case. The load of infill walls was calculated 

based on the assumed layers, a core made of hollow bricks, plastered on both sides. 

The gravity load configurations for the frame models are provided in Appendix A, 

section A.1. 

TBEC allows for two approaches for modeling infill walls when RC infilled frames 

are designed. The walls can be modeled as isolated and non-isolated from the frame 

itself. When the walls are isolated from the frame, an isolating seismic joint is expected 

to be applied around the wall to avoid the interaction of the frame and the infill. Non-

isolated infill walls do not need such a detail. Consequently, the displacement criteria 

for which the frames are required to comply with change depending on whether the 

walls are to be designed and constructed as isolated and non-isolated. 

When infill walls are isolated from the frames, their contribution to the stiffness and 

strength of the frame is neglected. Therefore, more flexible frames are obtained, which 

require smaller sections and lower reinforcement ratios. This is an attractive alternative 

to design engineers, who need to consider construction costs carefully when making 

decisions about structural layouts, elements and design approaches. Therefore, in this 

thesis the infill walls were designed as isolated. 

3.4 Material Grades and Structural Elements 

The effect of material properties was reported by Dominguez et al. [59]. As expected, 

concrete and steel grade affected the response of WBF, concrete strength affected 

response more than steel strength. Therefore, material properties were not a parameter 

of interest in the present study. TBEC requires that concrete of grade C25 or higher be 

used in reinforced concrete superstructures, with C30 being the most commonly used 

concrete quality. It also mandates the use of ribbed steel rebars of yield 420 MPa and 

higher. The frame models were designed with concrete grade C30 and steel grade 

B420C. The material properties suggested in TBEC were used during design and 

analysis. 

The structural elements comprising the frame models were columns, beams and slabs. 

Infill walls are regarded as nonstructural elements in TBEC, and therefore they are 

included only as loads in the models (Section 3.3). The size of the structural elements 



34 

 

was determined by minimum section requirements posited in TBEC, load and 

displacement demand imposed on the frames during design, and typical section sizes 

observed in the Turkish Building Stock. 

The section size requirements of TBEC include: 

▪ The smallest side of rectangular columns should not be less than 300 mm 

▪ The beam width should not be less than 250 mm 

▪ The beam depth should not be less than 300 mm or three times the depth of the 

slab 

▪ The maximum beam depth should not be more than 3.5 times the width of the 

beam 

▪ If the beam depth exceeds one fourth of the clear span of the beam, it should 

be designed as a deep beam 

▪ The maximum beam width should not be more than the summation of the beam 

depth and column width 

▪ The depth of two-way monolithic slab should not be less than 80 mm 

▪ The topping of ribbed slabs should not be less than 70 mm 

 

 
(a) 

 

 
(b) 

Figure 3.5: Slab and beam sections (a) conventional beam and monolithic slab; (b) 

wide beam and ribbed slab 

 

These requirements provided the basis for column and beam sizing. The depth of the 

slabs was decided based on typical values found in the Marmara Region in Turkey, as 

reported by Bal et al. [119]. This study reported that the mean slab thickness of 12 cm 

was typical for conventional RC construction, while the thickness of the code-

compliant ribbed slabs is 7-12 cm for the concrete topping and 33 cm total slab depth. 
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The mean depth of code-compliant conventional beams was found to be 48 cm, and 

33 cm for code-compliant wide beams. Based on these observations the following 

decisions were made: 

▪ Monolithic slab depth → 12 cm 

▪ Monolithic beam sections → 25×50 cm 

▪ Ribbed slab depth → 30 cm 

▪ Wide beam depth → 30 cm 

The CBF were designed with monolithic slabs while the WBF were designed with 

ribbed slabs. The ribs were filled with hollow bricks, and this contributed to the dead 

load of the slabs. Sections of the two beam types together with the respective slabs are 

shown in Figure 3.5. 

The sections of columns and the width of wide beams were decided by section design. 

Square columns were used in order to avoid the effect of the weak or strong axis. 

Besides it was found that the type of column section [106] does not significantly affect 

the response of RC frames. 

Bal et al. [119] also reported that the mean story height of RC structures was 2.8 m, 

however in this study the story height was taken as 2.9 m since it fulfills the 

architectural story height requirements. Code-compliant RC structures were reported 

to have a soft story-to-normal story height ratio of 1 most of the cases, therefore the 

regular frames were designed with a uniform story height distribution. However, some 

frames were designed with elevation irregularities, and a higher ground story was one 

of the irregularities included. 

A study investigated the effect of beams spans among other parameters [106] and 

reported that longer beam spans contributed to greater damage levels to WBF. 

Therefore, beam spans were not a parameter of interest in the regular frames and a 

value of 5 m was used throughout the regular models. The frames designated as 

irregular do not comply with the story height and span length values used in the regular 

frames. 
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3.5 Frame Models Database 

Some aspects of the design of the frames, such as column type, slab depths and material 

properties were decided based on either code requirements or evidence from the 

literature. The rest of the design aspects were included as parameters, and varied 

among the models, in order to obtain a larger and more varied set of models and assess 

their effect as well. These parameters are: 

▪ Soil class. Two soil classes were considered, soil class C and D. Half of the 

frames were designed for soil class C and half of the frames were designed for 

soil class D. 

▪ Number of stories. Since the total height of the buildings was limited to 17.5 

m, at most six story frames could be designed. In this study four and six story 

frames were considered. 

▪ Number of bays. two, four and six bays were considered. 

▪ Regular vs. irregular. Most of the frames used in this study are regular frames, 

but six frames were designed with elevation irregularities. 

▪ Type of beam. Three types of beam sections were used in the models 

separately. Each frame had only one type of beam section assigned to it. The 

beam types were conventional, small wide beams and large wide beams. 

The frames were grouped in groups of three, which had identical elevation 

configuration and were designed to serve the same purposes, thus similar loads were 

imposed. So, the frames in each group were designed for the same soil class and had 

the same number of stories and number of bays. There were 10 frame groups, which 

differed from one another in terms of elevation layout, or design soil class. 

The frame groups are summarized in Table 3.4. In this table the names of the frame 

groups are given in the first column. The names of the regular frames contain one letter 

between two numbers. The first number indicates the number of stories, the letter 

indicates the soil class for which the frames were designed, and the second number 

indicate the number of bays. For example, the frames that contain 4C6 in the name are 

regular frames designed for soil class C, have four stories and six bays. The irregular 

frames are denoted simply as IC or ID. A letter or a letter and a number were added in 

front of the names to indicate the type of beam that was used in each frame. For frames 
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with conventional beams the letter C was added. For frames with small wide beams 

W1 was added, and for frames with large wide beams W2 was added in front of the 

frame names. 

 

Table 3.4: Summary of frame groups, and design parameters 

Frame groups Regular/Irregular Soil Class Nr. Stories Nr. Bays 

4C4 Regular C 4 4 

4D4 Regular D 4 4 

4C2 Regular C 4 2 

4D2 Regular D 4 2 

4C6 Regular C 4 6 

4D6 Regular D 4 6 

6C4 Regular C 6 4 

6D4 Regular D 6 4 

IC Irregular C 4 4 

ID Irregular D 4 4 

 

Six models were designed as regular frames with four stories and four bays, three for 

soil class C and three for soil class D. The elevation view of these frames is shown in 

Figure 3.6. Frames C-4C4, C-4D4, W1-4C4, W1-4D4, W2-4C4 and W2-4D4. Six 

models were designed as regular frames with six stories and four bays, three for soil 

class C and three for soil class D. The elevation view of these frames is shown in 

Figure 3.7. Frames C-6C4, C-6D4, W1-6C4, W1-6D4, W2-6C4 and W2-6D4. Six 

models were designed as regular frames with four stories and two bays, three for soil 

class C and three for soil class D. The elevation view of these frames is shown in 

Figure 3.8. Frames C-4C2, C-4D2, W1-4C2, W1-4D2, W2-4C2 and W2-4D2. Six 

models were designed as regular frames with four stories and six bays, three for soil 

class C and three for soil class D. The elevation view of these frames is shown in 

Figure 3.9. Frames C-4C6, C-4D6, W1-4C6, W1-4D6, W2-4C6 and W2-4D6. 
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Figure 3.6: Elevation view of frames 4C4 and 4D4. The dimensions are given in cm. 

 

 

Figure 3.7: Elevation view of frames 6C4 and 6D4. The dimensions are given in cm. 
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Figure 3.8: Elevation view of frames 4C2 and 4D2. The dimensions are given in cm. 

 

 

Figure 3.9: Elevation view of frames 4C6 and 4D6. The dimensions are given in cm. 

 

The last six models were designed as irregular frames, three for soil class C and three 

for soil class D. The elevation view of these frames is shown in Figure 3.9. Frames C-

IC, C-ID, W1-IC, W1-ID, W2-IC and W2-ID. These elevation irregularities were 

deviations from the simplicity and symmetry of the other frames. The irregularities 

that were considered in this study can be summarized as: 

▪ Ground story height is 3.5 m, while the height of the rest of the stories is 2.9 m 

▪ Different bays have different lengths, varying from 3 to 7 m 

▪ There are overhangs on both sides 

▪ The number of bays reduces towards the roof 
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The irregular frames were characterized by smaller column sections than their regular 

counterparts. This is related to the reduction of the bays towards the roof floor, which 

resulted in a reduction of total building weight and therefore lower design equivalent 

earthquake loads and lower lateral displacements. However, the reinforcement ratios 

in the member sections of the irregular frames were higher than those in the 

corresponding regular frames. This was true particularly for the beams of the WBF 

models, since smaller column sections resulted in smaller wide beam sections as well. 

The higher reinforcement ratios were required to provide sufficient capacity for the 

internal actions on the members. These internal actions were particularly high in the 

longer beams, such as the 7 m span beams. 

 

 

Figure 3.10: Elevation view of frames IC and ID. The dimensions are given in cm. 

 

3.5.1 Conventional Beam Frames 

Three dimensional frames were used during design, but two-dimensional frames were 

used for the nonlinear analyses. The middle frames of the floor plan were chosen to 

perform the nonlinear static and dynamic analyses. The conventional beam frames 

were designed as High Ductility Class (HDC). The behavior factor for HDC is 8 and 

the overstrength factor is 3. Two-way, rigid, monolithic slabs were used, and they 

contributed to the overall stiffness of the frames. Figure 3.11 shows the floor plan for 
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the frames with four stories and four bays and six stories and four bays. The frame that 

was used for nonlinear analyses is encased in the dashed line rectangle. 

 

 

Figure 3.11: Typical floor plan for frames C-4C4, C-4D4, C-6C4 and C-6D4. The 

dimensions are in cm. 

 

 

Figure 3.12: Typical floor plan for frames C-4C6 and C-4D6. The dimensions are in 

cm. 
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Figure 3.12 shows the floor plan for the frames with four stories and six bays while 

Figure 3.13 shows the floor plan for the frames with four stories and two bays. The 

frames that were used for nonlinear analyses are encased in the dashed line rectangles. 

 

Figure 3.13: Typical floor plan for frames C-4C2 and C-4D2. The dimensions are in 

cm. 

 

 

Figure 3.14: Typical floor plan for frames C-IC and C-ID. The dimensions are in cm. 

 

The floor plan of the conventional irregular frames is shown in Figure 3.14. The frame 

that was used for nonlinear analyses is encased in the dashed line rectangle. 
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Normal beams of section 25x50 cm were used in these frames. Figure 3.15 shows an 

example of CBF and member sections besides, not to scale. The example shown was 

the four story two bay frame. CBF were checked for conformity to strong column-

weak beam mechanism. The resulting design of CBF were characterized by small 

column sections, since the deep beams and the monolithic slabs contributed 

considerably to the rigidity of the structures. The detailed drawings of the CBF are 

given in Appendix A, section A.2. 

 

 

Figure 3.15: Elevation view and typical section of beam and columns for a CBF. All 

dimensions are in cm. 

 

3.5.2 Wide Beam Frames 

The WBF were designed as Limited Ductility Class, and therefore the strong column-

weak beam check was not performed. The beams and columns were designed as 

Limited Ductility elements. The ribbed slab depth and the height of the wide beams 

was 30 cm. The width of the beams in the W1 frames is defined by Equation (3.11), 

and Equation (3.12) defines the width of the beams in the W2 frames. Figure 3.16 

shows the elevation view of example WBF with the member sections to the right, not 

to scale. 

 w cb b=  (3.11) 
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 w b cb h b +  (3.12) 

 

 
(a) 

 
(b) 

Figure 3.16: Elevation view and typical section of beam and columns for the WBF 

(a) W1; (b) W2. All dimensions are in cm. 

 

 

Figure 3.17: Typical floor plan for frames W1-4C4, W1-4D4, W1-6C4, W1-6D4, 

W2-4C4, W2-4D4, W2-6C4 and W2-6D4. The dimensions are in cm. 
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WBF had one-way ribbed slabs, distributing the gravity loads on the transverse beams, 

which were designed as conventional beams. It was shown that the use of conventional 

beams in the transverse direction considerably reduced the torsional strains in the 

reinforcement of the transverse beams [97]. Figure 3.17 shows the floor plan for the 

frames with four stories and four bays and six stories and four bays. Figure 3.18 shows 

the floor plan for the frames with four stories and six bays, while Figure 3.19 shows 

the floor plan for the frames with four stories and two bays. The frames that were used 

for nonlinear analyses are encased in the dashed line rectangle in each of these figures. 

 

 

Figure 3.18: Typical floor plan for frames W1-4C6, W1-4D6, W2-4C6 and W2-4D6. 

The dimensions are in cm. 

 

 

Figure 3.19: Typical floor plan for frames W1-4C2, W1-4D2, W2-4C2 and W2-4D2. 

The dimensions are in cm. 
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Figure 3.20: Typical floor plan for frames W1-IC, W1-ID, W2-IC and W2-ID. The 

dimensions are in cm. 

 

The floor plan of the wide beam irregular frames is shown in Figure 3.20. The frame 

that was used for nonlinear analyses is encased in the dashed line rectangle. Frames 

W1 have the smallest and the most slender beam sections. Therefore, relatively large 

column sections were required to compensate the flexibility of the beams and slabs. 

Column sections as large as 500x500 were required in some of the frame models. The 

detailed drawings of the frames W1 are given in Appendix A, section A.3. On the other 

hand, frames W2 had larger and stiffer beams than frames W1. Smaller column 

sections were needed, therefore. The column layout of these frames was more similar 

to the column layout of CBF. The largest columns that were used were 400x400, 

therefore beams up to 700x300 were also used. The large beam sections even though 

oriented along the weak axis made up for the flexibility of the slabs. The detailed 

drawings of the frames W1 are given in Appendix A, section A.4. 
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Chapter 4 

4Methodology – Creating the Nonlinear 

Models of the Frames 

The nonlinear models of the frames were created using SAP2000 [120]. SAP2000 is a 

finite element structural analysis program that contains various element types, such as 

truss/beam, area, shell, and solid elements. SAP2000 can perform a variety of analyses 

such as linear and nonlinear static analyses, linear and nonlinear dynamic analyses, 

and modal analyses to name a few. It can model the nonlinear behavior of frame 

elements as lumped plasticity, by using either automatic hinges or user-defined ones. 

Therefore, it is well suited for nonlinear modeling and analysis of frame structures. 

In this thesis, the nonlinear models were created using line elements for beams and 

columns. The foundation conditions were not modeled explicitly, but fixed supports 

were applied at the bottom of the columns on the ground floor. The nonlinear behavior 

of beams and columns was modeled using load-deformation plastic hinges. Infill walls 

were generally modeled as gravity loads only. Beam-column joints were modeled as 

semi-rigid and elastic since they are assumed to remain elastic in the capacity design 

hierarchy. The configuration of the gravity loads for each of the frames has been 

depicted in Appendix A. 

4.1 Nonlinear Properties of Materials 

The effect of different material properties was not considered in this thesis, as it has 

already been explored elsewhere [59]. For all the frames, C30 was considered 

throughout all the structural members, and B420C steel was used for both longitudinal 



48 

 

and transverse reinforcement. Concrete and steel properties such as cracking/yield and 

ultimate strength, and stiffness were taken from TBEC. 

4.1.1 Confined and Unconfined Concrete 

The core of the member sections was modeled using confined concrete material, while 

the concrete cover was modeled using unconfined concrete material. The TBEC uses 

the Mander model [121] for confined and unconfined concrete. Figure 4.1 

schematically shows the stress-strain curves for both confined and unconfined 

concrete. 

 

 

Figure 4.1: Stress-strain relationship for confined and unconfined concrete, per 

TBEC, using the Mander Concrete Model [63] 

 

The unconfined concrete is characterized by the compressive strength fco and strains 

for peak stress, crushing and complete failure, which are 0.002, 0.0035 and 0.005 

respectively. The confined concrete stress-strain relationship is defined by Equation 

(4.1), where fc is the compressive stress and fcc is the compressive strength of confined 

concrete. x and r are parameters that introduce strain and material elastic modulus to 

this equation. The calculation of these variables is explained later. 
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The compressive strength of confined concrete is related to its characteristic strength 

using Equation (4.2). The c coefficient is calculated using Equation (4.3). 

 cc c cof f=  (4.2) 

 2.254 1 7.94 2 1.254e e
c

co co

f f

f f
 = + − −  (4.3) 

The fe variable in the equation of c stands for the effective confinement strength and 

for rectangular sections can be calculated as the average of the effective confinement 

strength calculated for each individual direction (Equation (4.4) and (4.5)). 

 ex e x ywf K f=  (4.4) 

 ey e y ywf K f=  (4.5) 

where: 

Ke is the lateral confinement coefficient for concrete and is calculated using Equation 

(4.6). In this equation, the parameters included are as listed: 

ai – the centerline-to-centerline distance between the longitudinal reinforcement 

bo – the width of the concrete core of a section between the transverse reinforcement 

legs, measured centerline-to-centerline 

ho – the height of the concrete core of a section between the transverse reinforcement 

legs, measured centerline-to-centerline 

s – the spacing of transverse reinforcement 

As – longitudinal reinforcement total area 
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x is the normalized strain c with respect to strain at peak strength cc for confined 

concrete (Equation (4.7)). cc is also dependent on the c coefficient, as shown in 

Equation (4.8), and co is strain at peak stress for unconfined concrete, and should be 

taken as 0.002. 

 
c

cc

x



=  (4.7) 

 ( )1 5 1cc co c  = + −    (4.8) 

r is defined by Equation (4.9), where Ec and Esec are the elastic modulus of concrete 

and the secant elastic modulus of confined concrete at the peak respectively. They can 

be calculated using Equations (4.10) and (4.11). 

 
c
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−
 (4.9) 
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4.1.2 Reinforcement Steel 

B420C steel was used for both longitudinal and transverse reinforcement in all the 

frames. The properties of the reinforcement steel are given in Table 4.1, where fsy is 

the yield strength and fsu is the tensile strength of the steel. The ratio of the yield-to-

ultimate strength was taken as 1.25, which is the average of the suggested range. sy, 

sh, and su are the yield, strain hardening and ultimate strains respectively. A trilinear 

curve with strain hardening is used to describe the stress-strain relationship of steel, as 

shown in Figure 4.2. 
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Table 4.1: Defining properties of reinforcement steel for grade B420C 

B420C 

fsy (MPa) 420 

sy 0.0021 

sh 0.008 

su 0.08 

fsu/fsy 1.15-1.35 

 

 

Figure 4.2: Stress-strain relationship for reinforcement steel 

 

The piecewise function used to calculate the stress-strain curve of the reinforcement 

steel is given in Equation (4.12). The first segment of the curve describes the linear-

elastic behavior of steel, followed by the yield plateau, and the second-degree curve 

describing the strain hardening that takes place after the steel yields. 
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4.2 Modeling Structural Elements 

The structural elements were modeled using line elements with lumped plasticity in 

the form of user-defined plastic hinges. Beams and columns were expected to display 

flexural behavior, therefore flexural hinges were calculated and assigned at the plastic 

hinge regions of these members. The flexural hinges were calculated using XTRACT 

[122], an FE section analysis software. XTRACT uses the concrete and steel models 

that were described in Section 4.1. The member sections are meshed, and the loads are 

applied incrementally to obtain the force-deformation curves desired. At each load 

application step, convergence is checked. These nonlinear models were used for both 

pushover and time-history analyses; therefore, non-symmetric plastic hinges were 

used to capture the effect of load reversals in time-history analyses. Shear capacities 

were also calculated; however, it was not expected that any member reaches the shear 

capacity prior to the flexural capacity. As concrete cracks early when subjected to 

lateral loads, coefficients for reduction of the stiffness of RC sections are applied 

generally. Various coefficients are suggested from different studies [69, 123] but 

TBEC suggests reduction coefficients of 0.35 and 0.7 for the sectional moment of 

inertia of beams and columns respectively. 

4.2.1 Beams 

Beams were modeled as T-beams in order to include the contribution of slabs in the 

capacity and stiffness of the beams and subsequently, include the contribution of slabs 

in the lateral stiffness of the frames. This was done both when assigning sections to 

the beam members in the SAP2000 models, and when calculating the flexural hinges 

of the beams. TS500 defines the width of the flanges for beams (be) as given by 

Equation (4.13), where lp is defined by Equation (4.14) and bw is the width of the beam 

web. ACI318 defines the effective width of the wide beams as given by Equation 
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(4.15). In this equation, bc and hc are the width and height of the column on which the 

beam is supported. LaFave and Wight [76] and Quintero-Febres and Wight [78] 

reported that this equation satisfactorily accounts for slab contribution to the capacity 

of wide beams. 

 .0 2e w pb b l= +  (4.13) 
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The moment-curvature curves of the beams were converted into bilinear curves with 

defined yield and maximum capacity, by applying the equal energy principle. Figure 

4.3 shows an example of beam flexural hinges that were used in this thesis. The post 

peak behavior was assumed to be a simple capacity drop to 0.2Mmax. Takeda hysteresis 

model [124] was used in the plastic hinges of the beams. 

 

 

Figure 4.3: Continuous and Bilinear Moment-Curvature Curve for Beams 
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4.2.2 Columns 

The flexural behavior of the columns is affected by the level of axial load applied. 

Therefore, hinges that account for this interaction were used to define the nonlinear 

behavior of columns. Since 2D frames were used, PM3 hinges were sufficient. The 

interaction curves were symmetric since the column sections used in this thesis were 

square and their reinforcement details were generally symmetric on each axis. An 

example of the axial load-moment interaction curves is shown in Figure 4.4. Moment-

curvature relationships were calculated for each column sections at seven levels of 

axial load: 0%, 10%, 20%, 30%, 40%, 50%, and 60% of concrete section axial 

capacity. Values of moment and curvature for axial loads in between these levels were 

interpolated. Figure 4.5 shows an example of moment-curvature curves of a column 

section at a certain axial load level. 

 

 

Figure 4.4: Axial load-moment interaction for columns 
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Figure 4.5: Moment-curvature curves for columns for a certain level of axial load 

 

4.2.3 Performance Levels for Flexural Elements 

TBEC defines three performance levels for RC sections, Limited Damage (LD), 

Controlled Damage (CD) and Collapse Prevention (CP). These performance levels are 

defined based on strains for distributed plasticity models and based on rotations for 

lumped plasticity models. 

For plastic hinges for RC column and beam sections, the plastic rotation of the CP 

performance level is defined by Equation (4.16). The parameters present in this 

equation are as follows: 

u – curvature at collapse prevention 

y – curvature at yield 

Lp – length of plastic hinge 

Ls – shear span of the element 

db – the average diameter of the reinforcement rebars 



56 

 

 ( ) . .
2

1 0 5 4 5
3

pCP
p u y p u b

s

L
L d

L
   

  
= − − +  

  
 (4.16) 

The plastic rotations of the LD and CD performance levels are given by Equations 

(4.17) and (4.18) respectively. 

 0LD
p =  (4.17) 

 .0 75CD CP
p p =  (4.18) 

The total rotations of each of these performance levels would be the summation of the 

yield rotation, which is obtained from the idealized moment-curvature curves of the 

sections, and the plastic rotation corresponding to that performance level. 

4.2.4 Shear Capacity of Beams and Columns 

Shear failure is generally not expected to be observed in code-compliant structures. 

However, the shear capacities of beam and column sections were calculated and 

modeled as brittle hinges. The shear capacity of a RC section is the summation of the 

shear capacity of the concrete section and the shear strength provided by the transverse 

reinforcement. Equation (4.19) gives the formula for the shear capacity of RC sections, 

according to TS500 and TBEC. 

 .0 52 1 d sw
r ctd w ywd

c

N A
V f b d f d

A s


 
= + + 

 
 (4.19) 

where: 

fctd – the tensile strength of concrete 

d – the effective depth of the section 

 – the coefficient that reflects the effect of the axial load on the cracking capacity of 

a section 

Nd – axial load acting on the section 
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Ac – the total concrete area of the section 

Asw – the area of the transverse reinforcement 

s – the spacing of the transverse reinforcement 

fywd – the yield strength of the transverse reinforcement 

4.2.5 Strut Model for Infill Walls 

Studies on frames with normal beams have shown that infill walls can have both a 

positive and negative effect on RC framed structures. Infill walls can increase the 

strength and initial stiffness of RC frames [125, 126]. On the other hand, infill walls 

may induce other failure modes such as soft story [127] and short column effect [128]. 

A study on old conventional RC frame structures [129] reported that strong infill walls 

not only increased the strength and the stiffness of the frames but changed the response 

and failure mechanisms as well. A study on special moment resisting frames with infill 

walls [130] also reported improved strength and stiffness, but the ductility and energy 

dissipation capacity decreased with the inclusion of infill walls. Infill walls make the 

structures more rigid [131], but the contribution is often short-termed, and when the 

capacity of the infill walls is reached, a considerable degradation of the capacity and 

stiffness is observed [132]. Dominguez et al. [59] reported that the effect of infill walls 

was particularly positive in code compliant WBF structures that are designed for 

seismic action. Lopez-Almansa et al. [106] reported that infill walls increased the 

lateral capacity of existing WBF but resulted in premature failure. Benavent-Climent 

et al. [105] concluded that infill walls may result in damage concentrations and 

therefore negatively affect the seismic behavior of existing WBF. 

Infill walls are considered nonstructural elements and may or may not be included in 

structural models. When infill walls are to be included in nonlinear models with line 

elements and lumped plasticity, TBEC, FEMA356 and FEMA 306 suggest using 

equivalent compression strut models. The simplest approaches use a single 

compression strut to model any given infill wall panel. The equivalent strut width can 

be computed with Equation (4.20). In this equation, hc is the length of the columns 
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while rd is the diagonal length of the infill wall. The parameter λd is given in Equation 

(4.21). 
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where: 

Ed – the elastic modulus of the infill wall 

td – the thickness of the infill wall 

θ – the angle of the diagonal of the infill wall with respect to the horizontal axis 

Ec – the elastic modulus of concrete 

Ik – the moment of inertia of the column 

Hw – the height of the wall 

 

 

Figure 4.6: Force-displacement relationship used to describe the nonlinear behavior 

of the equivalent struts 

 

FEMA356 suggests that a force-displacement relationship should be suggested to be 

used to define the capacity of the equivalent struts. There are a few models available 

that describe the force-displacement relationship of single struts, such as Panagiotakos 
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and Fardis [133] and [134]. The model of Panagiotakos and Fardis, shown in Figure 

4.6 has been used with success by other researchers [129, 132, 135], and it was used 

in this thesis as well. 

The force-displacement curve is composed of three segments. The first segment, up to 

point (Dc, Fc), indicate the initial shear response of the uncracked wall. The point (Dc, 

Fc) is the cracking point of the infill wall. The second segment indicates the formation 

of the compression strut, while the last part of the curve shows the softening of the 

infill wall. While some residual capacity can be assumed at the ultimate displacement 

Du, some sources [132] assume no residual capacity at all, as indicated in Figure 4.6. 

Considering the brittle nature of unreinforced infill walls, this approach was used in 

this thesis as well. The maximum force Fm attained by the equivalent strut is calculated 

by Equations (4.22) and (4.23), proposed by Zarnic and Gostic [136]. The initial 

stiffness Ki of the force-displacement curve is defined by Equation (4.24). The rest of 

the parameters were defined by Dolsek and Fajfar [132, 137], as shown in Equations 

(4.25), (4.26) and (4.27). 
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where: 

ftp – the strength of the infill wall determined from diagonal compression tests 
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Lw – length of the infill wall 

Hw – the height of the infill wall 

Gw – the shear modulus of the infill wall. Due to the analytical nature of the study, Gw 

was taken as 40% of the Ew, as suggested by TBEC. 

The material properties for infill walls made of factory grade hollow bricks are: 

Ed=2000 MPa;    fd=3.0 MPa;   τd=0.20 MPa 

4.2.6 Length and Location of Plastic Hinges 

The length of plastic hinges has been defined in various forms, such as shown in 

Equations (4.28) and (4.29). The first approach by Park and Paulay [138] is simple and 

is currently suggested by TBEC as well. The hinge length expressed by equation (4.29) 

was suggested by Priestley et al. [139].  

 0.5pL h=  (4.28) 

 0.08 0.022 0.044p ye bl ye blL L f d f d= +   (4.29) 

In these equations, h stands for the height of the section for which the hinge has been 

calculated, L denotes the distance between the location of the hinge to the point of 

inflection for the structural member, while fye and dbl are the yield strength of the 

longitudinal reinforcement and its diameter respectively. The hinge length suggested 

by TBEC (Equation (4.28)) was used in this thesis. The locations of the hinges have 

been calculated using the approach proposed by Inel and Ozmen [140]. Figure 4.7 

visually depicts the location of hinges and Equations (4.30), (4.31) and (4.32) give the 

formulations that can be used to calculate the location of the hinges. 
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Figure 4.7: Location of flexural plastic hinges assigned to beams and columns 
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Chapter 5 

5Seismic Capacity and Behavior of 

Wide Beam Frames 

In this chapter the seismic capacity and behavior of WBF are assessed and compared 

to the capacity and behavior of CBF. The lateral load carrying capacities and 

displacement capacities are estimated for each of the frames. The energy dissipation 

capacities are calculated as well. Qualitative and quantitative assessments of ductility 

are obtained from plastic mechanisms and capacity curves, respectively. The effects 

of beam type, story number, number of bays, soil class and elevation irregularity on 

these performance parameters are also discussed separately. 

One of the simplest tools that can be used to obtain all this information is pushover 

analysis. Pushover analysis is a simple nonlinear static analysis procedure that helps 

capture the nonlinear and plastic behavior of structures when subjected to lateral loads. 

These loads are applied incrementally and after every step, the state of structural 

elements is checked, and the overall stiffness of the structure is recalculated. 

The nonlinear analyses on the frames were performed using structural analysis 

software SAP2000 [120]. The nonlinear models were created using line elements for 

beams and columns. The nonlinear behavior of beams and columns was modeled using 

the force-deformation plastic hinges that were described in Chapter 4. The nonlinear 

behavior of beam-column joint panels was not modeled because they are expected to 

remain elastic, since TBEC uses capacity design for the design of RC structures. This 

approach ensures that only ductile mechanisms are activated under seismic actions. It 

also defines a hierarchy of member failure to ensure an overall ductile behavior. 

Therefore, beam-column joints were designed in such a way that they will remain 

elastic. The frames were designed as separated from the infill walls; therefore, the 
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walls were modeled as gravity loads only in most of the cases. Some of the frames 

were analyzed for a second time by explicitly modeling the infill walls as well. These 

frames were designed for soil class D. Gravity loads as depicted in Appendix A were 

applied on the frames. 

5.1 Pushover and Modal Analysis 

There are different types of lateral load configurations that can be used for pushover 

analyses, such as uniformly distributed lateral load, inverted triangle and mass 

proportional distribution (Figure 5.1). Alternatively, the distribution of the lateral force 

can be modeled according to the first vibration mode shape if that is dominant, or 

according to multiple mode shapes that dominate the vibration of the structure. TBEC 

suggests performing pushover analysis based on the first mode shape in cases that the 

modal mass for the first mode shape is higher than 0.7, otherwise pushover analysis 

based on multiple dominant mode shapes is to be carried out. 

 

 

Figure 5.1: Types of lateral load patterns that can be used for pushover analyses, 

from left to right: uniformly distributed, inverted triangle and modal lateral load 

pattern 

 

Pushover analysis based on the first vibration mode shape was adequate for all the 

frame models. Table 5.1 lists the dynamic properties of the models, including 

fundamental period of mass participation factor for the first mode shape. Frames with 

wide beams have higher fundamental periods than frames with conventional beams, 

therefore they are more flexible. 
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Table 5.1: Dynamic properties of frame models 

Frame T1(s) 1 T2(s) 2 1+2 

C-4C4 0.975 0.881 0.324 0.090 0.971 

W1-4C4 1.291 0.801 0.418 0.127 0.928 

W2-4C4 1.307 0.855 0.419 0.102 0.957 

C-4C2 0.849 0.871 0.285 0.093 0.964 

W1-4C2 1.195 0.802 0.375 0.117 0.919 

W2-4C2 1.280 0.849 0.406 0.104 0.954 

C-4C6 0.848 0.867 0.292 0.091 0.958 

W1-4C6 1.221 0.777 0.402 0.134 0.911 

W2-4C6 1.115 0.786 0.374 0.130 0.915 

C-6C4 1.284 0.842 0.444 0.097 0.939 

W1-6C4 1.750 0.777 0.601 0.117 0.894 

W2-6C4 1.745 0.779 0.585 0.119 0.898 

C-IC 0.773 0.883 0.296 0.079 0.962 

W1-IC 1.313 0.855 0.476 0.104 0.959 

W2-IC 1.202 0.871 0.443 0.095 0.966 

C-4D4 0.975 0.881 0.324 0.090 0.971 

W1-4D4 1.153 0.793 0.353 0.125 0.918 

W2-4D4 1.190 0.828 0.396 0.117 0.945 

C-4D2 0.849 0.871 0.285 0.093 0.964 

W1-4D2 0.961 0.785 0.289 0.127 0.912 

W2-4D2 1.085 0.806 0.358 0.118 0.923 

C-4D6 0.807 0.844 0.282 0.099 0.943 

W1-4D6 1.145 0.798 0.377 0.121 0.919 

W2-4D6 1.035 0.786 0.349 0.130 0.915 

C-6D4 1.284 0.842 0.444 0.097 0.939 

W1-6D4 1.474 0.774 0.464 0.117 0.892 

W2-6D4 1.568 0.785 0.551 0.117 0.902 

C-ID 0.773 0.883 0.296 0.079 0.962 

W1-ID 1.238 0.852 0.456 0.108 0.961 

W2-ID 1.202 0.871 0.443 0.095 0.966 
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It can also be noted that frame models that were designed for soil class D have lower 

fundamental periods than the same frames that were designed for soil class C. In 

general, the first vibration mode was dominant for all the models, since the mass 

participation factor was greater than 0.7. When running pushover analyses, 

convergence and tolerances were adjusted in order to obtain a significant number of 

steps and reach structural instability. Convergence error was mostly kept at 0.005-

0.001. The analyses were run until an apparent strength degradation of 20-30% from 

the point in which the pushover curves ceased to be linear was reached. 

5.2 Structural Acceptance Criteria 

One of the most important tasks to be completed when structural assessment is being 

carried out is to determine the performance level of the structure as a whole. TBEC 

defines three structural performance levels followed by the state of collapse. These are 

Limited Damage (LD), Controlled Damage (CD) and Collapse Prevention (CP). The 

criteria for these damage levels are expressed in percentage of members of any given 

floor that pertain to a certain section Damage Level. The section Damage Levels are 

shown in Figure 5.2. If the deformation of a member is less than the deformation 

corresponding to LD than the said member belongs to the Limited Damage Region. If 

the deformation of a member exceeds the LD limits but not the CD limit, then this 

member belongs to the Significant Damage Region. The rest of the Damage Regions 

can be interpreted similarly. 

The criteria for the performance levels of the structures applicable to the frame models 

that have been analyzed in this study are summarized below. 

A building belongs to the Limited Damage Performance Level when at most 20% of 

the beams in any given floor have passed to the Significant Damage Region, while the 

rest of the structural members remain in the Limited Damage Level. 

A building belongs to the Controlled Damage Performance Level if: 

▪ At most 35% of beams of any given floor have passed to the Advanced Damage 

Region; 
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▪ In any given floor, columns that belong to the Advanced Damage Region do 

not provide more than 20% of the total floor shear capacity. This limit is raised 

to 40% for the topmost floor; 

▪ The rest of the structural elements belong to either Limited Damage Region or 

Significant Damage Region. However, if in any given floor there are columns 

that have reached the Significant Damage Region in both top and bottom 

sections, the shear capacity of these columns should not exceed 30% of the 

total shear capacity of the floor. 

 

 

Figure 5.2: Section Damage Levels 

 

A building belongs to the Collapse Prevention Performance Level if: 

▪ At most 20% of beams of any given floor have passed to the Collapse Region; 

▪ The rest of the structural elements belong to either Limited Damage Region, 

Significant Damage Region or Advanced Damage Region. However, if in any 

given floor there are columns that have reached the Significant Damage Region 

in both top and bottom sections, the shear capacity of these columns should not 

exceed 30% of the total shear capacity of the floor. 

Collapse state is reached when a structure no longer complies with the limits of the 

Collapse Prevention Performance Level. 
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Table 5.2: Number of beams in each floor that should be in a damage level to define 

the performance of the structures. 

Nr. of 

bays 

LD CD CP 

Maximum number of 

beams in Significant 

Damage Region 

Maximum number of 

beams in Advanced 

Damage Region 

Maximum number of 

beams in Collapse 

Region 

2 01 1 02 

4 1 1 1 

6 1 2 1 

1 This was interpreted as the last step before one beam enters the Significant Damage 

Region. 
2 This was interpreted as the last step before one beam enters the Collapse Region. 

 

Since in this thesis two dimensional frames are used, the number of structural members 

in each floor is limited. Frames with two bays have only two beams in each floor, 

frames with four bays have four beams, and frames with six bays have six beams in 

each floor. Table 5.2 summarizes the assumptions regarding the maximum number of 

beams in each floor that should belong to a certain damage level in order to put the 

frame in the corresponding performance level. 

5.3 Capacity Curves 

The pushover curves were obtained in terms of base shear (V) and rooftop 

displacement (). The base shear was normalized with respect to the weight of frames 

defined as G+0.3Q, and the unitless ratio V/W is the lateral load coefficient. The 

rooftop displacement was normalized with respect to the total height of the frames 

(Equation (5.1)) to obtain the Global Drift Ratio (GDR). GDR is expressed in percent 

in order to increase the accuracy of reported values while avoiding working with very 

small numbers. 

 ( )100 %GDR
H


=   (5.1) 
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5.3.1 Regular Frames Designed for Soil Class C 

Figure 5.3 presents the pushover curves for the regular frames that were designed for 

soil class C. The first thing that can be observed from this figure is that CBF always 

reach higher lateral load coefficients than WBF. The maximum lateral load coefficient 

varies from 0.1 for the six story frame, to 0.14 for the four bay and four story frame, 

and 0.16 for the other two frames. CBF are characterized by lower drift ratios overall 

and visibly higher initial stiffness. The pushover curves of the WBF on the other hand 

do not have a clear peak, the overstrength factor is very small. WBF are more flexible 

than CBF, they have lower initial stiffness and in overall display higher displacements. 

Among the two types of WBF, W1 frames generally reach higher lateral load 

capacities than W2 frames, while their displacements are comparable. The only 

exceptions to this are frames W1-4C6 and W2-4C6. In this case the W2 frame has 

greater lateral load capacity than the W1 frame. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.3: Pushover curves for regular frames designed for soil class C: (a) 4C4; (b) 

6C4; (c) 4C2; (d)4C6. 
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The structural performance levels are marked in the pushover curves in Figure 5.3. It 

is observed that the drift ratio limit for LD of the CBF is in the range of 0.20-0.38%, 

of W1 frames this range is0.45-0.54%, and of W2 frames the LD drift ratio limit varies 

in the 0.31-0.45% interval. Similarly, the ranges of the drift ratio limit for CD are 1.59-

1.82% for CBF, 2.52-3.24% for W1 frames and 2.18-2.72% for W2 frames. The ranges 

of the drift ratio limit for CP are noted to be 1.98-2.36% for CBF, 3.36-4.27% for W1 

frames and 3.04-3.58% for W2 frames. 

The drift ratios corresponding to the maximum lateral load are in the range of 2.38-

3.00% for CBF, 4.54-5.11% for W1 frames and 3.63-4.26% for W2 frames. This point 

is located in the Collapse Region for all the regular frames designed for soil class C. 

The type of wide beam used in WBF affected the capacity of the frames designed for 

soil class C. In general, the W1 frames displayed higher lateral load capacities and 

higher displacement capacities. This was mostly due to the larger column sizes that 

were required in the design stage to comply with code requirements for lateral 

displacements, since the wide beams of W1 frames had narrower sections than the 

beams of W2 frames. The beams of W2 frames had widths between 600 mm and 700 

mm, therefore they provided more stiffness to the frames, and thus required smaller 

column sections. However, since the effective depth of all wide beams was the same, 

the W2 beams had only slightly higher moment capacities than W1 beams, the 

contribution of the beams to the strength of the frames was similar on both cases. Thus, 

frames W1 which had larger columns per design requirements, generally displayed 

higher capacities than frames W2. 

5.3.2 Regular Frames Designed for Soil Class D 

The seismic capacities of the regular frames designed for soil class D are graphically 

depicted in Figure 5.4. Similar to the observations made for the regular frames 

designed for soil class C, CBF are characterized by higher lateral load capacities, 

higher initial stiffnesses and overall lower displacements than WBF. However, the 

differences in lateral load capacity are less pronounced in these frames, and CBF have 

only slightly higher capacities than WBF. For instance, the maximum lateral load 

coefficient of the six story frames (Figure 5.4b) is almost the same, around 0.10. The 

four story and six bay frames (Figure 5.4d) have more pronounced differences, and in 
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this case again, the W2 frames reach greater capacities than W1 frames. The initial 

stiffness of the WBF is very similar among them, and their displacement behavior as 

well. 

The performance levels are marked in the pushover curves shown in Figure 5.4. The 

limiting drift ratios for LD were in the ranges of 0.23-0.38% for CBF, 0.45-0.59% for 

W1 frames and 0.42-0.51% for W2 frames. The limiting drift ratios for CD were in the 

ranges of 1.57-2.05% for CBF, 2.71-3.33% for W1 frames and 2.78-3.57% for W2 

frames. The limiting drift ratios for CP were in the ranges of 1.98-2.45% for CBF, 

3.43-4.33% for W1 frames and 3.53-4.49% for W2 frames. The drift ratio at the 

maximum base shear ranged between 2.38-2.82% for CBF, 4.21-5.10% for W1 frames 

and 3.98-5.03% for W2 frames. The point of maximum base shear was located in the 

Collapse Region for the regular frames designed for soil class D. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.4: Pushover curves for regular frames designed for soil class D: (a) 4D4; (b) 

6D4; (c) 4D2; (d)4D6. 
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The effect of the wide beam width was less pronounced in the WBF designed for soil 

class D. For instance, in the 6D4 and 4D2 frames the differences are small. The effect 

of the beam width is more pronounced in the 4D4 and 4D6 frames. Similarly to the 

frames that were designed for soil class C, W1 frames that have narrower beams have 

larger column sections, while W2 frames have smaller column sections. However, the 

frames that were designed for soil class D were subjected to greater equivalent lateral 

forces because they generally have smaller periods (Table 5.1) than their soil class C 

counterpart frames and the response spectrum of the soil class D has greater ordinates 

than the response spectrum of soil class C. 

5.3.3 Irregular Frames 

The difference between CBF and WBF was even more pronounced in the irregular 

frames. The irregular CBF frames reached maximum lateral load coefficients as high 

as 0.21, while the maximum lateral load coefficient was 0.11 for W1-IC and W2-IC 

and 0.16 for W1-ID and 0.15 for W2-ID. Irregular WBF were more flexible and 

reached greater displacements than irregular CBF. For instance, frames C-IC and C-

ID reached their maximum base shear at a GDR of 2.31%. Frames W1-IC and W1-ID 

reached the maximum base shear at a drift ratio of 4.00 and 5.18% respectively, while 

frames W2-IC and W2-ID reached that at 3.57% and 4.10% drift ratio, respectively. 

As it is seen from Figure 5.5 all the frames are in the Collapse Region when they reach 

their maximum base shear capacity. 

 

 
(a) 

 
(b) 

Figure 5.5: Pushover curves of irregular frames (a) IC; (b) ID 
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The performance levels are marked in the pushover curves shown in Figure 5.5. The 

drift ratio limits for the LD performance level are 0.29% for C-IC and C-ID, and 

0.55%, 0.68%, 0.48% and 0.50% for W1-IC, W1-ID, W2-IC and W2-ID respectively. 

The drift ratio limits for the CD performance level are 1.55% for C-IC and C-ID, and 

2.75%, 3.56%, 2.50% and 2.75% for W1-IC, W1-ID, W2-IC and W2-ID respectively. 

The drift ratio limits for the CP performance level are 1.93% for C-IC and C-ID, and 

3.51%, 4.61%, 3.23% and 3.62% for W1-IC, W1-ID, W2-IC and W2-ID respectively. 

Again, CBF reach damages states much early than WBF, and WBF display greater 

deformation capacities. 

In the case of irregular frames, the width of the wide beam makes very little difference. 

The pushover curve of frame W1-IC is almost identical to that of frame W2-IC, and 

the curves of W1-ID and W2-ID are also very similar. 

5.4 Assessment of Initial Stiffness, Ductility and 

Energy Dissipation Capacity 

Capacity curves can offer considerable insight besides the base shear capacity and 

displacement of the frame models. Energy dissipation is an important indicator of 

seismic behavior of structures; ductile and seismically resistant frames dissipate more 

energy than deficient frames. The energy capacity of the frame models can be 

calculated as the area beneath the capacity curve using numerical integration. 

Initial stiffness and ductility are also indicators of seismic performance. Ductile 

structures generally perform better than brittle structures or structures with limited 

ductility. Observations about the initial stiffness and the ductility of the frame models 

can be made from the pushover curves, but exact values cannot be readily obtained. 

To calculate both initial stiffness and ductility the yield point of a structure should be 

determined. However, RC frames do not have a clearly defined yield point. Structural 

yield can be approximated by converting the continuous and smooth capacity curves 

into idealized bilinear curves. 

ASCE/SEI 41-06 [141] and FEMA356 [142] offer an iterative method for the 

calculation of structural yield idealization of pushover curves, shown schematically in 
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Figure 5.6. The basic principle behind the idealization of capacity curves is that the 

total energy expressed by the original pushover curve is the same as the total energy 

of the idealized curve. The total energy dissipated is calculated as the area under the 

pushover curve until a point of interest. ASCE/SEI 41-06 determines the point of 

interest as lesser of the point of maximum base shear or the point of target 

displacement, but the point of maximum base shear is commonly used [143, 144]. In 

this thesis point (d, Vd) is the point of maximum base shear Vmax. 

Referring to Figure 5.6 the yield point (y, Vy) is defined as such that the first part of 

the idealized curve is secant to the actual pushover curve at 0.6Vy. The post-peak 

branch of the idealized curve depicts some amount of strength degradation, which per 

state-of-the-art practice can range from 20% to 40%. ASCE/SEI 41-06 suggests 40% 

strength degradation, while Paulay and Priestley [123] suggest a 20% strength 

degradation. The approach of Paulay and Priestley has been used in this thesis, because 

it produces more meaningful data. As was noted from the pushover curves displayed 

in Figure 5.3 to Figure 5.5, WBF reach high drift ratios with small strength 

degradations. Strength degradations of 20-40% could refer to high and unrealistic drift 

ratios. From these figures it was also observed that the point of maximum base shear 

is past the CP point and within the Collapse Region. Therefore, the point of maximum 

base shear was considered a meaningful representative of collapse and ultimate 

displacement. This definition which is based on global deformations is less sensitive 

to the rotation ductility of the beams, either normal or wide and was henceforward 

used for the idealization of the pushover curves and calculation of energy dissipation 

and ductility capacities. 
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Figure 5.6: Idealization of pushover curve per ASCE/SEI 41-06 

 

Table 5.3: Deformation and energy parameters of the frame models 

Frame 
E  

(kNm) 

ke  

(kN/m) 
 Frame 

E  

(kNm) 

ke  

(kN/m) 
 

C-4C4 116.3 9817.7 6.25 C-4D4 116.3 9817.7 6.25 

W1-4C4 220.3 5502.5 8.38 W1-4D4 240.1 6986.9 6.59 

W2-4C4 164.2 6123.2 8.75 W2-4D4 196.4 7028.3 7.30 

C-4C2 85.1 6519.1 8.55 C-4D2 80.9 6570.2 8.47 

W1-4C2 115.5 3358.9 9.36 W1-4D2 159.8 5190.1 10.30 

W2-4C2 63.2 3300.3 8.91 W2-4D2 148.8 4265.2 9.48 

C-4C6 256.7 18614.4 8.79 C-4D6 260.4 19866.7 8.13 

W1-4C6 294.0 8780.3 7.83 W1-4D6 383.0 10235.4 8.68 

W2-4C6 264.7 11207.2 7.76 W2-4D6 396.8 11168.8 7.91 

C-6C4 221.8 8131.4 8.18 C-6D4 224.3 8134.0 8.14 

W1-6C4 344.8 4432.1 7.84 W1-6D4 507.7 6513.2 9.83 

W2-6C4 281.8 4729.1 7.93 W2-6D4 410.2 5829.0 7.89 

C-IC 156.0 12420.2 6.11 C-ID 156.0 12420.2 6.11 

W1-IC 166.7 4844.8 6.56 W1-ID 295.3 5420.7 7.04 

W2-IC 156.7 6219.7 7.13 W2-ID 229.9 6199.6 6.41 

 

The energy dissipated until the point of collapse (Vmax, Vmax) was calculated by 

dividing the area beneath the pushover curves into thin trapezoidal slices. Through a 
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series of iterations a suitable value of Vy was estimated, such that both the area beneath 

the two curves until (Vmax, Vmax) is the same, and the two curves intersect at the point 

of 0.6 Vy. 

 

 
(a) 

 
(b) 

Figure 5.7: Total column area for all the frames, presented separately for (a) the first 

floor; (b) the second floor. 
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Table 5.3 summarizes the energy dissipation, initial stiffness and ductility values 

calculated after the yield base shear coefficient was estimated through this iterative 

process. The initial stiffness ke is the slope of the first segment of the bilinearized 

capacity curve (Eq. (5.2)), and global ductility  is the ratio of the displacement at Vmax 

to the displacement at yield (Eq. (5.3)). 

The general consensus from both the capacity curves shown in Figure 5.3, Figure 5.4  

and Figure 5.5, and from the values of the initial stiffness ke in Table 5.3 is that WBF 

are considerably more flexible than CBF. In general, W1 frames are more flexible than 

W2 frames. It should be noted that W1 frames generally have the largest column 

sections. To illustrate this, the total column areas for the first two floors for all the 

frames have been separately plotted in Figure 5.7. From this figure it is evident that 

W1 frames have the largest columns in the first and second floors. Generally, W2 

frames have larger column section than CBF, but this is not always the case. 

Particularly the irregular CBF have larger column sections than the irregular WBF. 

Even though frames W1 have the largest column sections among the rest of the frames 

in each group, their initial stiffness is the smallest. This observation highlights the 

importance of the beam type on the lateral stiffness of frames. Chopra [145] presents 

a simple example, in which the stiffness of the beam in a simple one story-one bay 

frame can affect the linear stiffness of the frame up to four times. 

5.5 Sequence of Hinge Formation and Plastic 

Mechanisms 

The sequence of hinge formation was observed during the assessment of the 

performance levels of the frame models. It was noted that only flexure mechanisms 

were activated in all the frames. Generally, the yielding of beam end sections in either 

WBF or CBF took precedence to the yielding of any column section. Yielding of some 

columns, mostly the sections at the base of the columns on the first floor, was noticed 

at higher lateral displacement levels. At later stages, it was observed that some beam 

sections reached their ultimate capacities, but such a milestone was not observed for 

any of the column sections. Considering yielding of a section and a member reaching 

their ultimate capacities as two important events, the mechanisms at collapse were 
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investigated in this Section. Figure 5.8 to Figure 5.14 summarize these mechanisms. 

In these figures, a section that has yielded is denoted by an empty circle (○), and a 

section that has reached its capacity is denoted by a full circle (●). 

5.5.1 Regular Frames with Four Stories and Four Bays 

The mechanisms at collapse for the regular frames with four stories and four bays, 

shown in Figure 5.8, consisted of multiple story mechanisms, generally containing 

three stories. All the beams in the first three stories for frames C-4C4, W1-4C4, W2-

4C4, and W1-4D4 had either yielded or reached their ultimate capacities, while in 

frames C-4D4 and W2-4D4 only beams in the first two stories either yielded or reached 

collapse. In the case of frames C-4C4, W1-4C4, W2-4C4, and W1-4D4, most of the 

beams in the first two stories had reached their ultimate capacities, while in frames C-

4D4 and W2-4D4 only some of the beams on the first floor reached their capacities. 

The type of beam had a small effect on the story mechanisms, since both WBF and 

CBF displayed ductile multistory mechanisms at collapse. However, the WBF of type 

W1 (Figure 5.8c and d) displayed a more spread damage compared to the either CBF 

(Figure 5.8a and b) or W2 type frames (Figure 5.8e and f). This was likely due to 

greater flexibility of the wide beams in frames of type W1 when compared to the 

normal beams of CBF or the wide beams of type W2. 

The damage was more spread and typically included three floors in frames designed 

for soil class C (Figure 5.8a and e), and less spread and included only two floors in 

their counterparts designed for soil class D (Figure 5.8b and f). While all the frames 

were designed to comply with the same lateral deformation limits, the design base 

shear coefficients were smaller for the C-frames, resulting in greater overstrength 

factors, when compared to the D-frames. Therefore, the frames designed for soil class 

C had greater reserve capacities, and thus behaved in a slightly more ductile manner 

than frames designed for soil class D. 
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(a) C-4C4 

 
(b) C-4D4 

 
(c) W1-4C4 

 
(d) W1-4D4 

 
(e) W2-4C4 

 
(f) W2-4D4 

Figure 5.8: Plastic mechanisms at collapse of regular frames with four stories and 

four bays (○: Section has yielded; ●: Section has reached its capacity) 

 

5.5.2 Regular Frames with Six Stories and Four Bays 

The mechanisms at collapse for the regular frames with six stories and four bays, 

shown in Figure 5.9, consisted of multiple story mechanisms, generally containing 

four to five stories. The mechanisms at collapse of the CBF (Figure 5.9a and b) 

included the first four stories. The base sections of the columns on the first floor and 

the top sections of the columns on the fourth floor yielded, as had all the beam sections 

in the second, third and fourth floors of frames C-6C4 and C-6D4. Most of the beams 

on the first floor of these two frames reached their ultimate capacities. 



79 

 

 
(a) C-6C4 

 
(b) C-6D4 

 
(c) W1-6C4 

 
(d) W1-6D4 

 
(e) W2-6C4 

 
(f) W2-6D4 

Figure 5.9: Plastic mechanisms at collapse of regular frames with six stories and four 

bays (○: Section has yielded; ●: Section has reached its capacity) 

 

The mechanisms of the six story WBF generally included five stories (Figure 5.9b, e 

and f), with frame W1-6D4 (Figure 5.9d) being the only exception where the beams 
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of the last floor have also yielded. Most of the beams in the first four floors of the WBF 

had reached their capacities as well. The base sections of the columns on the first floor 

and the top sections of the columns on the fifth floor of frames W1-6C4, W2-6C4 and 

W2-6D4 yielded, while only the base sections of the columns on the first floor of frame 

W1-6D4 yielded at collapse stage. 

The “type of beam” had a considerable effect on the story mechanisms of the six story 

frames. The WBF (Figure 5.9c, d, e, and f) clearly displayed wider spread damages 

than the CBF (Figure 5.9a and b). However, there were no considerable differences 

between the WBF of type W1 and W2 in the mechanisms of the six story regular 

frames. Soil class also had a negligible effect on the mechanisms of 6C4 and 6D4 

frames, because the overstrength factors of the six story frames were smaller and less 

affected by the soil class. 

5.5.3 Regular Frames with Four Stories and Six Bays 

The mechanisms at collapse for the regular frames with four stories and six bays, 

shown in Figure 5.12, consisted of multiple story mechanisms, containing three or four 

stories. Frames C-4C6 and C-4D6 (Figure 5.12a and b) displayed similar mechanisms. 

All the beams in the first three stories either yielded or reached their capacities when 

structural collapse occurred. On the other hand, the plastic damage was spread on all 

the floors of the WBF, except for frame W2-4C6 (Figure 5.12a), in which none of the 

members of the last floor either yielded or reached their capacities. Frames W1-4C6, 

W1-4D6 and W2-4D6 (Figure 5.11a and b, and Figure 5.12b, respectively) behaved 

very similarly. All the beams of the first three floors either yielded or reached their 

capacities, and the bottom sections of the columns on the first floor and the top sections 

of the columns in the last floor had yielded. Typically, more beams reached their 

ultimate capacities in the WBF than in the CBF. The effect of the beam type was more 

pronounced when comparing WBF to CBF. The presence of wide beams in the regular 

four story-six bay frames resulted in plastic damage spread throughout all the floors 

and more beams reaching their capacity at structural collapse, while the presence of 

conventional beams resulted in slightly more limited damage. Soil class had a 

negligible effect on the mechanisms of 4C6 and 4D6 frames, because the overstrength 

factors of the six story frames were smaller and less affected by the soil class. 
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(a) C-4C6 

 
(b) C-4D6 

Figure 5.10: Plastic mechanisms at collapse of regular CBF with four stories and six 

bays (○: Section has yielded; ●: Section has reached its capacity) 

 

 
(a) W1-4C6 

 
(b) W1-4D6 

Figure 5.11: Plastic mechanisms at collapse of regular W1BF with four stories and 

six bays (○: Section has yielded; ●: Section has reached its capacity) 
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(a) W2-4C6 

 
(b) W2-4D6 

Figure 5.12: Plastic mechanisms at collapse of regular W2BF with four stories and 

six bays (○: Section has yielded; ●: Section has reached its capacity) 

 

5.5.4 Regular Frames with Four Stories and Two Bays 

The mechanisms at collapse for the regular frames with four stories and two bays, 

shown in Figure 5.13, consisted of multiple story mechanisms, containing three or four 

stories. Frames C-4C2 and C-4D2 (Figure 5.13a and b) displayed similar mechanisms. 

All the beams in the first three stories had either yielded or reached their capacities 

when structural collapse occurred. On the other hand, the plastic damage was spread 

on all the floors of the WBF, except for frame W2-4C2 (Figure 5.13e), in which none 

of the members of the last floor either yielded or reached their capacities. 

Frames W1-4C2, W1-4D2 and W2-4D2 (Figure 5.13c, d and f respectively) behaved 

very similarly. All the beams of the first three floors either yielded or reached their 

capacities, and the bottom sections of the columns on the first floor and the top sections 

of the columns in the last floor also yielded. Typically, more beams reached their 

ultimate capacities in the WBF than the CBF. The effect of the beam type was more 

pronounced when comparing WBF to CBF. The presence of wide beams in the regular 

four story-six two bay frames resulted in plastic damage spread throughout all the 
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floors and more beams reaching their capacity at structural collapse, while the presence 

of conventional beams resulted in slightly more limited damage. Soil class had a 

negligible effect on the mechanisms of 4C2 and 4D2 frames, because the overstrength 

factors of the six story frames were smaller and less affected by the soil class. 

 

 
(a) C-4C2 

 
(b) C-4D2 

 
(c) W1-4C2 

 
(d) W1-4D2 

 
(e) W2-4C2 

 
(f) W2-4D2 

Figure 5.13: Plastic mechanisms at collapse of regular frames with four stories and 

two bays (○: Section has yielded; ●: Section has reached its capacity) 

 

5.5.5 Irregular Frames 

The mechanisms at collapse of the irregular frames shown in Figure 5.14, consisted of 

multiple story mechanisms, containing three or four stories. The irregular CBF (Figure 
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5.14a and b) behaved very similarly, all the beams of the first two floors and two beam 

sections on the third floor yielded. Three-story mechanisms were observed in frames 

C-IC and C-ID, and two beam sections on the first floor reached their capacities. The 

soil class did not affect the behavior of the irregular CBF. 

 

 
(a) C-IC 

 
(b) C-ID 

 
(c) W1-IC 

 
(d) W1-ID 

 
(e) W2-IC 

 
(f) W2-ID 

Figure 5.14: Plastic mechanisms at collapse of irregular frames (○: Section has 

yielded; ●: Section has reached its capacity) 

 

The WBF of type W1, shown in Figure 5.14c and d, also behaved very similarly 

regardless of the soil type used for the design of the frames. All the beams of the frames 

W1-IC and W1-ID either yielded or reached their capacities when structural collapse 



85 

 

occurred. The base sections of the columns on the first floor and the top sections of the 

columns on the third floor yielded, while some beams in the first two floors had 

reached their ultimate capacities. The damage was slightly more extensive in frame 

W1-ID than in frame W1-IC, since two more beam sections of frame W1-ID had 

reached their capacities when structural collapse was observed. 

Frames W2-IC and W2-ID (Figure 5.14e and f) also behaved similarly. The W2 type 

frames displayed three story mechanisms, similarly to the W1 frames. The main 

difference was that only some beams on the first floor of the W2 frames reached their 

capacities, as opposed to beam sections in the first two floors of the W1 frames having 

reached their capacities. 

The soil class had negligible effects on the behavior and collapse mechanisms of the 

irregular frames. On the other hand, the type of the beam used had a more pronounced 

effect. Frames with wide beams displayed more extended mechanisms than CBF. 

Additionally, the collapse mechanisms of W1 frames were more spread among the 

floors than the collapse mechanisms of W2 frames. This was mostly due to the smaller 

sections of the wide beams that were used in W1 frames, and therefore they either 

yielded or reached their capacities more readily than the larger wide beams used in the 

W2 frames. 

5.6 Frames with Infill Walls 

The frame models discussed in Sections 5.3.1 to 5.3.3 include infill walls as loads only. 

This is supported by the design approach suggested in TBEC, in which the RC frames 

and the infill walls are separated via special joints, and there is no interaction between 

frame and wall. In this section the effect that the explicit modeling of infill walls can 

produce is investigated. Furthermore, the following are considered: 

▪ Designing frames as separated from infill walls results in more flexible 

structures and therefore lower seismic forces. 

▪ Lower design lateral forces produce smaller sections and lower reinforcement 

ratios; thus, the overall design of the structures is more economic. Both 

designers and contractors aim to keep the costs as low as permissible by the 

constraints of the projects. 
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▪ However, using the necessary joints to separate frames from walls require more 

materials, and specialized workmanship, which in turn increases the cost of the 

construction. 

▪ In Turkey, often times deficiencies of the building stock have been associated 

with either faulty and non-code-compliant design, or with faulty applications 

which differ from the design projects and are not code-compliant as well. 

Therefore, when explicitly modeling the infill walls, the following assumption was 

made: 

“The frames with explicitly modeled infill walls present faulty construction 

practices, in which frames that have been designed as separated from the infill 

walls, have been constructed without the proper details and are in fact not 

separated from the infill walls.” 

Frames C-4D4, W1-4D4, W2-4D4, C-ID, W1-ID and W2-ID were used for this 

purpose. Three scenarios were considered: 

▪ In the first scenario, the infill walls were modeled as loads on the beams only. 

These frames are the same as the frames that were discussed in Sections 5.3.2 

and 5.3.3. The name notations for these frames are kept unchanged. 

▪ In the second scenario, compressive struts were used to model infill walls in all 

the floors and all the bays. These frames were considered fully infilled, and the 

letter F was added in the beginning of the name to denote it, for example FC-

4D4. 

▪ In the third scenario, infill walls were omitted from the first floor, to simulate 

the often observed soft and weak story which occurs in residential buildings 

that have commercial spaces on the first floor. These frames were considered 

partially infilled, and the letter P was added in the beginning of the name to 

denote it, for example PW1-ID. 

5.6.1 Pushover and Modal Analyses 

Nonlinear static analyses were performed as it was described in Section 5.1. The 

distribution of the lateral push load was based on the first vibration mode. The dynamic 
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properties of the frames for the first vibration mode are listed in Table 5.4. Judging by 

the fundamental periods, WBF are generally characterized by greater periods than the 

CBF. However, the presence of infill walls in all floors reduces the period to almost 

half the period of bare frames, independent of the type of beam, wide or conventional. 

Partially infilled frames appear more robust than bare frames, but less rigid than fully 

infilled frames. In general, it was noticed that the vibration of the frames is governed 

by the first mode, as indicated by the modal mass participation factor, which is greater 

than 0.7 for all the frames. 

 

Table 5.4: Dynamic properties of frame models with infill walls 

Frame T(s) 1 W (kN) Frame T(s) 1 W (kN) 

C-4D4 0.975 0.881 3418 C-ID 0.773 0.883 3025 

FC-4D4 0.502 0.891 3418 FC-ID 0.674 0.886 3025 

PC-4D4 0.723 0.975 3418 PC-ID 0.720 0.909 3025 

W1-4D4 1.153 0.793 3877 W1-ID 1.238 0.852 3360 

FW1-4D4 0.523 0.857 3877 FW1-ID 0.559 0.881 3360 

PW1-4D4 0.644 0.932 3877 PW1-ID 0.853 0.976 3360 

W2-4D4 1.190 0.828 3945 W2-ID 1.202 0.871 3472 

FW2-4D4 0.549 0.874 3945 FW2-ID 0.567 0.884 3472 

PW2-4D4 0.749 0.961 3945 PW2-ID 0.880 0.98 3472 

 

5.6.2 Capacity Curves 

The capacity curves were obtained from pushover analyses and plotted as base shear 

coefficient (V/W) versus global drift ratio (/H). From capacity curves in Figure 5.15, 

it is observed that the infill walls improve the initial stiffness and lateral load capacity 

in all the cases, as was reported by Al-Chaar et al. [125] and Lee and Woo [126]. 

However, after the complete failure of some of the struts, a considerable reduction in 

strength was observed, which was observed by Dolsek and Fajfar [132]. It was 

followed by a second peak of strength, due to the strain-hardening that takes place in 
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beams and columns. The capacity curves of the infilled or partially infilled frames fit 

the description of the idealized capacity curves for infilled RC frames described by 

Dolsek and Fajfar [137]. All the infilled frames with the exception of PC-4D4 display 

two peaks. The first peak is greater than the second peak, and accounts for the 

contribution of the infill walls. The sudden reduction in strength occurs at low drift 

ratios, around 1% for the CBF and W1BF, and around 1.5% for the W2BF. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.15: Pushover curves of frames with infill walls; (a) C-4D4; (b) C-ID; (c) 

W1-4D4; (d) W1-ID; (e) W2-4D4; (f) W2-ID 
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The second peaks of the fully infilled frames and partially infilled frames coincide 

well, both in terms of strength and deformation. The infilled frames exhibit greater 

strengths at their second peak, compared to the lateral load capacity of the bare frames. 

The bare frames are more flexible and reach their capacities at higher drift ratios. 

When the frames reach the second peak in base shear coefficient, such mechanisms 

have formed that the structures have lost their stabilities. The conventional frames 

reach the maximum base shear at 2.39% drift ratio for frame C-4D4, 1.43% drift ratio 

for frame FC-4D4 and 1.36% drift ratio for frame PC-4D4. The W1 frames reach the 

maximum base shear at 4.30% drift ratio for frame W1-4D4, 2.78% drift ratio for 

frame FW1-4D4 and 2.75% drift ratio for frame PW1-4D4. The W2 frames reach the 

maximum base shear at 3.98% drift ratio for frame W2-4D4, 2.61% drift ratio for 

frame FW2-4D4 and PW2-4D4. 

5.6.3 Plastic Mechanisms 

The plastic mechanisms of the bare frames were already presented in Figure 5.8 and 

Figure 5.14 and discussed in Sections 5.5.1 and 5.5.5 respectively, and therefore are 

not repeated in this section. 

The mechanisms of the fully infilled frames are shown in Figure 5.16. Not only is the 

damage more distributed in the WBF, but it is also often offset from the first floor. In 

the CBF on the other hand, the damage is concentrated in the infill walls and bottom 

sections of the first floor. The fully infilled frames display somewhat ductile behavior, 

where infill collapses are generally followed by mechanisms similar to the 

mechanisms of the bare frames. 

The partially infilled frames do not display desirable mechanisms. The partially 

infilled CBF, shown in Figure 5.17a and b, display a soft story behavior, the only 

members that reach their capacity are the columns of the first floor. PW1-4D4and 

PW2-4D4 frames (Figure 5.17c and e) experience more extensive damages at peak 

base shear values. During the first peak, the infill walls of the second story reach their 

capacities, followed by the capacity loss of some beam sections and some columns on 

the first floor during the second peak. The presence of infill walls in the irregular WBF 
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makes very little difference, as is the case of frames PW1-ID and PW2-ID (Figure 

5.17d and f), which display mechanisms very similar to frame PC-ID (Figure 5.17a).  

 

 
(a) FC-4D4 

 
(b) FC-ID 

 
(c) FW1-4D4 

 
(d) FW1-ID 

 
(e) FW2-4D4 

 
(d) FW2-ID 

Figure 5.16: Failure mechanisms of the fully infilled frames 
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(a) PC-4D4 

 
(b) PC-ID 

 
(c) PW1-4D4 

 
(d) PW1-ID 

 
(e) PW2-4D4 

 
(d) PW2-ID 

Figure 5.17: Failure mechanisms of the partially infilled frames 

 

So, to summarize, the behavior of the frames where the infills were not explicitly 

modeled was very ductile and was governed by the flexural failure of the beams. The 

mechanisms at the maximum base shear were ductile and comprised several floors. 

This is a code-compliant behavior. The failure mechanisms of the WBF with infills 

contained more extended damage, with complete plastic hinges forming in the struts, 

beams, and columns. The fully infilled CBF displayed a clear soft story mechanism, 

in which only the infills of the first floor collapse, prior to the failure of the columns 

of the first floor. The collapse mechanism of partially infilled CBF was a pure soft 

story mechanism, in which the only sections to reach the capacity were three of the 

first floor columns. The fully infilled and partially infilled WBF displayed more 
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favorable mechanisms than their CBF counterparts. The inclusion of the infill walls in 

the nonlinear models was mostly beneficial in the case of the fully infilled regular and 

irregular WBF. 

5.6.4 Energy Dissipation 

The energy dissipation of the frames up until the maximum base shear coefficient was 

calculated. For the infilled frames, which displayed two peaks, the energy dissipation 

was calculated up until the second peak, which accounts for the formation of the plastic 

mechanisms in beams and columns more extensively. 

The presence of infill walls reduces the energy dissipation capacity of the frames, as 

reported by Jalaeefar and Zargar [130] as well. Furthermore, the absence of infills on 

the first floor presented an even less favorable situation. However, it was observed 

(Figure 5.18) that WBF have higher energy dissipation capacities than CBF. This 

statement is valid for bare, infilled and partially infilled WBF. 

 

 

Figure 5.18: Energy dissipation (Nm) for the first and second peaks of capacity for 

all the frames, when applicable. 
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5.7 Summary: Assessing the Effect of Various 

Parameters on Capacity and Behavior of WBF and 

CBF 

In this chapter, the capacity of the conventional and wide beam frames was assessed 

using pushover analyses. A considerable amount of information was obtained from 

these analyses such as capacity curves, performance levels, initial stiffness, ductility, 

energy dissipation and plastic mechanisms, and they were discussed separately 

throughout this chapter. In this summary, the effect that parameters such as number of 

stories, number of bays, soil class, elevation irregularity and inclusion of infill walls 

in the model is assessed. It was observed that most of these parameters either did not 

affect the results of the pushover analyses, or the effect was as expected. This allowed 

to create a larger and varied pool of frame models, in which the effect of the desired 

parameter, that is the type of the beam, could be observed with respect to pushover 

analyses. 

5.7.1 Number of Stories 

To assess the effect of the number of stories, 4C4, 6C4, 4D4 and 6D4 frames were 

used. They are similar, since they have the same number of bays, but the number of 

stories changes from four to six. The four story frames attain higher base shear 

coefficients than the six story frames (Figure 5.3a and b, and Figure 5.4a and b). The 

frames with four stories are stiffer than the frames with six stories, but the latter 

dissipate larger amounts of energy. The differences are minor and can be attributed to 

design. The size of the columns of the four story frames is mostly governed by lateral 

deformation criteria, since the structural members of the four story frames comply 

more easily with the internal force demands. The size of the columns of the six story 

frames is governed by both the global stiffness demand and internal force demand 

imposed on the structural members. The plastic mechanisms are also similar. The main 

difference was that the multistory mechanisms of the six story frames contained two-

to-five stories, while the multistory mechanisms of the four story frames contained 

one-to-three stories. It is important to note that independent of the number of floors, 

similar trends were observed when comparing the CBF and the WBF. 
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5.7.2 Number of Bays 

To assess the effect of the number of bays, frames with two, four and six bays that 

have the same number of stories (four) were analyzed and presented in this chapter, 

namely 4C2, 4D2, 4C4, 4D4, 4C6 and 4D6. The number of bays slightly affected the 

base shear coefficient but affected the initial stiffness and energy dissipation 

considerably. The base shear coefficient was less affected by the number of bays, since 

it is a unitless measure normalized by the weight of the structures. On the other hand, 

the six bay frames had the higher initial stiffness and energy dissipation, followed by 

the four story frames and then by the two story frames. This is an expected behavior, 

since the six story frames had more structural elements to provide higher capacity, 

stiffness and redundancy which increases the energy dissipation capacity. The two bay 

frames on the other hand were the frames with the least amount of redundancy and 

thus displayed lower energy dissipation capacity and initial stiffness. The plastic 

mechanisms are also similar in terms of damage dispersal and number of stories 

involved in the multistory mechanisms. It is important to note that independent of the 

number of floors, similar trends were observed when comparing the CBF and the 

WBF. 

5.7.3 Soil Class 

To assess the effect of soil class all the frames were designed once for soil class C and 

then for soil class D. In overall, the frames designed for soil class D displayed higher 

base shear coefficients, higher initial stiffness and greater energy dissipation 

capacities. This occurred due to the higher design base shear imposed on the frames 

designed for soil class D, due to the shape of the response spectrum of ZD as compared 

to ZC. Therefore, the obtained results with respect to soil class were expected. It is 

important to note that independent of the number of floors, similar trends were 

observed when comparing the CBF and the WBF. 

5.7.4 Effect of Irregularity 

To assess the effect of irregularity, the IC and ID frames were designed as counterparts 

of 4C4 and 4D4 frames. They all had four stories and four bays, but while the story 
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height and bay length of the 4C4 and 4D4 frames was constant, frames IC and ID had 

a higher ground floor, and bays of different lengths. In terms of base shear coefficient, 

initial stiffness and energy dissipation, the C-IC and C-ID outperformed C-4C4 and C-

4D4 respectively. However, the effect was negligible in the irregular WBF.  

5.7.5 Infill wall 

The modeling approach used to model infill walls had a great impact on the behavior 

of the frames that were modeled. As was stated in Section 5.6, infill walls were 

explicitly included in the nonlinear models on purpose, even though the frames were 

designed based on the assumption that the walls are separated and do not interact with 

the frame members. 

Explicitly modeling infill walls considerably increased the base shear capacity and 

initial stiffness of the frame models but decreased the energy dissipation capacity. It 

also negatively affected the plastic mechanism of the fully or partially infilled frames, 

in some cases creating soft stories, which were not observed in the bare frames. This 

observation highlighted the importance of construction practices that are compatible 

with the design assumptions. 

5.7.6 Beam type 

The above-mentioned parameters had little-to-no effect on the capacity behavior of the 

frames that were discussed in this chapter. However, the type of beam affected 

capacity and behavior of the frames in a consistent manner. Regardless of the number 

of stories, bays, soil class and regularity, the frames with conventional beams 

consistently displayed higher base shear coefficients, higher initial stiffness, and lower 

ductility and lower energy dissipation capacity than the frames with wide beams. So, 

while CBF were stiffer and stronger than WBF, WBF displayed slightly more ductile 

behavior. This was evident from the plastic mechanisms, in which WBF experienced 

more spread damages than CBF. However, CBF still displayed highly ductile behavior 

and mechanisms. 

Among the frames with wide beams, WBF of type W1 displayed more a slightly 

ductile behavior, and higher energy dissipation capacities than WBF of type W2. W1 
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type frames had narrower wide beams and thus required greater column sections than 

W2 frames, which made W1 frames more flexible and ductile. W2 frames displayed 

slightly higher base shear coefficients. In overall, both types of WBF displayed ductile 

behavior, which is desired for construction in seismic areas. 
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Chapter 6 

6Time-History Analyses 

Time-history analyses were used as a first step for the estimation of seismic demand 

of the frame models. The parameter that was used to represent seismic demand is drift 

ratio, in the form of global drift ratio (GDR) and interstory drift ratio (IDR). The time-

history analyses were performed using real and unscaled ground motion records. The 

ground motion record used for the time-history analyses were selected based on the 

procedure laid out in TBEC [63], which requires sets of 11 ground motion records 

compatible with the elastic spectrum used in the design of structures. 30 such sets were 

selected for each soil class. 

6.1 Selecting Ground Motion Records for Time-

History Analyses 

Ground motion records vary significantly from one another therefore performing time-

history analyses using a single event can only provide insight on the performance of a 

structure when subjected to a certain earthquake that has already occurred and is 

unlikely to be exactly replicated in the future. Therefore, it is rather suggested to use 

sets of ground motion records when performing time-history analyses, rather than a 

single record. Regarding the suitable number of ground motions that consists of a set, 

and the criteria how these records are selected, there have been several developments 

[146]. FEMA P-58 suggests the use of at least seven ground motion records, though 

11 or more are expected to provide better estimates of demand [147]. Reyes and 

Kalkan [148] tested the use of less than seven ground motion records and more than 

seven ground motion records, and concluded that sets that have at least seven records 

provide satisfactory results. Palanci et al. [149] reached a similar conclusion by testing 
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sets of 7, 11 and 15 ground motion records. Huang et al. [150] also employed sets of 

11 ground motion records for time-history analyses. 

TBEC [63] mandates that time-history analyses should be performed by using sets of 

ground motion records that are scaled to match the elastic response spectrum used to 

design the structure that is being analyzed. The number of ground motion records 

required to form a set are dependent on the dimensionality of the structure being 

analyzed. One and two-dimensional structures can be analyzed using sets containing 

11 ground motion records. TBEC defines a set of 11 ground motion records to be 

compatible with a response spectrum, if for a period range of 0.2Tp and 1.5Tp, the 

ordinates of the mean response spectrum of the set are not less than the 0.9 times the 

ordinates of the elastic spectrum. The ground motion records in the set can be scaled 

or unscaled to obtain this compatibility. Similarly, FEMA P-58 suggests the use of sets 

containing 7-11 ground motion records. The selection and scaling of ground motions 

for scenario-based assessment is similar to the procedure described in TBEC. Two-

dimensional frames were used in the time-history analyses in this thesis, therefore the 

ground motion record set contained 11 records. 

 

 

Figure 6.1: Elastic target spectra for soil classes C and D used for the selection of the 

ground motion records sets 
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A catalog of ground motion records was created using records obtained from the 

European Strong Motion Database (ESMD) [151], Resorce [152] and PEER strong 

motion database [153]. The records included in this catalog had a magnitude Mw>5.0, 

that were recorded using stations whose distance from the fault is between 10-60 km. 

Since the frame models were designed for soil classes C and D, records pertaining to 

these two soil classes were chosen for the selection of ground motion record sets. The 

problem of selecting ground motion records that are compatible with code design 

spectra can be defined as an engineering optimization problem and solved as such 

[154]. In this study, the approach suggested by Kayhan [155] was used to obtained the 

ground motion sets. 30 sets that are compatible with the code design spectrum were 

obtained in this manner for each soil class. It is possible to use different scale factors 

for each record when selecting a set of ground motion records. In this study the scale 

factor for all the ground motion records is one, so real and unscaled earthquake records 

were used. The target response spectra used for the design of the frame models and the 

selection of the ground motion record sets are shown in Figure 6.1. 

Using one set of ground motion records compatible with the target spectrum will yield 

a set of displacement demand data for GDR and IDR, from which the mean GDR and 

IDR displacement demands for the set can be calculated. However, repeating the 

analysis using a different set, that is compatible with the same target spectrum will 

yield slightly different mean GDR and IDR displacement demand data. While both 

could be correct estimations of displacement demand there is obviously a bias involved 

when using the results of a single set of ground motion records for this calculation. To 

solve this problem, in this thesis 30 sets of ground motion records were used to obtain 

the displacement demand for each of the frames. 30 sets of ground motion records 

recorded on soils of type C and compatible with the target spectrum of soil class C 

were selected and used to analyze all the frames designed for soil class C. Similarly, 

30 sets of ground motion records recorded on soils of type D and compatible with the 

target spectrum of soil class D were selected and used to analyze all the frames 

designed for soil class D. 

Appendix B lists the ground motion record for each set that were used in this thesis. 

The compatibility of the ground motion records of any given set with the 
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corresponding target spectrum was checked by plotting the acceleration spectra of the 

individual records, the mean spectra of the set and the target spectrum in a single graph. 

 

 

Figure 6.2: Compatibility check for the ground motion records of Set 5, soil class C 

 

 

Figure 6.3: Compatibility check for the ground motion records of Set 5, soil class D 



101 

 

Examples of this compatibility check are shown in Figure 6.2 and Figure 6.3 for soil 

class C and D, respectively. From these figures it can be noticed that the record sets 

are compatible with the target spectrum for periods of at least 3 s, which sets the 

fundamental period of the structures Tp=2 s. Referring to Table 5.1, the fundamental 

period of all the analyzed frame models is less than 2 s, and therefore the selected sets 

of ground motion records are suitable to be used to perform time-history analyses on 

all the frames. 

6.2 Time-History Analyses 

Time-history analyses were performed on the 2D frame models used previously for 

the pushover analyses. The analyses were performed using direct integration as a 

solution method, and large displacements were taken into consideration. Hilber-

Hughes-Taylor numerical integration was employed. Rayleigh damping, where the 

first two vibration modes had damping ratio equal to 0.05, was used to model viscous 

damping. This decision was justified because the behavior of the frames was largely 

governed by the first two modes of vibration. Table 5.1 lists the periods and the modal 

mass participation factors for the first two vibration modes for each of the frames. The 

total of the modal mass participation factors for the first two vibration modes (1+2) 

is about 0.9 or higher in all cases. Therefore, the sum of the contribution of all the other 

vibration modes is less than 10%, in some cases as low as 3-4%. In this situation 

calculating the damping from the first two modes only and neglecting the contribution 

of the higher modes will not result in significant error and considerable overdamping 

of the higher modes. 

6.2.1 Record-Base Results 

The results of the time-history were estimated in terms of interstory and global drift 

ratios. For each ground motion record, the maximum global displacement max and the 

maximum interstory displacement for the i-th story max,i were obtained and were 

converted into maximum drift ratios by dividing with the total frame height and 

individual story height respectively. These maximum drift ratios varied considerably 

from record to record within the same set of analysis for any given frame. 
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Figure 6.4: Maximum GDR for each ground motion record of set 10 and soil class C 

for the 4C4 and 6C4 frames 

 

 

Figure 6.5: Maximum GDR for each ground motion record of set 15 and soil class D 

for the 4D4 and 6D4 frames 

 

As an example, Figure 6.4 and Figure 6.5 show the maximum GDR that was computed 

for the regular four bay, four and six story frames from the records of Set 10 of soil 

class C and Set 15 of soil class D. The maximum GDR varies considerably from record 

to record within the same set for the same frame model. For instance, the maximum 

GDR obtained for frame W1-4C4 ranged from 0.188% for record R.9 to 2.075% for 

record R.1. Similarly, the maximum GDR obtained for frame W2-4D4 ranged from 

0.203% for record R.9 to 2.006% for record R.6. 
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6.2.2 Set-Based Results 

TBEC suggests using the mean deformation of a set as a measure of demand. 

Therefore, for each frame and i-th set of analysis, the mean of the maximum GDR, 

denoted as mGDR,i, and the mean of the maximum IDR for the k-th story, denoted as 

mIDRk,i, were calculated using Equations (6.1) and (6.2) respectively. For sake of 

simplicity, from here forward, mIDRk were denoted as MIDR# standing for mean 

interstory drift ratio, and the symbol # is a placeholder for the number of the floor. So, 

MIDR1 is the mean interstory drift ratio for the first floor, MIDR2 is the mean 

interstory drift ratio for the second floor, and so on. In these equations, i denotes the 

number of the set for which the mean drift ratio is being calculated, j denotes the 

number of the record within the i-th set, n is the number of records within a set which 

is 11 for all the sets considered in this study, and k denotes the number of the story for 

which the mean IDR is being calculated. The variance was measured by the Coefficient 

of Variance (CoV), which is calculated as the ratio of the standard deviation  to the 

mean drift ratio m (Equation (6.3)). The standard deviation was computed as shown in 

Equations (6.4) and (6.5) for GDR and IDR, respectively. 
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Figure 6.6 shows the mean GDR (mGDR) for frames 4C4 plotted for all 30 sets of time-

history analyses. The variation of the mGDR from set to set is obvious in this figure. 

However, peaks of mGDR generally coincide, since the analyses were performed using 
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the same record set for all three frames. This agreement is more evident among W1-

4C4 and W2-4C4. The conventional frame C-4C4 generally experience lower values 

of mGDR, while the values of mGDR of the two WBF were considerably close. 

 

 

Figure 6.6: Set-to-set variation of mGDR for frames 4C4 

 

The in-set variance of the drift ratios was exemplified in Figure 6.4 and Figure 6.5. 

Figure 6.7 shows the in-set CoV of the GDR for frames 4C4. The values of CoV for 

any given set are similar among frames C-4C4, W1-4C4 and W2-4C4. Therefore, the 

source of variance within the sets is the randomness of the ground motion records that 

compose the set, rather than the properties of the frames that were being analyzed. 

 

 

Figure 6.7: Set-to-set CoV of mGDR for frames 4C4 
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(a) mIDR1 

 
(b) CoV of mIDR1 

Figure 6.8: Set-to-set results for MIDR1 for 4C4 frames 

 

The IDR were also investigated in a similar manner. Figure 6.8 shows the plots of 

MIDR1 and CoV of MIDR1 for the 4C4 frames. The values of MIDR1 varied 

considerably from set to set (Figure 6.8a), however there was less difference between 

the MIDR1 of the three frames. Generally, frame W2-4C4 displayed higher peak 

values than the other two frames, while the values of MIDR1 for frames C-4C4 and 

W1-4C4 were more similar. The values of CoV of MIDR1 (Figure 6.8b) were very 

similar for all three 4C4 frames. Thus again, it can be stated that the source of variance 

within the sets is the randomness of the ground motion records that compose the set, 

rather than the properties of the frames that were being analyzed. 
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(a) mIDR2 

 
(b) CoV of mIDR2 

Figure 6.9: Set-to-set results for MIDR2 for 4C4 frames 

 

Similar observations regarding the MIDR and CoV were made for the other three 

floors as well. The variances, shown in Figure 6.9b, Figure 6.10b, and Figure 6.11b 

display the same trends the variance of the GDR and MIDR1, shown in Figure 6.7 and 

Figure 6.8b respectively. MIDR2 values (Figure 6.9a) follow the following trend: C-

4C4 experiences the smallest values of MIDR2, followed by W1-4C4, while frame 

W2-4C4 generally experiences the highest values of MIDR2. 

The conventional frame experiences the lowest values of MIDR3 as well, as shown in 

Figure 6.10a. However, frame W1-4C4 displays higher values of MIDR3 than frame 

W2-4C4. A similar situation is observed in Figure 6.11a for MIDR4 as well. 
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(a) mIDR3 

 
(b) CoV of mIDR3 

Figure 6.10: Set-to-set results for MIDR3 for 4C4 frames 
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(a) mIDR4 

 
(b) CoV of mIDR4 

Figure 6.11: Set-to-set results for MIDR4 for 4C4 frames 

 

 

Figure 6.12: Set-to-set variation of mGDR for frames 4D4 
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The mean GDR and IDR for all the floors were computed and plotted for all the frames 

and all the sets of analyses, and similar trends were observed. Therefore, in this section 

only the mean GDR plots are presented, while the rest of the graphs are given in 

Appendix C. The plots of mGDR for frames 4D4, 6C4, 6D4, 4C2, 4D2, 4C6, 4D6, IC 

and ID are shown in Figure 6.12, Figure 6.13a, Figure 6.13b, Figure 6.14a, Figure 

6.14b, Figure 6.15a, Figure 6.15b, Figure 6.16a, and Figure 6.16b respectively. Among 

all the frames, the CBF displayed the smallest set-to-set variation of mGDR, and the 

overall smallest values of mGDR. The WBF displayed very similar values of mGDR, 

however W1 frames generally reached higher peaks of GDR. 

 

 
(a) 6C4 

 
(b) 6D4 

Figure 6.13: Set-to-set variation of mGDR for frames 6C4 and 6D4 

 



110 

 

 
(a) 4C2 

 
(b) 4D2 

Figure 6.14: Set-to-set variation of mGDR for frames 4C2 and 4D2 
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(a) 4C6 

 
(b) 4D6 

Figure 6.15: Set-to-set variation of mGDR for frames 4C6 and 4D6 
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(a) IC 

 
(b) ID 

Figure 6.16: Set-to-set variation of mGDR for frames IC and ID 

 

6.2.3 Mean Global and Interstory Demand 

The code-based assessment of displacement demand was completed by calculating the 

mean drift ratios from the data obtained from the 30 sets of analyses performed for 

each frame. To distinguish the mean drift ratios obtained from each set (mGDR, mIDR,k) 

from the mean drift ratios of the 30 sets of analyses (GDR, IDR,k), the latter are denoted 

with the Greek letter  and referred to as GDR demand and MIDR demand 

respectively. The GDR demand and MIDR demand were calculated using Equations 

(6.6) and (6.7) respectively. The CoV was computed using Equation (6.3), while the 

standard deviation for GDR and MIDR demands were computed using Equations (6.8) 

and (6.9) respectively. In these equations, N denotes the number of sets that were used 
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to calculate demand values and N=30, while i and k denote the number of set and the 

floor number, respectively. 
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The values of demand for GDR and MIDR calculated using the equations above are 

summarized in Table 6.1. The GDR demand values obtained from the time-history 

analyses using 30 sets of ground motion records are relatively small and do not exceed 

1%. In each group of three similar frames (one CBF and two WBF), the GDR demand 

of the CBF is smaller than the demand imposed on the WBF. The trends of the MIDR 

vary, however this occurs because CBF and WBF experience maximum drift ratios in 

different floors. In overall, the MIDR demands imposed on the WBF are larger than 

the MIDR demands imposed on the CBF. The variances of the GDR and MIDR 

demands are listed in Table 6.2. The values of CoV were generally low for all the 

demand parameters that were computed in this section. 
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Table 6.1: Displacement demand calculated from 30 sets of time-history analyses 

Frame 

Demand 

GDR 

(%) 

MIDR1 

(%) 

MIDR2 

(%) 

MIDR3 

(%) 

MIDR4 

(%) 

MIDR5 

(%) 

MIDR6 

(%) 

C-4C4 0.475 0.846 0.655 0.389 0.219 - - 

W1-4C4 0.804 0.840 1.040 1.024 0.651 - - 

W2-4C4 0.813 1.223 1.263 0.718 0.366 - - 

C-4C2 0.481 0.749 0.711 0.401 0.216 - - 

W1-4C2 0.767 0.632 0.924 0.916 0.846 - - 

W2-4C2 0.830 1.094 1.230 0.885 0.397 - - 

C-4C6 0.477 0.719 0.693 0.400 0.260 - - 

W1-4C6 0.768 0.583 0.966 1.112 0.750 - - 

W2-4C6 0.649 0.557 0.876 0.961 0.505 - - 

C-6C4 0.476 0.830 0.869 0.608 0.406 0.346 0.196 

W1-6C4 0.735 0.554 0.909 0.988 1.006 0.963 0.557 

W2-6C4 0.711 0.688 1.018 1.112 1.007 0.702 0.343 

C-IC 0.414 0.605 0.494 0.308 0.373 - - 

W1-IC 0.783 0.989 1.014 0.797 0.648 - - 

W2-IC 0.697 0.960 0.920 0.692 0.473 - - 

C-4D4 0.655 1.187 0.929 0.488 0.242 - - 

W1-4D4 0.841 0.823 1.090 1.012 0.702 - - 

W2-4D4 0.945 1.006 1.238 1.237 0.637 - - 

C-4D2 0.604 0.941 0.898 0.507 0.231 - - 

W1-4D2 0.711 0.701 0.830 0.776 0.688 - - 

W2-4D2 0.842 0.699 1.050 1.097 0.806 - - 

C-4D6 0.571 0.805 0.813 0.502 0.310 - - 

W1-4D6 0.905 0.695 1.065 1.128 1.009 - - 

W2-4D6 0.789 0.507 0.952 1.109 0.849 - - 

C-6D4 0.629 1.074 1.113 0.818 0.553 0.427 0.226 

W1-6D4 0.792 0.592 0.937 1.008 1.022 0.951 0.709 

W2-6D4 0.831 0.739 1.065 1.081 1.107 1.056 0.574 

C-ID 0.540 0.819 0.653 0.386 0.403 - - 

W1-ID 0.868 1.083 0.968 0.989 0.836 - - 

W2-ID 0.872 1.071 1.058 1.082 0.650 - - 
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Table 6.2: CoV of displacement demand calculated from 30 sets of time-history 

analyses 

Frame 

CoV 

GDR 

(%) 

MIDR1 

(%) 

MIDR2 

(%) 

MIDR3 

(%) 

MIDR4 

(%) 

MIDR5 

(%) 

MIDR6 

(%) 

C-4C4 0.143 0.201 0.186 0.113 0.116 - - 

W1-4C4 0.211 0.296 0.229 0.219 0.100 - - 

W2-4C4 0.220 0.295 0.254 0.130 0.071 - - 

C-4C2 0.161 0.230 0.203 0.091 0.074 - - 

W1-4C2 0.170 0.215 0.142 0.147 0.159 - - 

W2-4C2 0.223 0.299 0.232 0.203 0.075 - - 

C-4C6 0.144 0.205 0.183 0.084 0.074 - - 

W1-4C6 0.210 0.393 0.236 0.178 0.098 - - 

W2-4C6 0.141 0.237 0.151 0.125 0.090 - - 

C-6C4 0.165 0.297 0.226 0.115 0.092 0.085 0.095 

W1-6C4 0.237 0.414 0.256 0.231 0.223 0.185 0.077 

W2-6C4 0.249 0.551 0.338 0.237 0.177 0.128 0.092 

C-IC 0.084 0.134 0.113 0.077 0.073 - - 

W1-IC 0.174 0.279 0.218 0.099 0.116 - - 

W2-IC 0.169 0.223 0.205 0.088 0.107 - - 

C-4D4 0.084 0.125 0.093 0.071 0.059 - - 

W1-4D4 0.065 0.098 0.071 0.064 0.094 - - 

W2-4D4 0.101 0.114 0.093 0.108 0.120 - - 

C-4D2 0.074 0.112 0.094 0.065 0.045 - - 

W1-4D2 0.085 0.097 0.076 0.086 0.102 - - 

W2-4D2 0.085 0.113 0.082 0.084 0.113 - - 

C-4D6 0.077 0.128 0.095 0.068 0.095 - - 

W1-4D6 0.078 0.097 0.070 0.074 0.103 - - 

W2-4D6 0.071 0.111 0.058 0.065 0.127 - - 

C-6D4 0.125 0.185 0.151 0.094 0.072 0.067 0.076 

W1-6D4 0.109 0.168 0.102 0.094 0.081 0.075 0.106 

W2-6D4 0.118 0.191 0.129 0.122 0.095 0.076 0.092 

C-ID 0.066 0.097 0.083 0.052 0.068 - - 

W1-ID 0.068 0.085 0.072 0.073 0.098 - - 

W2-ID 0.064 0.082 0.070 0.086 0.073 - - 
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6.3 Summary of Time-History Analyses 

In this chapter, the procedure and results of time-history were presented. The time-

history analyses were performed using real and unscaled earthquake record, which 

were selected according to the procedure presented in TBEC. These analyses produced 

a large amount of data, but this thesis was focused on the displacement demand of the 

frames expressed in terms of global and interstory drift ratios. 

A considerable variation of was observed in the max/H values within each set. The set 

coefficients of variance could be as high as 2. This variance was a direct result of the 

variation and randomness of the ground motions that composed the record sets. The 

set means mGDR and mIDRj were less varied and displayed some clear trends. In general, 

the CBF had the lowest mGDR, followed by the W1BF and then W2BF. The set variance 

however was almost not affected by the type of the frame. The same trends were 

observed among the mean of the set means GDR. WBF experience larger GDR 

demands than the CBF. Consequently, the MIDR of the WBF were also generally 

greater than the MIDR of the CBF. 
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Chapter 7 

7Seismic Demand and Performance of 

the Frame Models 

FEMA P-58 [147] is the next generation code for seismic design and assessment of 

structures [156-158]. It has been used to assess the performance of educational 

buildings in Venezuela [159], Tehran [160] and Beijing [161], to assess the damages 

of existing buildings [162] and the effectivity of energy dissipation devices in RC 

frames [163]. Cook et al. [164] performed a comparative study on various methods for 

the seismic risk assessment of structures and reported that while in general the results 

were similar, the procedure laid out in FEMA P-58 was more capable of capturing 

building-specific and site-specific mechanisms than the other methods considered. 

 

 

Figure 7.1: Flowchart of the assessment procedure presented in FEMA P-58 [147] 
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FEMA P-58 takes a probabilistic approach at performance assessment and includes 

parameters that are more understandable to parties such as shareholder, owners, 

contractors and public. The procedures described in FEMA P-58 aim to assess not only 

the construction cost or seismic performance in case of a seismic event, but costs of 

repair and/or replacement as well. These costs include dislocation costs, and financial 

effects of facilities that stop operating after seismic events. A flowchart detailing such 

assessment is presented in Figure 7.1. The first step is to assess the structural 

performance of a building. 

FEMA P-58 takes a probabilistic approach to the performance assessment of 

structures. This approach is applied to detailed models which may include 

nonstructural elements as well. While simplified methods are also presented, 

performing limited or full suite time-history analyses for estimation of seismic demand 

is strongly suggested. Three assessment methods are introduced in this guideline, 

intensity based, scenario based and time based assessment. The three are briefly 

discussed below. 

▪ Intensity based assessment is carried out when the probable performance of 

a structure subjected to earthquakes of a certain intensity is wanted. Ground 

motion records sets are defined at different intensity levels, and the analyses 

are performed. An output of such analyses are fragility curves. 

▪ Scenario based assessment is carried out when the performance of a structure 

subjected to a certain earthquake scenario is wanted. The earthquake scenario 

can be defined by the magnitude (M), distance from fault and depth of the 

seismic event. The outcomes of such an assessment are presented in terms of 

demand parameter of choice versus probability of non-exceedance (PNE). 

▪ Time based assessment is carried out when the probable performance of a 

structure over a desired period of time is wanted. Time based assessment can 

be carried out as a series of intensity based assessments. The results of time 

based assessment are presented in terms of time versus PNE. 

Scenario based assessment was used in this thesis. The ground motion selection 

method of this assessment procedure is similar to the method suggested by TBEC and 

described in Section 6.1. A detailed model of the structure that is being assessed should 

be created. This model should include all structural elements that contribute to the load 
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carrying capacity system, and the nonstructural elements that might contribute to 

strength or stiffness, or that are susceptible to damage. All possible damage modes 

should be included in the model explicitly. If a damage mode is not included in the 

model explicitly, then the rationale behind it should be given. The model is subjected 

to time-history analyses suites and the output results are obtained in terms of the 

wanted parameters. The result of each analysis suite is termed a realization. Figure 7.2 

describes the procedure to be followed after the realizations have been obtained. 

Consequences can be costs of repair or reaching a certain damage level.  

 

 

Figure 7.2: Flowchart for intensity and scenario based assessment procedures [147] 

 

In this study, the nonlinear models of the frames were defined in such a way as to 

include all the damage mechanisms that code-complying structures are susceptible to. 

This procedure was described in detail in Chapter 4. Due to the hypothetical nature of 

the study, nonstructural elements were not included in the models. These models were 

subjected to time-history analyses using sets of ground motion records. The 

performance of the frame models was assessed in terms of global and interstory drift 

ratios. Therefore, for each realization the drift ratios are computed. Ideally thousands 

of realizations should be obtained from time-history analyses. Afterwards these 

realizations can be fit to a lognormal distribution, and PNE graphs can be plotted. A 
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sample of such an outcome is shown in Figure 7.3 . Since performing thousands of 

analyses sets of time-history analyses is difficult and requires considerable time, 

limited suite analyses can be performed and then a Monte Carlo simulation which 

modifies the input to take into account uncertainties that come with small samples is 

suggested. 

 

 

Figure 7.3: PNE graph, as obtained for scenario based assessments [147] 

 

7.1 Including Uncertainties in the Estimation of the 

Seismic Demand 

Even if a considerable amount of time-history analyses is performed, the use of simple 

models may ignore the variability of other parameters, such as material properties, 

loads acting on the structure and cross sections of the structural elements. These 

parameters should ideally be represented by distributions rather than single values, in 

order to account for the potential variation that may occur. For instance, while the 

concrete quality is defined by its characteristic strength, taking samples from actual 

structures may show some variability. Jalayer et al. [165] investigated the effect of the 

uncertainties of the structural parameters, while Celarek and Dolsek [166] investigated 
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the effect of modeling uncertainties. FEMA P-58 defines a dispersion m that stands 

for modeling dispersion and is to be added to the dispersion of the results of time-

history analyses. m has three components, c, q and gm. 

The dispersion for construction quality assurance c is related to the building definition 

and construction quality assurance. The values of c range from 0.1 to 0.4, for the 

following situations: 

▪ c=0.10 for new and existing buildings of superior quality. 

▪ c=0.25 for new and existing buildings of average quality. 

▪ c=0.40 for new and existing buildings of limited quality. 

The dispersion for quality of the analytical model q describes the quality and 

completeness of the analytical model. The values of q range from 0.1 to 0.4, for the 

following situations: 

▪ q=0.10 for numerical models of superior quality that include all structural and 

nonstructural components that contribute to the strength and stiffness of the 

structures. 

▪ q=0.25 for numerical models of average quality that include most of the 

structural and nonstructural components that contribute to the strength and 

stiffness of the structures. 

▪ q=0.40 for numerical models of limited quality that include the contribution 

of the structural components in the strength and stiffness of the structures. 

The dispersion due to ground motion variability gm is associated with the uncertainty 

of the predictive ability of attenuation relationships used to derive the target spectrum. 

Since in this thesis code-based spectra were used for the selection of ground motion 

records gm was not taken into consideration. 

Two values were considered for each of the c and q dispersion parameters. The frame 

models represent code-compliant construction; therefore, the buildings were assumed 

to be new buildings of superior or average quality. On the other hand, since the models 

were simple, the numerical models were assumed to be of average or limited quality 
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and completeness. The scenarios that were considered for the dispersion parameters c 

and q are presented in Table 7.1. 

 

Table 7.1: Values of dispersion considered for the added uncertainties of the models 

Dispersion 

parameter 
Uncertainty description 

Value of 

dispersion 

c 

New building of superior 

quality 
0.10 

New building of average 

quality 
0.25 

q 

Numerical model of average 

quality and completeness 
0.25 

Numerical modeling of limited 

quality and completeness 
0.40 

 

 
2 2 0.5m c q  = +   (7.1) 

 

Table 7.2: Combination scenarios for the construction and model quality dispersions 

Scenario c q m Weight 

1 0.10 0.25 0.27 0.25 

2 0.10 0.40 0.41 0.25 

3 0.25 0.25 0.35 0.25 

4 0.25 0.40 0.47 0.25 

Weighted scenario 0.38  

 

The modeling dispersion m is calculated using Equation (7.1) and should not exceed 

0.5. There are four possible combinations of pairs (c, q) which have equal chance of 

occurring. These scenarios are listed in Table 7.2, alongside with the average modeling 

dispersion m. This value of dispersion was added to the results of the time-history 

analyses to account for the uncertainties related to construction and modeling. 



123 

 

7.2 Code-based Assessment of Demand 

The procedures for selecting ground motion records and performing time-history 

analyses were based on TBEC [63]. In Chapter 6 it was observed that there is some 

set-to-set variance for GDR and MIDR due to the random nature of the ground motion 

records that were used to perform the time-history analyses. As this variance did not 

account for the variances due to design, construction and modeling, an additional 

measure of variance (m) was calculated in Section 7.1. The distributions of the 

demand parameters (GDR and MIDR) were reevaluated using GDR and IDRk and the 

modified variances that included m. 

7.2.1 Code-based Fragility for GDR 

Code-based fragility functions relating GDR to PNE were developed for all the frames. 

The distributions of set means (mGDR) were used to generate the code-based fragility 

functions. For instance, the set distribution of mGDR for frame C-4C4 is shown in Table 

7.3. This set is characterized by the mean GDR=0.475%, standard deviation 

GDR=0.068, and variance CoV=0.143. The inherent variance of the sets was enhanced 

using the modeling dispersion m computed in Section 7.1. The fragility function was 

generated as a cumulative lognormal distribution of this data set. Such a function can 

be used to determine the probability that for any given frame, a certain level of 

deformation will be exceeded or not. The fragility functions were used to compute the 

PNE for the performance levels for each frame, thus providing an idea of the actual 

performance of the frames. 

The fragility functions of frames 4C4 are shown in Figure 7.4a while Figure 7.4b 

shows the fragility functions of frames 4D4. In both cases, the CBF have steeper 

fragility functions than WBF. This means that for the same level of GDR, the PNE for 

the CBF is higher than the PNE of WBF. The PNE for LD was calculated as 14.2%, 

4.2% and 0.2% for frames C-4C4, W1-4C4 and W2-4C4 respectively, while the PNE 

for CD and CP was practically 100% for all three frames. The PNE for LD was 

calculated as 0.3%, 3.8% and 0.1% for frames C-4D4, W1-4D4 and W2-4D4 

respectively, while the PNE for CD and CP was practically 100% for all three frames. 
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Table 7.3: Distribution of mGDR for frame C-4C4 and its mean, standard deviation 

and variance 

GDR (%) 0.475 

GDR 0.068 

CoV 0.143 

Set 1-5 Set 6-10 Set 11-15 Set 16-20 Set 21-25 Set 26-30 

0.441 0.536 0.470 0.461 0.456 0.506 

0.374 0.456 0.428 0.428 0.443 0.421 

0.392 0.448 0.397 0.527 0.515 0.477 

0.463 0.456 0.425 0.520 0.685 0.442 

0.501 0.426 0.499 0.665 0.541 0.449 

 

 
(a) 4C4 

 
(b) 4D4 

Figure 7.4: Fragility functions of regular frames with four stories and four bays based 

on the sets of mGDR 

 

The fragility functions of frames 4C2 and 4D2 are shown in Figure 7.5a and Figure 

7.5b respectively. In both cases, the CBF have steeper fragility functions than WBF. 

This means that for the same level of GDR, the PNE for the CBF is higher than the 

PNE of WBF. The PNE for LD was calculated as 0.0% for frames C-4C2 and W2-

4C2, and 0.6% for frame W1-4C2, while the PNE for CD and CP was practically 100% 

for all three frames. The PNE for LD was calculated as 0.0%, 1.4% and 0.1% for 

frames C-4D2, W1-4D2 and W2-4D2 respectively, while the PNE for CD and CP was 

practically 100% for all three frames. 
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(a) 4C2 

 
(b) 4D2 

Figure 7.5: Fragility functions of regular frames with four stories and two bays based 

on the sets of mGDR 

 

 
(a) 4C6 

 
(b) 4D6 

Figure 7.6: Fragility functions of regular frames with four stories and six bays based 

on the sets of mGDR 

 

Figure 7.6a and b display the fragility functions for 4C6 and 4D6 frames respectively. 

In both cases, the CBF have steeper fragility functions than WBF. This means that for 

the same level of GDR, the PNE for the CBF is higher than the PNE of WBF. The 

PNE for LD was calculated as 2.4%, 0.7% and 0.0% for frames C-4C6, W1-4C6 and 

W2-4C6 respectively, while the PNE for CD and CP was practically 100% for all three 

frames. The PNE for LD was calculated as 0.0% for all three frames, while the PNE 

for CD and CP was practically 100% for all three frames. 

Figure 7.7a and b display the fragility functions for 6C4 and 6D4 frames respectively. 

In both cases, the CBF have steeper fragility functions than WBF. This means that for 

the same level of GDR, the PNE for the CBF is higher than the PNE of WBF. The 
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PNE for LD was calculated as 2.5%, 2.7% and 2.4% for frames C-6C4, W1-6C4 and 

W2-6C4 respectively, while the PNE for CD and CP was practically 100% for all three 

frames. The PNE for LD was calculated as 0.04%, 0.4% and 0.7% for frames C-6D4, 

W1-6D4 and W2-6D4 respectively, while the PNE for CD and CP was practically 

100% for all three frames. 

 

 
(a) 6C4 

 
(b) 6D4 

Figure 7.7: Fragility functions of regular frames with six stories and four bays based 

on the sets of mGDR 

 

The fragility functions of frames IC and ID are shown in Figure 7.8a and b 

respectively. In both cases, the CBF have steeper fragility functions than WBF. This 

means that for the same level of GDR, the PNE for the CBF is higher than the PNE of 

WBF. The PNE for LD was calculated as 33.1%, 4.6% and 0.8% for frames C-IC, W1-

IC and W2-IC respectively, while the PNE for CD and CP was practically 100% for 

all three frames. The PNE for LD was calculated as 0.1%, 10.9% and 0.3% for frames 

C-ID, W1-ID and W2-ID respectively, while the PNE for CD and CP was practically 

100% for all three frames. 
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(a) IC 

 
(b) ID 

Figure 7.8: Fragility functions of irregular frames 

 

In overall, the fragility functions of the CBF are steeper than the fragility functions of 

the WBF. The values of PNE for the LD performance level were low, at most around 

85%, therefore all the frames likely exceeded the LD threshold. Typically, WBF had 

lower PNE for LD than CBF. All the frames had virtually 100% PNE for the CD and 

CP performance levels. Therefore, it is unlikely that any of the frames exceeded the 

CD and CP thresholds. The performance of the all the frames is likely to CD, however 

this was assessed in more detail in the following section. 

7.2.2 Demand Ranges vs Capacity 

Considering the drift ratios that were obtained from the time-history analyses as 

distributions, it is possible to determine ranges of drift ratios for desired confidence 

intervals. These ranges are defined by the lower bound (LB) and upper bound (UB), 

as shown schematically in Figure 7.9. 

In this thesis the GDR ranges were calculated for a confidence interval of 90%. 

Therefore, if the frame models were to be subjected to time-history analysis using a 

new set of ground motion records compatible with the design elastic spectrum, the 

probability that the result obtained from this 31st set would fall in the defined range is 

90%. 

It is possible to compute the drift ratio ranges for any of the desired drift parameters. 

However, since the performance levels were also expressed in terms of GDR, GDR 

ranges were calculated only. These GDR ranges were compared with the damage 
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regions defined by the performance levels. A generalized example is shown in Figure 

7.10. In this example, the mean demand GDR is represented by a rhombus shaped dot, 

while the GDR range is represented by the oblique line pattern box. The damage 

regions defined by the performance levels are represented by monochromatic stacked 

columns, with hues ranging from white to dark grey. The collapse region begins after 

the CP limit, and virtually has no upper limit. However, for sake of representation, 

collapse regions were shown only until 6% GDR. The location of the GDR range 

defines the performance of the frame model itself. 

 

 

Figure 7.9: Graphical description of LB and UB for a normal distribution for a 

confidence interval of 90% 

 

 

Figure 7.10: Example of the comparison of GDR ranges with the damage regions 

defined by the performance levels. 
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Figure 7.11 shows the comparison of demand and capacity for the regular frames with 

four bays and four and six stories. From this graph it is obvious that the WBF have 

higher GDR capacities for CD and CP. The GDR ranges are also wider for the WBF 

than the CBF. Nonetheless, in all the four bay frames the GDR range falls within the 

CD damage level. Typically, the frames designed for soil class D have greater GDR 

and GDR wider ranges, regardless of the type of beam. W2 type frames have slightly 

higher GDR and slightly wider GDR ranges than W1 type frames. 

 

 

Figure 7.11: Demand vs. Capacity of the four bay and four and six story frames 

based on the sets of mGDR 

 

Figure 7.12 shows the comparison of demand and capacity for the regular frames with 

four bays and four and six stories. Again, the WBF have higher GDR capacities for 

CD and CP and even collapse than the CBF. The GDR ranges are also wider for the 

WBF than the CBF. However, the GDR range of 4C2, 4D2, 4C6 and 4D6 frames falls 

within the CD damage level. Similarly, to the four bay frames, 4D2 and 4D6 frames 

have higher GDR and wider GDR ranges than frames 4C2 and 4C6 respectively. 
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Figure 7.12: Demand vs. Capacity of the four story and four and six bay frames 

based on the sets of mGDR 

 

 

Figure 7.13: Demand vs. Capacity of the irregular frames based on the sets of mGDR 

 

Figure 7.13 shows the comparison of demand and capacity for the irregular frames IC 

and ID. It is obvious that the WBF have higher GDR capacities for CD and CP and 

even collapse than the CBF. The GDR ranges are also wider for the WBF than the 
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CBF. Similarly, to the regular frames, the GDR range falls within the CD damage 

level. 

In overall, the GDR range was situated within the CD region for all the frames, CBF 

and WBF. Therefore, it can be stated with a 90% confidence level that the performance 

of all the frames is CD. This is the performance level mandated by TBEC for 

residential construction. While parameters such as soil class, number of stories and 

bays, and beam type affected the values of GDR and GDR ranges, they did not affect 

the overall performance of the frames. 

7.2.3 Interstory Drift Ratio Profiles 

Interstory drift ratios were also obtained as an outcome of the time-history analyses. 

IDR were estimated and fragility functions of the MIDR were generated as well. MIDR 

profiles were plotted for each frame using IDR. From these graphs observations about 

damage distributions among the floors can be made. 

 

 
(a) 4C4 

 
(b) 4D4 

Figure 7.14: MIDR profiles for the four story and four bay frames 

 

An observation of the MIDR profile for the 4C4 and 4D4 frames (Figure 7.14) showed 

that regardless of the soil type, the CBF reached the highest MIDR value in the first 
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story. The MIDR profile of the C-4C4 and C-4D4 frames showed a steady decrease in 

the values of MIDR on the upper stories. The situation is different for the WBF. W1-

4C4, W1-4D4 and W2-4D4 displayed very similar MIDR profiles. The highest values 

of MIDR were observed in the second and third stories, while the MIDR of the first 

and fourth stories were almost the same. The only exception to this pattern was frame 

W2-4C4, in which the highest values of MIDR were observed in the first and second 

stories. 

The two bay CBF had higher MIDR in the first and second stories, while the values of 

MIDR3 and MIDR4 steadily decreased, as shown in Figure 7.15. Frames W1-4D2 and 

W2-4D2 showed similar MIDR patterns to frames W1-4C4, W1-4D4 and W2-4D4. 

They displayed higher MIDR in the second and third stories, while the MIDR of the 

first and fourth stories were similar (Figure 7.15b). Frame W1-4C2 was characterized 

by a lower MIDR1, while MIDR2, MIDR3 and MIDR4 were almost the same (Figure 

7.15a). Frame W2-4C2 was characterized by higher MIDR1 and MIDR2, that were 

followed by decreasing MIDR for the third and fourth stories. 

 

 
(a) 4C2 

 
(b) 4D2 

Figure 7.15: MIDR profiles for the four story and two bay frames 

 

The MIDR profiles of the six bay CBF (Figure 7.16) were similar to the MIDR profiles 

of C-4C2 and C-4D2 frames (Figure 7.15). All the six bay WBF displayed very similar 
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MIDR profiles. The greatest values of MIDR were observed in the second and third 

stories. MIDR1 was almost the same as MIDR4 for frame W1-4C6 (Figure 7.16a), 

while for the rest of the WBF, MIDR4 was greater than MIDR1. 

 

 
(a) 4C6 

 
(b) 4D6 

Figure 7.16: MIDR profiles for the four story and six bay frames 

 

 
(a) 6C4 

 
(b) 6D4 

Figure 7.17: MIDR profiles for the six story and four bay frames 
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The six story frames displayed somewhat different MIDR profiles than the four story 

frames that were discussed above. Regardless of the soil class, the six story CBF 

reached their greatest values of MIDR in the first and second stories (Figure 7.17). 

Afterwards the values of MIDR almost linearly declined up to the sixth story. Frames 

W1-6C4 (Figure 7.17a), W1-6D4 and W2-6D4 (Figure 7.17b) displayed similar MIDR 

profiles. They reached the highest values of MIDR in second to fifth stories, in which 

MIDR was almost constant, while MIDR1 were similar in value to MIDR6. Frame 

W2-6C4 displayed a slightly different profile from the rest of the six story WBF. 

MIDR values peaked in second, third and fourth stories for frame W2-6C4 (Figure 

7.17a). 

The irregular frames displayed different MIDR profiles (Figure 7.18) than the regular 

frames that were discussed above. The MIDR profile of the irregular CBF was 

declining from the first to the third story, however MIDR3 and MIDR4 were almost 

the same for the C-IC and C-ID frames. In frames W1-IC and W2-IC the greatest 

values of MIDR were observed in the first and second stories. The MIDR profile 

linearly declined through the upper stories of these two frames (Figure 7.18a). The 

WBF designed for soil class D on the other hand showed an almost constant MIDR 

profile in stories one through three, while MIDR4 was lower for both W1-ID and W2-

ID frames (Figure 7.18b). 

 

 
(a) IC 

 
(b) ID 

Figure 7.18: MIDR profiles for the irregular frames 
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While the MIDR profiles can be affected by the story stiffness and therefore the sizing 

of the structural members, it was observed to better correlate with the plastic 

mechanisms that were shown in Figure 5.8 to Figure 5.14. The location of the 

maximum MIDR in the frames typically matched the location of the highest damage 

indicated by the formation of full plastic hinges. The formation of multiple story 

mechanisms observed in Figure 5.8 to Figure 5.14 also matched the location of higher 

and almost constant MIDR values in the WBF. The MIDR profiles of the irregular 

frames were more affected by the change in story stiffness than the MIDR profiles of 

the regular frames, since alongside reduction of the size of columns, the number of 

columns in the upper floors of the irregular frames was also reduced. This caused a 

considerable change in stiffness among the stories, and therefore relatively higher 

MIDR were observed in the fourth stories. 

7.3 Analysis of Variance 

The variance of the results of the time-history analyses between the sets is small as 

observed from the graphs of mGDR and mIDR in Figure 6.6, Figure 6.8, Figure 6.9, Figure 

6.10, Figure 6.11, Figure 6.12, Figure 6.13, Figure 6.14, Figure 6.15, and Figure 6.16. 

Upon examination of the CoV plots shown in Figure 6.7, as well as in Appendix C, it 

was observed that the variance was independent of the frames, therefore was related 

to the random nature of the process that was used to select the ground motion records 

for the sets. 

Therefore, it could be possible to consider the data obtained from each of the analysis 

sets as part of a larger population, containing 330 datapoints, instead of 30 datapoints 

for each frame. To test this hypothesis, one-way ANOVA was performed for all 

demand parameters that were evaluated, GDR and MIDRs. The critical F for this 

hypothesis is 1.505. Table 7.4 summarizes the F parameter for all the demand sets for 

all the frames. All the values presented in Table 7.4 are less than the critical F=1.505; 

therefore, the statistical parameters of the samples were considered representative of 

the statistical parameters of the respective population. Thus, for each frame, the results 

obtained from each set are not significantly different, and all the result sets can be 

grouped into a larger data pool that can be considered a single population. For each 
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frame GDR demands form populations with 330 data. Similarly, for each frame, each 

MIDR demands form populations with 330 data. 

Table 7.4: The F parameter calculated from one-way ANOVA for the GDR and 

MIDR demand parameters for all the frames 

Frame 

F-parameter 

Fcritical = 1.505 

GDR MIDR1 MIDR2 MIDR3 MIDR4 MIDR5 MIDR6 

C-4C4 0.195 0.218 0.268 0.516 0.604 - - 

W1-4C4 0.258 0.313 0.269 0.332 0.152 - - 

W2-4C4 0.277 0.320 0.292 0.255 0.174 - - 

C-4C2 0.196 0.245 0.243 0.152 0.189 - - 

W1-4C2 0.184 0.235 0.161 0.172 0.180 - - 

W2-4C2 0.245 0.293 0.245 0.306 0.129 - - 

C-4C6 0.170 0.208 0.211 0.128 0.176 - - 

W1-4C6 0.260 0.466 0.293 0.211 0.127 - - 

W2-4C6 0.161 0.266 0.170 0.145 0.174 - - 

C-6C4 0.200 0.309 0.247 0.134 0.156 0.278 0.381 

W1-6C4 0.287 0.526 0.346 0.278 0.260 0.249 0.097 

W2-6C4 0.311 0.558 0.417 0.289 0.269 0.212 0.289 

C-IC 0.087 0.123 0.122 0.161 0.117 - - 

W1-IC 0.222 0.311 0.269 0.142 0.239 - - 

W2-IC 0.219 0.241 0.247 0.108 0.258 - - 

C-4D4 0.120 0.167 0.127 0.187 0.225 - - 

W1-4D4 0.079 0.116 0.101 0.087 0.188 - - 

W2-4D4 0.151 0.158 0.128 0.170 0.273 - - 

C-4D2 0.086 0.138 0.118 0.096 0.131 - - 

W1-4D2 0.111 0.120 0.102 0.128 0.165 - - 

W2-4D2 0.112 0.165 0.115 0.118 0.200 - - 

C-4D6 0.098 0.161 0.128 0.146 0.481 - - 

W1-4D6 0.096 0.134 0.087 0.095 0.156 - - 

W2-4D6 0.084 0.200 0.066 0.079 0.207 - - 

C-6D4 0.229 0.283 0.244 0.142 0.121 0.258 0.437 

W1-6D4 0.168 0.264 0.163 0.141 0.108 0.096 0.156 

W2-6D4 0.195 0.306 0.209 0.186 0.130 0.122 0.246 

C-ID 0.088 0.118 0.114 0.121 0.208 - - 

W1-ID 0.098 0.107 0.091 0.144 0.322 - - 

W2-ID 0.081 0.109 0.095 0.131 0.179 - - 
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7.4 Probabilistic Assessment of Demand 

Based on the ANOVA analysis of the data obtained from the time-history analyses for 

each of the frames, it was concluded that it was appropriate to consider the populations 

containing the results of each individual time-history analysis (max/H) equivalent to 

the populations of the set means (mGDR). The new sets containing 330 entries of max/H 

have the same mean as the sets containing 30 mGDR, but the dispersion changes. 

Comparing the data from Table 7.3 and Table 7.5, it can be observed that while the 

mean GDR is the same, the standard deviation and CoV vary significantly. The 

variance calculated using the population of 330 entries is higher. 

 

Table 7.5: Distribution of 330 values of max/H (%) for frame C-4C4 and its mean 

(%), standard deviation and variance 

 GDR 

(%) 
0.475 

 GDR 0.499 

CoV 1.050 

max/H 

0.152 0.694 0.060 0.303 0.291 0.882 0.582 0.727 

0.329 0.303 0.514 0.079 0.329 0.280 0.388 0.199 

0.401 0.482 0.291 0.198 0.319 0.408 0.061 0.976 

1.134 0.607 0.754 0.656 0.065 0.082 0.731 0.052 

0.084 0.088 0.221 0.722 0.468 0.071 0.141 0.414 

0.676 0.343 0.287 0.530 0.379 2.455 0.071 0.693 

0.731 0.782 0.548 0.075 0.361 0.214 0.060 0.842 

0.615 0.488 0.119 0.359 0.726 0.046 0.359 0.653 

0.374 0.319 0.069 0.326 0.104 0.803 0.537 0.531 

0.669 0.205 0.284 0.709 1.411 0.494 0.374 0.547 

0.273 0.143 0.238 0.169 0.664 0.638 0.759 0.381 

0.706 0.453 0.167 0.248 0.097 0.588 0.457 0.328 

0.513 0.081 0.494 0.268 0.109 0.603 2.455 0.217 

0.971 0.569 0.715 0.096 0.585 1.101 0.081 0.094 

0.504 0.077 0.341 0.828 0.066 0.055 0.403 0.298 
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Table 7.5 (continued) 

max/H 

0.642 0.273 0.290 0.741 0.309 0.066 0.341 0.396 

1.080 0.486 0.373 0.454 0.182 0.155 0.174 0.485 

0.555 1.546 0.429 0.430 0.155 0.104 0.547 0.552 

0.319 0.271 0.427 0.170 0.111 1.043 0.181 0.060 

0.177 0.293 0.130 0.213 0.846 0.529 0.554 0.151 

0.379 0.468 2.674 0.477 0.659 0.462 0.291 0.240 

0.550 0.498 0.214 0.064 0.234 0.722 0.513 0.753 

2.674 0.466 0.801 0.358 0.413 0.059 2.674 0.607 

0.123 0.057 0.461 0.453 0.343 0.175 0.278 0.339 

0.180 0.075 1.080 1.080 0.190 1.308 1.762 0.487 

0.430 1.099 0.413 0.379 0.220 0.074 0.463 0.366 

0.130 0.273 0.055 0.782 0.287 0.517 0.413 1.043 

0.632 0.451 0.327 0.401 0.375 0.060 0.313 0.412 

0.468 0.485 0.503 0.480 0.407 0.259 0.707 0.048 

0.304 0.300 0.421 0.554 0.362 0.498 0.229 0.278 

0.356 0.302 0.233 0.381 0.471 0.304 0.193 0.221 

0.287 0.297 0.238 0.120 4.138 0.186 0.256 0.071 

0.080 0.478 0.273 0.539 0.535 0.237 0.297 0.488 

0.971 0.547 0.581 0.498 0.473 0.121 0.153 0.803 

0.411 0.676 0.693 0.546 0.179 0.108 0.466 0.801 

0.607 0.485 0.186 0.206 0.251 0.379 2.455 0.189 

0.521 0.488 0.127 0.727 0.152 0.208 0.428  

0.443 0.233 0.448 0.499 2.455 0.412 0.189  

0.591 0.488 0.976 0.085 0.891 0.528 0.046  

0.549 0.250 0.232 0.269 0.272 0.137 0.753  

0.360 0.206 0.417 0.120 0.329 0.163 0.175  

0.393 4.138 0.243 0.374 0.143 0.430 0.428  
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7.4.1 Probabilistic Fragility Functions of GDR 

The fragility functions for GDR were computed again, this time using the full 

populations of 330 entries of max/H for each of the frames. The PNE for the 

performance levels were also computed using the new distributions as well, since the 

results are sensitive to the variance. 

The fragility functions of the frames are shown in Figure 7.19, Figure 7.20, Figure 

7.21, Figure 7.22 and Figure 7.23. In general, the CBF have steeper fragility functions 

than WBF. This means that for the same level of GDR, the PNE for the CBF is higher 

than the PNE of WBF. 

The PNE for the performance levels of the frames with four stories and four bays were 

estimated from the fragility functions shown in Figure 7.19. The PNE for LD was 

calculated as 60.1%, 59.4% and 39.8% for frames C-4C4, W1-4C4 and W2-4C4 

respectively, the PNE for CD was 100% for frame C-4C4 and 99.9% for frames W1-

4C4 and W2-4C4, and CP was practically 100% for all three frames. The PNE for LD 

was calculated as 36.9%, 42.0% and 25.1% for frames C-4D4, W1-4D4 and W2-4D4 

respectively, the PNE for CD was calculated as 97.3%, 100.0% and 99.9% for frames 

C-4D4, W1-4D4 and W2-4D4 respectively, and CP was 98.8% for frame C-4D4 and 

practically 100% for the other two frames. 

 

 
(a) 4C4 

 
(b) 4D4 

Figure 7.19: Fragility functions of regular frames with four stories and four bays 

based on the sets of max/H 
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The PNE for the performance levels of the frames with four stories and two bays were 

estimated from the fragility functions shown in Figure 7.20. The PNE for LD was 

calculated as 18.0%, 47.1% and 27.5% for frames C-4C2, W1-4C2 and W2-4C2 

respectively, the PNE for CD was 100% for frames C-4C2 and W1-4C2 and 99.8% 

for frame W2-4C2, and CP was practically 100% for all three frames. The PNE for LD 

was calculated as 5.2%, 35.1% and 17.8% for frames C-4D2, W1-4D2 and W2-4D2 

respectively, while the PNE for performance levels CD and CP was practically 100% 

for all three frames. 

 

 
(a) 4C2 

 
(b) 4D2 

Figure 7.20: Fragility functions of regular frames with four stories and two bays 

based on the sets of max/H 

 

 

 
(a) 4C6 

 
(b) 4D6 

Figure 7.21: Fragility functions of regular frames with four stories and six bays based 

on the sets of max/H 
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The PNE for the performance levels of the frames with four stories and six bays were 

estimated from the fragility functions shown in Figure 7.21. The PNE for LD was 

calculated as 49.1%, 45.9% and 26.5% for frames C-4C6, W1-4C6 and W2-4C6 

respectively, while the PNE for performance levels CD and CP was practically 100% 

for all three frames. The PNE for LD was calculated as 15.6%, 17.8% and 17.2% for 

frames C-4D6, W1-4D6 and W2-4D6 respectively, while the PNE for performance 

levels CD and CP was practically 100% for all three frames. 

The PNE for the performance levels of the frames with six stories and four bays were 

estimated from the fragility functions shown in Figure 7.22. The PNE for LD was 

calculated as 51.9%, 56.1% and 55.8% for frames C-6C4, W1-6C4 and W2-6C4 

respectively, the PNE for CD was 99.9% for frames C-6C4 and W1-6C4 and 100% 

for frame W2-6C4, and CP was practically 100% for all three frames. The PNE for LD 

was calculated as 19.7%, 33.4% and 37.2% for frames C-6D4, W1-6D4 and W2-6D4 

respectively, the PNE for CD was calculated as 97.3% for frame C-6D4 and 100.0% 

frames W1-4D4 and W2-4D4, and CP was practically 100% for all three frames. 

 

 
(a) 6C4 

 
(b) 6D4 

Figure 7.22: Fragility functions of regular frames with six stories and four bays based 

on the sets of max/H 

 

The PNE for the performance levels of the irregular frames were estimated from the 

fragility functions shown in Figure 7.23. The PNE for LD was calculated as 48.1%, 

46.5% and 50.0% for frames C-IC, W1- IC and W2- IC respectively, the PNE for CD 

was 100% for frames C- IC and W2-IC and 99.9% for frame W1- IC, while CP was 
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practically 100% for all three frames. The PNE for LD was calculated as 15.3%, 23.6% 

and 24.7% for frames C-ID, W1- ID and W2- ID respectively, the PNE for CD was 

calculated as 99.9% for frame C-ID and 100.0% for frames W1-ID and W2-ID, while 

CP was practically 100% for all three frames. 

 

 
(a) IC 

 
(b) ID 

Figure 7.23: Fragility functions of the irregular frames based on the sets of max/H 

 

In general, it was observed that the frames designed for soil class C had higher values 

of PNE than the frames designed for soil class D, regardless of the elevation 

configuration. This means that the frames designed for soil class D are more likely to 

exceed the CD performance level than their soil class C counterparts. It was also noted 

that the PNE for the LD performance level calculated in this section are higher than 

the values of PNE calculated in Section 7.2.1 for the same frames. Based on the code-

based approach it is almost certain that all the frames will exceed the CD performance 

threshold, while the likelyhood that this will happen are smaller based on probabilistic 

approach. In this aspect, the code-based approach provides more conservative 

estimations of the probabilities that each frame will exceed or not a certain 

performance level. 

7.4.2 Demand vs. Capacity – Probabilistic Approach 

Using the populations of max/H, the GDR ranges were computed, using the same 

procedure as in Section 7.2.2 for each of the frames. Figure 7.24 shows the comparison 
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of demand and capacity for the regular frames with four bays and four and six stories. 

From this graph it is obvious that the WBF have higher GDR capacities for CD and 

CP and even collapse than the CBF. The GDR ranges are also wider for the WBF than 

the CBF. Nonetheless, in all the four bay frames the GDR range falls within the CD 

damage level. Typically, the frames designed for soil class D have greater GDR and 

GDR wider ranges, particularly the CBF. The difference is less pronounced in the case 

of the four bay WBF. W2 type frames have slightly higher GDR and slightly wider 

GDR ranges than W1 type frames. 

 

 

Figure 7.24: Demand vs. Capacity of the four bay and four and six story frames 

based on the sets of max/H 

 

Figure 7.25 shows the comparison of demand and capacity for the regular frames with 

four stories and two and six bays. Again, the WBF have higher GDR capacities for CD 

and CP and even collapse than the CBF. The GDR ranges are also wider for the WBF 

than the CBF. However, the GDR range of 4C2, 4D2, 4C6 and 4D6 frames falls within 

the CD damage level. Similarly to the four bay frames, 4D2 and 4D6 frames have 

higher GDR and wider GDR ranges than frames 4C2 and 4C6 respectively. 
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Figure 7.25: Demand vs. Capacity of the four story and two and six bay frames based 

on the sets of max/H 

 

 

Figure 7.26: Demand vs. Capacity of the irregular frames based on the sets of max/H 

 

Figure 7.26 shows the comparison of demand and capacity for the irregular frames IC 

and ID. It is obvious that the WBF have higher GDR capacities for CD and CP and 

even collapse than the CBF. The GDR ranges are also wider for the WBF than for the 
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CBF. Similarly, to the regular frames, the GDR range falls within the CD damage 

level. Again, the frames designed for soil class D have greater GDR and GDR wider 

ranges, regardless of the type of beam. 

It should be noted that while the use of sets of 330 entries of max/H does not affect the 

GDR, the computed GDR ranges change considerably for all the frames. The GDR 

ranges computed using the probabilistic approach are wider than the ranges computed 

using the code-based approach. The probabilistic LB are smaller than the code-based 

LB, while the UB are greater. In overall, the GDR ranges computed using the 

probabilistic approach were also situated within the CD region for all the frames, CBF 

and WBF. Therefore, it can be stated with a 90% confidence level that the performance 

of all the frames is CD. This is the performance level mandated by TBEC for 

residential construction. While parameters such as soil class, number of stories and 

bays, and beam type affected the values of GDR and GDR ranges, they did not affect 

the overall performance of the frames. 

7.5 Analyzing 4D4 Frames for Higher Seismic Hazard 

The fragility functions of the GDR show that the WBF presented in this thesis are 

highly likely to display the performance expected by design. Their mechanisms are 

satisfactory, and the comparison of GDR ranges to the damage regions shows a code-

compliant behavior. Therefore, the following question is posed: 

What would happen if the WBF designed as LD class for a maximum SDC of 3 

(SDS=0.5) were to be subjected to seismic hazard of SDC2 (SDS=0.75)? 

To answer this question, some of the frames that were analyzed previously, were 

subjected to new sets of ground motion records, that were compatible with the response 

spectrum for SDC2. Since it was observed that the number of stories and bays had very 

little effect on the results of the time-history analyses, the four story and four bay 

frames were selected for these analyses. Generally, frames designed for soil class D 

displayed higher displacement demand, therefore frames 4D4 were used in this 

section. 
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The target spectrum used to select the sets of ground motion records for these analyses 

is shown in Figure 7.27. The spectrum used to select the ground motion records for 

SDC3 was added for reference. The results of the time-history analyses were also 

presented together with the results obtained when the same frames were subjected to 

the design seismic hazard, for sake of comparison. The frames C-4D4, W1-4D4 and 

W2-4D4 were renamed as C-SDC2, W1-SDC2 and W2-SDC2 to avoid confusion, and 

to denote that they were subjected to seismic hazard corresponding to the target 

spectrum generated for SDC2. 

 

 

Figure 7.27: Elastic target spectra for soil class D and SDC 2 and 3 used for the 

selection of the ground motion records sets 

 

7.5.1 Set-Based Results 

The 4D4 frames were subjected to time-history analyses using sets of ground motion 

records compatible with the response spectrum for SDC2. The GDR set means (mGDR) 

for these frames are shown in Figure 7.28, together with the results obtained previously 

for SDC3. When the 4D4 frames were subjected to higher-than-design seismic hazard, 

the obtained displacement demands were also considerably higher. The WBF 

experienced higher displacement demand than the CBF in both cases.  
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Figure 7.28: Set-to-set variation of mGDR for frames 4D4, analyzed for seismic 

hazards SDC2 and SDC3 

 

 

Figure 7.29: Set-to-set CoV of mGDR for frames 4D4, analyzed for seismic hazards 

SDC2 and SDC3 

 

The values of CoV for each set are shown in Figure 7.29. There are no clear 

distinctions between the values of CoV for the frames subjected to the same sets of 

ground motion records, both for records compatible with the SDC2 and SDC3 spectra. 
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The variance is therefore independent of the frames and almost entirely related to the 

variance of the ground motion records within sets and random nature of the selection 

of these sets. The IDR were also computed but are not presented here in detail. 

The mean GDR and IDR calculated from all 30 sets of ground motion records GDR 

are presented in Table 7.6. The increase in seismic hazard caused an increase of 

approximately 50% in GDR but the set variance was not considerably affected. The 

WBF displayed higher GDR. 

 

Table 7.6: Displacement demand GDR and its variance calculated for frames 4D4 

subjected to seismic hazard SDC2 and SDC3 

Frame GDR (%) GDR CoV 

C-4D4 0.655 0.324 

W1-4D4 0.841 0.272 

W2-4D4 0.945 0.250 

C-SDC2 0.990 0.136 

W1-SDC2 1.333 0.167 

W2-SDC2 1.501 0.194 

 

7.5.2 Code-Based Approach for Fragility Functions and 

Demand vs. Capacity 

The fragility functions were generated for the frames analyzed for SDC2 using the 

code-based approach that was explained in Section 7.2.1 and are shown in Figure 7.30. 

Frame C-SDC2 has steeper curve than the WBF. From these functions, the PNE of the 

performance levels were also computed. The PNE for LD is 0% for all three frames. 

The PNE for CD are 99.3%, 100% and 99.9% for frames C-SDC2, W1-SDC2 and W2-

SDC2 respectively. Finally, the PNE for CP is 100% for all three frames. From these 

values it can be stated that while all the frames will certainly exceed the LD threshold, 

they are unlikely to reach any of the limits of the other two performance levels. 
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Figure 7.30: Fragility functions of the frames analyzed for SDC2 seismic hazard 

based on the sets of mGDR 

 

 

Figure 7.31: Demand vs. Capacity of the frames analyzed for SDC2 seismic hazard 

based on the sets of mGDR 

 

Using the distributions of mGDR the LB,UB and GDR ranges were computed for a 90% 

confidence level. Figure 7.31 shows the comparison of the demand expressed as GDR 

and GDR range to the capacity expressed as the performance regions. The results of 

the frames 4D4 that were previously shown in Figure 7.11 were also added for 

comparison. The frames that were subjected to ground motion records compatible with 
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the SDC2 spectrum display higher GDR and wider GDR ranges. The WBF display 

higher GDR and wider GDR ranges than the CBF as well. However, both GDR and the 

GDR ranges are within the CD performance region. Therefore, the 4D4 frames that 

were designed for seismic hazard SDC3 but were analyzed for seismic hazard SDC2 

still displayed code-conforming performance. 

7.5.3 Probabilistic Approach for Fragility Functions and 

Demand vs. Capacity 

The fragility functions were generated for the frames analyzed for SDC2 using the 

probabilistic approach that was explained in Section 7.4.1 as well and are shown in 

Figure 7.32. Frame C-SDC2 has steeper curve than the WBF. From these functions, 

the PNE of the performance levels were also computed. The PNE for LD are 9.4%, 

18.4% and 9.2% for frames C-SDC2, W1-SDC2 and W2-SDC2 respectively. The PNE 

for CD are 96.2%, 98.9% and 98.0% for frames C-SDC2, W1-SDC2 and W2-SDC2 

respectively. Finally, the PNE for CP are 98.7%, 99.7% and 99.4% for frames C-

SDC2, W1-SDC2 and W2-SDC2 respectively. From these values it can be stated that 

while all the frames will certainly exceed the LD threshold, they are unlikely to reach 

any of the limits of the other two performance levels. 

 

 

Figure 7.32: Fragility functions of the frames analyzed for SDC2 seismic hazard 

based on the sets of max/H 
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The comparison of the demand and capacity is shown in Figure 7.33. The GDR ranges 

of the frames subjected to SDC2 seismic hazard and computed using the sets of 330 

values of max/H are considerably wider than their SDC3 counterparts. The GDR and 

GDR ranges of the WBF are also considerably larger than those of the CBF. However, 

the whole GDR ranges are within the CD performance region, therefore the 

performance of the 4D4 frames that were designed for SDC3 but analyzed for SDC2 

still displayed the code-required CD performance. 

 

 

Figure 7.33: Demand vs. Capacity of the frames analyzed for SDC2 seismic hazard 

based on the sets of max/H 

 

7.5.4 Interstory Drift Ratio Profiles 

The interstory drift ratio profiles were previously generated for the 4D4 frames and 

shown in Figure 7.14b. Figure 7.34 presents both the previously plotted MIDR profiles 

and the MIDR profiles of the 4D4 frames when subjected to seismic hazard of SDC2. 

Similar markers were used for the frames, the difference being the MIDR profiles of 

frames analyzed for SDC3 hazard are shown in dotted lines, while their counterparts 

analyzed for SDC2 are shown in solid lines. This was done to help observe the effect 

of the seismic hazard level on the MIDR profiles. 
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Figure 7.34: MIDR profiles for the 4D4 frames derived for SDC2 and SDC3 

 

SDC2 amplified the values of MIDR but did not change the shape of the MIDR profiles 

for the 4D4 frames. On both cases, the highest MIDR for the CBF is MIDR1, while 

the WBF reach the highest MIDR at the second and third stories. In Section 7.2.3 it 

was noted that the MIDR profiles were compatible with the plastic mechanisms 

observed from the pushover analyses. The higher seismic hazard only amplified the 

values of the MIDR without affecting the shape of the MIDR profiles, it can be stated 

that the similar plastic mechanisms were formed in frames C-SDC2, W1-SDC2 and 

W2-SDC2 as in frames C-4D4, W1-4D4 and W2-4D4 respectively. 

7.6 Summary 

In this chapter, the results obtained from the time-history analyses presented in the 

previous chapter were processed using two approaches, a code-based approach and a 

probabilistic approach. The code-based approach makes use of populations of demand 

parameters that are the mean values (mGDR and mIDRi) obtained from each set of time-

history analyses. The population of each demand parameter for each frame contains 

30 elements. The probabilistic approach makes use of populations of demand 

parameters that are obtained from each individual time-history analysis (max/H and 

max/h). The population of each demand parameter for each frame contains 330 

elements. Fragility functions were generated by using these populations as data sets 
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and focusing mostly on the GDR. The GDR ranges were also calculated for a desired 

confidence level (90%) and were compared to the performance regions obtained from 

the pushover analyses. 

From these analyses it was observed that the WBF in general display higher values of 

demand (mGDR) and wider GDR range than the CBF. This conclusion was consistent 

and independent of the number of stories, bays, soil class or computation approach. 

However, both mGDR and GDR ranges were within the CD region for both CBF and 

WBF, therefore the performance of all the frames was CD. So, while the WBF are 

considerably more flexible than the CBF, they also have greater deformation capacities 

that make up for the excess flexibility without affecting the performance. The PNE for 

the LD obtained from the fragility functions were very small for all the frames, 

therefore all the analyzed frames were highly likely to exceed the LD threshold. On 

the other hand, the PNE for CD and CP was practically 100% for all the frames, 

therefore none of the frames is expected to exceed the limits of any of these regions. 

No clear trend was observed when comparing frames based on the number of stories 

or bays, while the soil class affected the trends of the demand parameters in an 

expected form. The frames designed for soil class D displayed higher demand mGDR 

and wider GDR ranges. Soil class D is softer than soil class C and its plateau of the 

response spectrum is longer. Therefore, the spectral accelerations that frames designed 

for soil class D were higher than the spectral accelerations that frames designed for 

soil class C. Since the sets of ground motion records are compatible with the response 

spectra, the frames designed for soil class D were expected to be subjected to higher 

accelerations than the frames designed for soil class C. 

The probabilistic approach of data processing provided higher PNE for the LD 

performance level. So, the code-based approach is more conservative when assessing 

the PNE of LD. On the other hand, the GDR ranges obtained from the probabilistic 

approach are wider than those obtained from the code-based approach. In this case, 

using the GDR ranges obtained from the probabilistic approach yields more 

conservative results. 
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MIDR profiles were generated for all the frames that were analyzed. The most 

important observation from the MIDR profiles was that they were compatible with the 

plastic damages observed from the pushover analyses. 

In the last part of this chapter the performance of the frames that were designed for 

SDC3 was assessed for a higher seismic hazard (SDC2). Since parameters such as 

number of stories, bays and soil class were assessed previously, only frames 4D4 were 

used for this part of the study. The frames 4D4 which had been previously analyzed 

using 30 sets of ground motion records compatible with the response spectrum of soil 

class D and SDC3, were subjected to time-history analyses using 30 sets of ground 

motion records compatible with the response spectrum of soil class D and SDC2. The 

fragility functions and the demand vs. capacity comparison were carried out using both 

code-based and probabilistic approaches for these frames.  

The demand parameters of the frames when subjected to the higher seismic hazard 

were greater than the demand parameters calculated previously. The GDR ranges were 

also wider. However, the trends observed previously did not change. The WBF 

experienced larger mGDR and GDR ranges than the CBF. The PNE of CD and CP 

regions were practically 100%, therefore frames 4D4 were not expected to exceed the 

CD limit even when subjected to higher seismic hazard than their design hazard. The 

GDR ranges were well within the CD region for frames C-SDC2, W1-SDC2 and W2-

SDC2, so their performance level was CD. The fact that the SDC2 frames still 

displayed CD performance level means that the original frames have adequate 

overstrength. The MIDR profiles of the frames analyzed for SDC2 were similar to the 

original 4D4 frames, however the MIDR values were greater. This means that the 

damage mechanisms were not changed by the higher seismic hazard, and the frames 

still displayed the ductile mechanisms that were shown in Chapter 5, Section 5.5. 
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Chapter 8 

8Conclusions 

This thesis has presented an analytical study on wide beam frames that are designed 

according to the requirements of the up-to-date seismic code of Turkey, TBEC. The 

thesis aims to address the main concerns that are associated with wide beam 

construction, such as excessive flexibility, limited ductility and energy dissipation 

capacity and this type of structures being unsuitable for construction in zone of high 

seismic risk. A considerable importance is given to the quantification of the 

displacement demand of wide beam frames. The wide beam frames were compared to 

conventional beam frames that were designed for similar geometry and loading 

conditions. 

Two-dimensional frames were used throughout this study. Different elevation 

configurations were considered in order to obtain a varied sample of models. These 

included regular frames with different number of stories and different number of bays, 

and frames that were not simple and symmetric in elevation. The frame models were 

designed for two soil classes, C and D. Three beam type sections were considered as 

well, one conventional beam section type and two wide beam sections. 

A series of analyses were carried out to answer the questions that were set in the scope 

of this work. Nonlinear static analyses were used to obtain insight into the load, 

deformation and energy dissipation capacity of the frames, as well as their damage 

mechanisms. Time-history analyses were used to obtain the displacement demands, 

using real ground motion records. Furthermore, the results of the time-history analyses 

were statistically processed to obtain the probabilities that various scenarios would 

take place or not. The last part of the study was based on FEMA P-58, which is deemed 

the next generation standard for seismic design and assessment. 
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Initially, the effect of the frame geometry was assessed. It was observed that: 

▪ The number of bays does not affect the results of either pushover or time-history 

analyses in a significant or unexpected form. 

▪ The number of floors somewhat affects both the capacity and demand, as well 

as story mechanisms. The frames with six stories display higher values of demand than 

the frames with four stories. Also, the six story frames display multistory mechanisms 

comprising more stories than the four story frames. 

▪ The irregular frames displayed higher capacities than the regular and symmetric 

frames. This was particularly true for the irregular frames with conventional beams. 

▪ Therefore, the geometry of the frames had a small and predictable impact on the 

performance and behavior of the frame models that were discussed in this thesis. 

The effect of soil class was also assessed, and the following observations were made: 

▪ The soil class affected both the capacity and seismic demand for all the frames. 

▪ Frames designed for soil class D displayed higher capacities and greater 

displacement demands than the frames designed for soil class C. 

The beam type was the most important parameter that was assessed during this study. 

The following observations were made: 

▪ Typically frames with conventional beams displayed higher lateral load 

capacities, higher initial stiffness, lower displacement capacities and lower 

displacement demands than frames with wide beams. 

▪ These were related to the larger inherent stiffness of the conventional beam 

frames. 

▪ The wide beam frames on the other hand were more flexible, displayed higher 

displacement capacities and experience larger displacement demands. 

▪ Wide beam frames also displayed higher energy capacities than the conventional 

beams frames, and more extended plastic mechanisms. 

▪ Wide beam frames displayed favorable mechanisms and ductile behavior similar 

to the behavior of the conventional beam frames, even though the first ones were 

designed as limited ductility class, while the latter were designed as high ductility 

class. 
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▪ The ranges of the global drift ratio estimated for a 90% confidence factor were 

wider for the wide beam frames as well. 

▪ The entire GDR range was within the Controlled Damage region for both 

conventional and wide beam frames. 

▪ Regardless of the type of beam, the performance of all the frames was Controlled 

Damage, which is the performance level required by TBEC for residential 

construction. 

▪ The code-based approach of the assessment of seismic demand gave more 

conservative results when the probabilities of non-exceedance were estimated for 

various damage levels, while the probabilistic approach gave more conservative results 

in the estimation of the GDR ranges. 

▪ The GDR demand was estimated for all the frames. The mean GDR demand did 

not exceed 1% for any of the frames, whether it had wide or conventional beam. 

▪ The interstory drift ratio profiles were generated using the IDR demands from 

time-history analyses. The largest MIDR in these profiles matched the observed 

location where most plastic damage had occurred from the pushover analyses. 

▪ The type of wide beam used made the most significant difference in terms of 

capacity and behavior. Frames with beam type W1 displayed a slightly more ductile 

behavior than frames with beam type W2. 

▪ If the column size is not limited, the use of narrower wide beams (type W1) can 

be beneficial in terms of ductility. 

▪ If columns size is limited, wide beams of type W2 yield a satisfactory 

performance without compromising the safety of the structures. 

An important observation that was made regarding the beam type, is that they form an 

integral part of the framing system, and considerably affect the strength and stiffness 

of the frames. 

In the final part of this thesis, some of the frames were subjected to higher seismic 

hazard than their design seismic hazard. Since the effect of parameters such as 

geometry and soil conditions were previously assessed, the regular four story and four 

bay frames, designed for soil class D were used during this part of the study. The 

frames were designed for Seismic Design Class 3 (SDS=0.5) but were subjected to 



158 

 

ground motion records compatible with a new spectrum generated for Seismic Design 

Class 2 (SDS=0.75). The following observations were made: 

▪ The displacement demand of the frames subjected to SDC2 hazard was greater 

than the displacement of the original frames by 50-60%. 

▪ The GDR ranges were wider than the GDR ranges of the original frames. 

▪ The same trends were observed in these frames as well. The wide beam frames 

experienced larger displacement demands than the conventional beam frame. The 

GDR ranges of the wide beam frames were wider than the GDR range of the 

conventional beam frame. 

▪ However, both the conventional and the wide beam frames that were designed 

for SDC3 but subjected to SDC2 still remained in the Control Damage region, as 

required by TBEC. 

The wide beam frames not only were capable to perform satisfactorily under the 

seismic hazard for which they were designed, but they could also withstand a seismic 

hazard higher than their design level. This conclusion does not infer that wide beam 

frames can be under designed and still perform satisfactorily. It rather should be taken 

as an indication that future code revisions may consider removing either the ductility 

limitations or the limitations of the seismic zone in which wide beam frames can be 

constructed. Since this part of the conclusion was based on the results of three frames 

only, more detailed study would be required and recommended in order to bring about 

such a change in code provisions. 
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AAppendix A  

Loading and Geometric Details of the 

Frame Models 

In this appendix the figures presenting the loading and geometric details of the all the 

frames are given. In Section A1 the distribution of the gravity loads is presented. In 

Sections A2 to A4 the section sizes and reinforcement details of the frame members 

are presented. 

A.1 Gravity load details 

The gravity load distribution on the frame models is presented graphically in the 

figures from Figure A.1 to Figure A.10. Three types of gravity loads were applied on 

the frame models, the weight of the structure itself, including coating layers, the weight 

of the infill walls and the live loads, denoted as g, gw and q respectively. These load 

distributions are based on the values of g, gw and q, given in Chapter 3, and the slab 

load distribution shown in Figure 3.11, Figure 3.12, Figure 3.13, Figure 3.14, Figure 

3.17, Figure 3.18, Figure 3.19, and Figure 3.20. 
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1.Figure A.1: Gravity load configuration of regular frames with 4 stories and 4 bays and 

conventional beams 

 

 

Figure A.2: Gravity load configuration of regular frames with 4 stories and 4 bays 

and wide beams 

 



183 

 

 

Figure A.3: Gravity load configuration of regular frames with 4 stories and 2 bays 

and conventional beams 

 

 

Figure A.4: Gravity load configuration of regular frames with 4 stories and 2 bays 

and wide beams 
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Figure A.7: Gravity load configuration of regular frames with 6 stories and4 bays 

and conventional beams 
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Figure A.8: Gravity load configuration of regular frames with 6 stories and4 bays 

and wide beams 
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A.2 Section and reinforcement details for CBF 

The section and reinforcement details of the CBF are given in Figure A.11 to Figure 

A.20. The section sizes are given in cm, while the longitudinal reinforcement ratios 

are given in percentages. 

 

Figure A.11: Section sizes and reinforcement ratios of members of frame C-4C4 

 

 

Figure A.12: Section sizes and reinforcement ratios of members of frame C-4D4 
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Figure A.13: Section sizes and reinforcement ratios of members of frame C-6C4 

 

 

Figure A.14: Section sizes and reinforcement ratios of members of frame C-6D4 
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Figure A.15: Section sizes and reinforcement ratios of members of frame C-4C2 

 

 

Figure A.16: Section sizes and reinforcement ratios of members of frame C-4D2 

 

 

Figure A.17: Section sizes and reinforcement ratios of members of frame C-4C6 
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Figure A.18: Section sizes and reinforcement ratios of members of frame C-4D6 

 

 

Figure A.19: Section sizes and reinforcement ratios of members of frame C-IC 
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Figure A.20: Section sizes and reinforcement ratios of members of frame C-ID 

 

A.3 Section and reinforcement details for W1BF 

The section and reinforcement details of the W1BF are given in Figure A.21 to Figure 

A.30. The section sizes are given in cm, while the longitudinal reinforcement ratios 

are given in percentages. 

 

 

Figure A.21: Section sizes and reinforcement ratios of members of frame W1-4C4 
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Figure A.22: Section sizes and reinforcement ratios of members of frame W1-4D4 

 

 

Figure A.23: Section sizes and reinforcement ratios of members of frame W1-6C4 
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Figure A.24: Section sizes and reinforcement ratios of members of frame W1-6D4 

 

 

Figure A.25: Section sizes and reinforcement ratios of members of frame W1-4C2 
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Figure A.26: Section sizes and reinforcement ratios of members of frame W1-4D2 

 

 

Figure A.27: Section sizes and reinforcement ratios of members of frame W1-4C6 
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Figure A.28: Section sizes and reinforcement ratios of members of frame W1-4D6 

 

 

Figure A.29: Section sizes and reinforcement ratios of members of frame W1-IC 
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Figure A.30: Section sizes and reinforcement ratios of members of frame W1-ID 

 

A.4 Section and reinforcement details for W2BF 

The section and reinforcement details of the W2BF are given in Figure A.31 to Figure 

A.40. The section sizes are given in cm, while the longitudinal reinforcement ratios 

are given in percentages. 

 

 

Figure A.31: Section sizes and reinforcement ratios of members of frame W2-4C4 
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Figure A.32: Section sizes and reinforcement ratios of members of frame W2-4D4 

 

 

Figure A.33: Section sizes and reinforcement ratios of members of frame W2-6C4 
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Figure A.34: Section sizes and reinforcement ratios of members of frame W2-6D4 

 

 

Figure A.35: Section sizes and reinforcement ratios of members of frame W2-4C2 
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Figure A.36: Section sizes and reinforcement ratios of members of frame W2-4D2 

 

 

Figure A.37: Section sizes and reinforcement ratios of members of frame W2-4C6 
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Figure A.38: Section sizes and reinforcement ratios of members of frame W2-4D6 

 

 

Figure A.39: Section sizes and reinforcement ratios of members of frame W2-IC 
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Figure A.40: Section sizes and reinforcement ratios of members of frame W2-ID 
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BAppendix B  

List of Ground Motion Records 

The selection of the ground motion record sets was discussed in Chapter 6. In this 

Appendix, the ground motion records that were used to perform time-history analyses 

are listed in tabular form. Their compatibility with the target spectra is shown in figures 

containing the acceleration spectra of the individual records, their mean and the 

corresponding code spectrum. 

B.1 Soil Class C and SDC3 

Table B.1, Table B.2 and Table B.3 list the records selected for Soil Class C and SDC3. 

 

Table B.1: Ground motion record sets 1-10 for Soil Class C and SDC3 

Set 

1 

Set 

2 

Set 

3 

Set 

4 

Set 

5 

Set 

6 

Set 

7 

Set 

8 

Set 

9 

Set 

10 

247y 4101x 212y 963y 698x 1515x 4228x 4872y 1520y 4219y 

4873x 1055x 2935y 4228y 2739y 139y 1510y 8166x 4031y 5775x 

222y 216y 5478y 4858y 812x 4377x 3689x 1013x 4133y 5800x 

1511y 3472y 4086x 4383y 4508x 2935x 2661y 1494y 2616x 5804x 

2612x 3966x 3748y 5275y 3966y 3468x 2654y 1734x 318y 313y 

825y 954x 5818y 4169y 2714y 989y 952x 3778y 1527x 1488y 

4206y 3748x 3871x 5681y 4546x 2623y 4547y 2734y 292x 8110x 

1198y 2645y 1519x 4037x 3955y 825x 288y 3871y 4130y 352x 

4869y 4009x 4316y 1626y 4867y 5810y 3776x 1028x 1184y 4124x 

3018y 1546x 354y 5813x 1086x 5472x 1545x 739y 6891x 410y 

5265x 1510x 4101y 1533y 1053x 347x 4477y 5637y 8896x 2893y 



206 

 

Table B.2: Ground motion record sets 11-20 for Soil Class C and SDC3 

Set 

11 

Set 

12 

Set 

13 

Set 

14 

Set 

15 

Set 

16 

Set 

17 

Set 

18 

Set 

19 

Set 

20 

5678x 4218y 3865y 4228y 8166y 4858x 825y 369x 814x 2379x 

4140x 6059y 787y 3470x 1493y 952y 2393y 1611x 5818y 5678y 

5807x 590x 249x 4137x 265y 410x 779y 5284x 812y 3343x 

57x 4871y 3753y 3023y 1086x 3859y 1515y 1535x 825y 3979y 

4213y 5806x 3884x 5656x 3345x 2655x 237x 1614x 4392x 600x 

4846x 1642y 4864x 223x 454y 4331y 476x 3472x 514x 4101x 

2650x 1148y 133y 4016x 1520x 5804y 6915y 2465y 8164y 1505y 

5656y 1551x 4071y 1633y 830x 497y 2892y 4336y 3744x 3268x 

4314x 5775y 1193x 352y 3029x 4228x 2625x 4475y 3884y 5656x 

1208y 5274y 974x 4227y 2490x 3760y 1083x 825x 5284y 1643y 

5284x 1546y 5662x 4870y 3495y 3744y 139y 3964x 3274y 448y 

 

Table B.3: Ground motion record sets 21-30 for Soil Class C and SDC3 

Set 

21 

Set 

22 

Set 

23 

Set 

24 

Set 

25 

Set 

26 

Set 

27 

Set 

28 

Set 

29 

Set 

30 

5265y 763y 1086x 5819y 553y 5775y 3220x 4882x 5478y 1058y 

1005y 215y 4096y 4142x 5282y 3751x 5636y 4133y 1762y 4040y 

5678y 3349x 601y 1505y 3884y 4147y 514x 1489x 997x 1520x 

830x 5472y 1762x 79y 5494y 2470x 4133y 3845y 787x 5280y 

2626x 1202y 1531y 5775y 220y 4392y 1532y 5285y 5809x 4142x 

3507x 830y 6891y 5265y 1532x 1534y 4336y 1182y 6971x 3175x 

1489y 4848y 50x 3760x 3459y 825x 1633x 164x 4101x 3455y 

1545y 4213y 5654y 4285x 292y 550y 1488x 3884y 2385x 4858y 

755x 1520y 4103y 4842x 825x 935y 4141x 6060x 3017x 1533y 

3871y 1530x 4227x 5284y 4864x 4277y 3748y 5662y 4882y 787x 

3744x 4071x 4170y 5472x 997x 891x 5678y 4130y 1515y 243y 
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Figure B.1 to Figure B.30 present the plots of the acceleration spectra of the individual 

records, their mean and the target spectrum for Soil Class C and SDC3. 

 

Figure B.1: Spectral acceleration of the ground motion records of Set 1 and their 

mean and target spectrum 

 

 

Figure B.2: Spectral acceleration of the ground motion records of Set 2 and their 

mean and target spectrum 
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Figure B.3: Spectral acceleration of the ground motion records of Set 3 and their 

mean and target spectrum 

 

 

Figure B.4: Spectral acceleration of the ground motion records of Set 4 and their 

mean and target spectrum 
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Figure B.5: Spectral acceleration of the ground motion records of Set 5 and their 

mean and target spectrum 

 

 

Figure B.6: Spectral acceleration of the ground motion records of Set 6 and their 

mean and target spectrum 
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Figure B.7: Spectral acceleration of the ground motion records of Set 7 and their 

mean and target spectrum 

 

 

Figure B.8: Spectral acceleration of the ground motion records of Set 8 and their 

mean and target spectrum 
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Figure B.9: Spectral acceleration of the ground motion records of Set 9 and their 

mean and target spectrum 

 

 

Figure B.10: Spectral acceleration of the ground motion records of Set 10 and their 

mean and target spectrum 
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Figure B.11: Spectral acceleration of the ground motion records of Set 11 and their 

mean and target spectrum 

 

 

Figure B.12: Spectral acceleration of the ground motion records of Set 12 and their 

mean and target spectrum 
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Figure B.13: Spectral acceleration of the ground motion records of Set 13 and their 

mean and target spectrum 

 

 

Figure B.14: Spectral acceleration of the ground motion records of Set 14 and their 

mean and target spectrum 
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Figure B.15: Spectral acceleration of the ground motion records of Set 15 and their 

mean and target spectrum 

 

 

Figure B.16: Spectral acceleration of the ground motion records of Set 16 and their 

mean and target spectrum 
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Figure B.17: Spectral acceleration of the ground motion records of Set 17 and their 

mean and target spectrum 

 

 

Figure B.18: Spectral acceleration of the ground motion records of Set 18 and their 

mean and target spectrum 
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Figure B.19: Spectral acceleration of the ground motion records of Set 19 and their 

mean and target spectrum 

 

 

Figure B.20: Spectral acceleration of the ground motion records of Set 20 and their 

mean and target spectrum 
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Figure B.21: Spectral acceleration of the ground motion records of Set 21 and their 

mean and target spectrum 

 

 

Figure B.22: Spectral acceleration of the ground motion records of Set 22 and their 

mean and target spectrum 
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Figure B.23: Spectral acceleration of the ground motion records of Set 23 and their 

mean and target spectrum 

 

 

Figure B.24: Spectral acceleration of the ground motion records of Set 24 and their 

mean and target spectrum 
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Figure B.25: Spectral acceleration of the ground motion records of Set 25 and their 

mean and target spectrum 

 

 

Figure B.26: Spectral acceleration of the ground motion records of Set 26 and their 

mean and target spectrum 
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Figure B.27: Spectral acceleration of the ground motion records of Set 27 and their 

mean and target spectrum 

 

 

Figure B.28: Spectral acceleration of the ground motion records of Set 28 and their 

mean and target spectrum 
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Figure B.29: Spectral acceleration of the ground motion records of Set 29 and their 

mean and target spectrum 

 

 

Figure B.30: Spectral acceleration of the ground motion records of Set 30 and their 

mean and target spectrum 

 



222 

 

B.2 Soil Class D and SDC3 

 

Table B.6 list the records selected for Soil Class D and SDC3. 

 

Table B.4: Ground motion record sets 1-10 for Soil Class D and SDC3 

Set 

1 

Set 

2 

Set 

3 

Set 

4 

Set 

5 

Set 

6 

Set 

7 

Set 

8 

Set 

9 

Set 

10 

1110y 3850y 1602x 126y 5823y 634x 2507y 5780x 209x 412y 

2752x 167y 126y 8755y 4115x 4881x 180y 126y 179y 5825x 

3467x 4879y 4880x 5777y 5969y 68x 1552x 6962y 1543y 4081x 

6893y 316y 3724y 599y 5652y 34y 412x 2411y 8118x 5829y 

5827x 778y 343x 3856x 8843x 953y 200y 949x 633y 561x 

171x 1003x 180y 1538x 5774y 5777y 4889x 202x 1077x 4102y 

725y 126x 3467y 68x 646x 1540x 165x 5827x 3362y 1045x 

547y 770y 1240x 3032y 730y 406y 723x 2998x 411x 993y 

4208y 737x 523x 1063y 126y 1000x 803x 8771x 725y 757y 

3963y 5825x 8118x 406y 182y 757x 984x 30x 2618x 1110y 

1000x 2899x 4136x 8075y 167x 1063x 183x 3566y 126y 8102x 
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Table B.5: Ground motion record sets 11-20 for Soil Class D and SDC3 

Set 

11 

Set 

12 

Set 

13 

Set 

14 

Set 

15 

Set 

16 

Set 

17 

Set 

18 

Set 

19 

Set 

20 

3692x 754y 547x 5825x 4889y 3936y 312x 171y 308x 1119y 

4458x 6975x 5798x 606y 3969y 165y 602x 2754y 625x 8133x 

175y 4136x 6927x 1106y 350x 167x 1003y 561y 664y 1003x 

613y 8755y 397x 412x 1077y 1118y 1547x 728y 3749y 181y 

6013y 2254x 6879x 173y 5836y 6927y 187x 4104x 561x 4106y 

985y 1003x 1001x 8060y 1498y 5823y 171x 1101x 730y 1740y 

767x 170x 5827x 341x 3754y 1203x 167x 183x 1540y 4849y 

5785x 1233y 183y 2467x 4861y 3570y 5827y 31y 1646y 6874x 

1176y 3467x 1101x 180y 5249x 1107y 1498x 993y 4894y 5805y 

4102y 1602x 1754x 625x 5969y 3830y 692y 558y 181y 5836y 

6927x 6927y 1035y 724x 6966x 5836y 3963y 411x 1491x 355x 

 

Table B.6: Ground motion record sets 21-30 for Soil Class D and SDC3 

Set 

21 

Set 

22 

Set 

23 

Set 

24 

Set 

25 

Set 

26 

Set 

27 

Set 

28 

Set 

29 

Set 

30 

5975y 611x 11x 502y 4134y 5838x 611y 1119x 1602x 30y 

5805y 1203y 4861y 517y 725y 3749y 4074x 668x 93y 597x 

764y 767x 767y 800y 4861x 5836y 777x 1543y 180y 1039x 

668x 764x 978y 654x 30y 629x 310y 308y 754y 1100y 

5780x 187x 2375x 4853x 183y 678y 6965x 130y 3969x 776x 

170x 5969y 183x 458x 1491y 5266x 721y 8771x 462y 999y 

1077x 1116y 6966x 184x 3499x 2998x 674y 3963y 147y 6952y 

2943x 8692y 184x 5780x 984x 4861y 6927x 180x 5780x 862x 

529y 5786y 173y 719x 4889x 180y 412y 949x 169x 6927x 

880y 68x 611x 1034x 958y 165x 1100y 882y 343y 645y 

2752x 5825x 199x 180y 2752x 6911y 768x 406y 2744y 4134y 
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Figure B.30 to Figure B.60 present the plots of the acceleration spectra of the 

individual records, their mean and the target spectrum for Soil Class D and SDC3. 

 

 

Figure B.31: Spectral acceleration of the ground motion records of Set 1 and their 

mean and target spectrum 
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Figure B.32: Spectral acceleration of the ground motion records of Set 2 and their 

mean and target spectrum 

 

 

Figure B.33: Spectral acceleration of the ground motion records of Set 3 and their 

mean and target spectrum 
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Figure B.34: Spectral acceleration of the ground motion records of Set 4 and their 

mean and target spectrum 

 

 

Figure B.35: Spectral acceleration of the ground motion records of Set 5 and their 

mean and target spectrum 
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Figure B.36: Spectral acceleration of the ground motion records of Set 6 and their 

mean and target spectrum 

 

 

Figure B.37: Spectral acceleration of the ground motion records of Set 7 and their 

mean and target spectrum 
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Figure B.38: Spectral acceleration of the ground motion records of Set 8 and their 

mean and target spectrum 

 

 

Figure B.39: Spectral acceleration of the ground motion records of Set 9 and their 

mean and target spectrum 
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Figure B.40: Spectral acceleration of the ground motion records of Set 10 and their 

mean and target spectrum 

 

 

Figure B.41: Spectral acceleration of the ground motion records of Set 11 and their 

mean and target spectrum 
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Figure B.42: Spectral acceleration of the ground motion records of Set 12 and their 

mean and target spectrum 

 

 

Figure B.43: Spectral acceleration of the ground motion records of Set 13 and their 

mean and target spectrum 
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Figure B.44: Spectral acceleration of the ground motion records of Set 14 and their 

mean and target spectrum 

 

 

Figure B.45: Spectral acceleration of the ground motion records of Set 15 and their 

mean and target spectrum 
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Figure B.46: Spectral acceleration of the ground motion records of Set 16 and their 

mean and target spectrum 

 

 

Figure B.47: Spectral acceleration of the ground motion records of Set 17 and their 

mean and target spectrum 
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Figure B.48: Spectral acceleration of the ground motion records of Set 18 and their 

mean and target spectrum 

 

 

Figure B.49: Spectral acceleration of the ground motion records of Set 19 and their 

mean and target spectrum 
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Figure B.50: Spectral acceleration of the ground motion records of Set 20 and their 

mean and target spectrum 

 

 

Figure B.51: Spectral acceleration of the ground motion records of Set 21 and their 

mean and target spectrum 
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Figure B.52: Spectral acceleration of the ground motion records of Set 22 and their 

mean and target spectrum 

 

 

Figure B.53: Spectral acceleration of the ground motion records of Set 23 and their 

mean and target spectrum 
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Figure B.54: Spectral acceleration of the ground motion records of Set 24 and their 

mean and target spectrum 

 

 

Figure B.55: Spectral acceleration of the ground motion records of Set 25 and their 

mean and target spectrum 
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Figure B.56: Spectral acceleration of the ground motion records of Set 26 and their 

mean and target spectrum 

 

 

Figure B.57: Spectral acceleration of the ground motion records of Set 27 and their 

mean and target spectrum 
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Figure B.58: Spectral acceleration of the ground motion records of Set 28 and their 

mean and target spectrum 

 

 

Figure B.59: Spectral acceleration of the ground motion records of Set 29 and their 

mean and target spectrum 
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Figure B.60: Spectral acceleration of the ground motion records of Set 30 and their 

mean and target spectrum 

 

B.3 Soil Class D and SDC2 

 

Table B.8 and Table B.9 list the records selected for Soil Class D and SDC2. 
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Table B.7: Ground motion record sets 1-10 for Soil Class D and SDC2 

Set 

1 

Set 

2 

Set 

3 

Set 

4 

Set 

5 

Set 

6 

Set 

7 

Set 

8 

Set 

9 

Set 

10 

767x 1118x 1003x 1100y 322x 1602x 165y 4207y 6911y 126y 

1045x 174x 6927y 3512y 5829y 4066y 995y 154x 406y 172y 

987x 2458x 692x 547x 171y 3935y 1077y 5825x 203x 184x 

3963x 1119x 1646x 322x 1003x 5825y 5780x 5831y 529x 1491y 

5831y 126y 4138y 1119x 184x 3830y 5825x 209x 723y 806y 

4159x 2421y 1119y 406y 1077y 6927x 3032y 1602x 635x 5829y 

5825x 3935y 6896x 126x 329y 642y 266x 3935y 4134x 6975x 

681y 6927x 953y 5827x 3963y 558x 679y 595x 5829y 1119y 

4146y 1106x 6y 1063x 1063y 1063x 126y 3749y 8118x 5992y 

4894x 8062y 181y 5823y 6005y 1101x 180y 4894y 6893y 530x 

182x 4081y 183y 169y 561y 1495x 1106x 1063x 3749y 4136x 

 

Table B.8: Ground motion record sets 11-20 for Soil Class D and SDC2 

Set 

11 

Set 

12 

Set 

13 

Set 

14 

Set 

15 

Set 

16 

Set 

17 

Set 

18 

Set 

19 

Set 

20 

4894x 562x 4066y 998x 4098x 692y 3963y 5827x 4894x 692x 

6927y 3504x 6927y 6927y 184x 3735y 682x 406y 183x 1866x 

1038x 6893x 8755y 4889x 4081y 529x 949y 1203x 5988y 5992x 

126y 4081y 1077y 547x 126x 725y 5836x 179x 4881y 1003x 

613y 6927x 1063y 995y 3963x 768x 996x 681x 1615x 1503x 

1740y 183x 4102y 1063y 960y 5801y 4849y 5992y 5780y 5827y 

6962x 1057x 3749y 126y 4856x 169x 1119y 342y 3963y 2746x 

1082y 180y 1003x 1540x 770y 5992x 5774y 8937x 316y 183y 

5825x 682y 770x 1100y 5969y 6927x 5827x 960x 1119x 993y 

681x 767y 722x 30y 1035y 721x 1602x 126y 754x 960y 

559y 4894x 5825y 180y 558y 181y 183y 183x 3935x 6927x 
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Table B.9: Ground motion record sets 21-30 for Soil Class D and SDC2 

Set 

21 

Set 

22 

Set 

23 

Set 

24 

Set 

25 

Set 

26 

Set 

27 

Set 

28 

Set 

29 

Set 

30 

770x 1045y 1602x 5249y 3890x 1044y 767x 985y 766x 721x 

412x 692x 721y 4894x 3908x 768x 1077x 1063y 5827y 558y 

4104y 5817y 184x 681y 3181x 3963y 6877y 174y 5969y 6927x 

5988y 3830y 595x 6962x 6893y 126y 5992y 126y 547y 692y 

4134y 721y 766x 3963x 5803x 1748x 6927x 1495x 5836x 126y 

3317y 126y 181y 406y 8161y 1119y 6893y 309x 5780x 1076y 

6962x 558x 767x 3843x 6927x 4861x 721y 5829x 1119x 348y 

4894x 324x 5836y 1084y 184y 6927y 3969y 6927x 721y 5992y 

180y 1602y 985x 960x 126y 447y 4102y 692y 558y 181y 

6927x 700y 6927y 5652x 1106x 3570y 5969x 2710y 3003y 1538y 

5831y 6927y 5823y 1748y 723x 5827x 6911x 68x 126x 767y 

 

Figure B.61 to Figure B.90 present the plots of the acceleration spectra of the 

individual records, their mean and the target spectrum for Soil Class D and SDC2. 
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Figure B.61: Spectral acceleration of the ground motion records of Set 1 and their 

mean and target spectrum 

 

 

Figure B.62: Spectral acceleration of the ground motion records of Set 2 and their 

mean and target spectrum 
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Figure B.63: Spectral acceleration of the ground motion records of Set 3 and their 

mean and target spectrum 

 

 

Figure B.64: Spectral acceleration of the ground motion records of Set 4 and their 

mean and target spectrum 
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Figure B.65: Spectral acceleration of the ground motion records of Set 5 and their 

mean and target spectrum 

 

 

Figure B.66: Spectral acceleration of the ground motion records of Set 6 and their 

mean and target spectrum 
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Figure B.67: Spectral acceleration of the ground motion records of Set 7 and their 

mean and target spectrum 

 

 

Figure B.68: Spectral acceleration of the ground motion records of Set 8 and their 

mean and target spectrum 
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Figure B.69: Spectral acceleration of the ground motion records of Set 9 and their 

mean and target spectrum 

 

 

Figure B.70: Spectral acceleration of the ground motion records of Set 10 and their 

mean and target spectrum 
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Figure B.71: Spectral acceleration of the ground motion records of Set 11 and their 

mean and target spectrum 

 

 

Figure B.72: Spectral acceleration of the ground motion records of Set 12 and their 

mean and target spectrum 
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Figure B.73: Spectral acceleration of the ground motion records of Set 13 and their 

mean and target spectrum 

 

 

Figure B.74: Spectral acceleration of the ground motion records of Set 14 and their 

mean and target spectrum 
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Figure B.75: Spectral acceleration of the ground motion records of Set 15 and their 

mean and target spectrum 

 

 

Figure B.76: Spectral acceleration of the ground motion records of Set 16 and their 

mean and target spectrum 
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Figure B.77: Spectral acceleration of the ground motion records of Set 17 and their 

mean and target spectrum 

 

 

Figure B.78: Spectral acceleration of the ground motion records of Set 18 and their 

mean and target spectrum 
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Figure B.79: Spectral acceleration of the ground motion records of Set 19 and their 

mean and target spectrum 

 

 

Figure B.80: Spectral acceleration of the ground motion records of Set 20 and their 

mean and target spectrum 
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Figure B.81: Spectral acceleration of the ground motion records of Set 21 and their 

mean and target spectrum 

 

 

Figure B.82: Spectral acceleration of the ground motion records of Set 22 and their 

mean and target spectrum 
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Figure B.83: Spectral acceleration of the ground motion records of Set 23 and their 

mean and target spectrum 

 

 

Figure B.84: Spectral acceleration of the ground motion records of Set 24 and their 

mean and target spectrum 
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Figure B.85: Spectral acceleration of the ground motion records of Set 25 and their 

mean and target spectrum 

 

 

Figure B.86: Spectral acceleration of the ground motion records of Set 26 and their 

mean and target spectrum 
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Figure B.87: Spectral acceleration of the ground motion records of Set 27 and their 

mean and target spectrum 

 

 

Figure B.88: Spectral acceleration of the ground motion records of Set 28 and their 

mean and target spectrum 
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Figure B.89: Spectral acceleration of the ground motion records of Set 29 and their 

mean and target spectrum 

 

 

Figure B.90: Spectral acceleration of the ground motion records of Set 30 and their 

mean and target spectrum 
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CAppendix C  

mIDR and CoVIDR Graphs 

In this appendix, the graphs of the CoVGDR, mIDR and CoVIDR are displayed for all the 

frames. 

C.1 Coefficient of Variance Graphs for GDR 

 

Figure C.1: CoVGDR of frames 4D4 

 

 

Figure C.2: CoVGDR of frames 6C4 
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Figure C.3: CoVGDR of frames 6D4 

 

 

Figure C.4: CoVGDR of frames 4C2 

 

 

Figure C.5: CoVGDR of frames 4D2 
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Figure C.6: CoVGDR of frames 4C6 

 

 

Figure C.7: CoVGDR of frames 4D6 

 

 

Figure C.8: CoVGDR of frames IC 
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Figure C.9: CoVGDR of frames ID 

 

C.2 Four Story and Four Bay Frames 

 

Figure C.10: mIDR1 of frames 4D4 
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Figure C.11: CoVIDR1 of frames 4D4 

 

Figure C.12: mIDR2 of frames 4D4 

 

 

Figure C.13: CoVIDR2 of frames 4D4 

 



262 

 

 

Figure C.14: mIDR3 of frames 4D4 

 

 

Figure C.15: CoVIDR3 of frames 4D4 

 

 

Figure C.16: mIDR4 of frames 4D4 
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Figure C.17: CoVIDR4 of frames 4D4 

 

C.3 Six Story and Four Bay Frames 

 

Figure C.18: mIDR1 of frames 6C4 
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Figure C.19: CoVIDR1 of frames 6C4 

 

Figure C.20: mIDR2 of frames 6C4 

 

 

Figure C.21: CoVIDR2 of frames 6C4 

 



265 

 

 

Figure C.22: mIDR3 of frames 6C4 

 

 

Figure C.23: CoVIDR3 of frames 6C4 

 

 

Figure C.24: mIDR4 of frames 6C4 
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Figure C.25: CoVIDR4 of frames 6C4 

 

 

Figure C.26: mIDR5 of frames 6C4 

 

 

Figure C.27: CoVIDR5 of frames 6C4 
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Figure C.28: mIDR6 of frames 6C4 

 

 

Figure C.29: CoVIDR6 of frames 6C4 

 

 

Figure C.30: mIDR1 of frames 6D4 
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Figure C.31: CoVIDR1 of frames 6D4 

 

 

Figure C.32: mIDR2 of frames 6D4 

 

 

Figure C.33: CoVIDR2 of frames 6D4 
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Figure C.34: mIDR3 of frames 6D4 

 

 

Figure C.35: CoVIDR3 of frames 6D4 

 

 

Figure C.36: mIDR4 of frames 6D4 
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Figure C.37: CoVIDR4 of frames 6D4 

 

 

Figure C.38: mIDR5 of frames 6D4 

 

 

Figure C.39: CoVIDR5 of frames 6D4 
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Figure C.40: mIDR6 of frames 6D4 

 

 

Figure C.41: CoVIDR6 of frames 6D4 
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C.4 Four Story and Two Bay Frames 

 

Figure C.42: mIDR1 of frames 4C2 

 

 

Figure C.43: CoVIDR1 of frames 4C2 
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Figure C.44: mIDR2 of frames 4C2 

 

 

Figure C.45: CoVIDR2 of frames 4C2 

 

 

Figure C.46: mIDR3 of frames 4C2 
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Figure C.47: CoVIDR3 of frames 4C2 

 

 

Figure C.48: mIDR4 of frames 4C2 

 

 

Figure C.49: CoVIDR4 of frames 4C2 
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Figure C.50: mIDR1 of frames 4D2 

 

 

Figure C.51: CoVIDR1 of frames 4D2 

 

 

Figure C.52: mIDR2 of frames 4D2 
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Figure C.53: CoVIDR2 of frames 4D2 

 

 

Figure C.54: mIDR3 of frames 4D2 

 

 

Figure C.55: CoVIDR3 of frames 4D2 
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Figure C.56: mIDR4 of frames 4D2 

 

 

Figure C.57: CoVIDR4 of frames 4D2 

 

C.5 Four Story and Six Bay Frames 

A4. Section and reinforcement details for W2BF 
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Figure C.58: mIDR1 of frames 4C6 

 

 

Figure C.59: CoVIDR1 of frames 4C6 

 

 

Figure C.60: mIDR2 of frames 4C6 
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Figure C.61: CoVIDR2 of frames 4C6 

 

 

Figure C.62: mIDR3 of frames 4C6 

 

 

Figure C.63: CoVIDR3 of frames 4C6 
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Figure C.64: mIDR4 of frames 4C6 

 

 

Figure C.65: CoVIDR4 of frames 4C6 

 

 

Figure C.66: mIDR1 of frames 4D6 
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Figure C.67: CoVIDR1 of frames 4D6 

 

Figure C.68: mIDR2 of frames 4D6 

 

 

Figure C.69: CoVIDR2 of frames 4D6 
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Figure C.70: mIDR3 of frames 4D6 

 

 

Figure C.71: CoVIDR3 of frames 4D6 

 

 

Figure C.72: mIDR4 of frames 4D6 
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Figure C.73: CoVIDR4 of frames 4D6 

 

C.6 Irregular Frames 

 

Figure C.74: mIDR1 of frames IC 
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Figure C.75: CoVIDR1 of frames IC 

 

Figure C.76: mIDR2 of frames IC 

 

 

Figure C.77: CoVIDR2 of frames IC 
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Figure C.78: mIDR3 of frames IC 

 

 

Figure C.79: CoVIDR3 of frames IC 

 

 

Figure C.80: mIDR4 of frames IC 
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Figure C.81: CoVIDR4 of frames IC 

 

 

Figure C.82: mIDR1 of frames ID 

 

 

Figure C.83: CoVIDR1 of frames ID 
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Figure C.84: mIDR2 of frames ID 

 

 

Figure C.85: CoVIDR2 of frames ID 

 

 

Figure C.86: mIDR3 of frames ID 
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Figure C.87: CoVIDR3 of frames ID 

 

 

Figure C.88: mIDR4 of frames ID 

 

 

Figure C.89: CoVIDR4 of frames ID 

 


