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Abstract

Many high-rise buildings are practically irregular as a result of the
architectural and service requirements in the design process, errors and modifications
during the construction phase, and changes of the building use throughout its service
life. Structural irregularities could increase the uncertainties related to the ability of
the building to meet the design objectives. This study is thus devoted to assess the
safety margins and calibrate the seismic design response factors of modern high-rise
buildings with different vertical irregularity features. A brief survey of the most
common vertical irregularities in reinforced concrete multi-story buildings is
conducted to select reference structures. Five 50-story high-rise buildings are then
selected and fully designed using international building codes to represent well-
designed tall buildings with principal vertical irregularity types. Fiber-based
simulation models are developed to assess the seismic response of the five
benchmark buildings under the effect of forty earthquake records representing far-
field and near-field seismic scenarios. The comprehensive results obtained from
inelastic pushover and incremental dynamic analyses are employed to provide
insights into the local and global seismic response of the reference structures. The
probabilistic vulnerability assessment of the five high-rise buildings is conducted at

different limit states using fragility relationships.

The study concluded that the seismic performance of well-designed regular
and vertically irregular high-rise buildings is satisfactory under the design
earthquake. Under severe earthquakes, the seismic response of tall buildings with

extreme soft story and geometric irregularity is not inferior to that of the regular
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counterpart at different seismic performance levels. Despite the overstrength factor
adopted in the design of buildings with discontinuities in the lateral-force-resisting
system and extreme weak story, the observed negative impacts of these irregularity
categories on increasing the vulnerability of high-rise buildings are substantial. This
confirms the pressing need for mitigation strategies to reduce the expected seismic
losses of the latter classes of building. The calibration of seismic design response
factors of the reference high-rise buildings also confirms that, although the code
coefticients are adequately conservative, they can be revised to arrive at a more

efticient and cost-effective design of regular and irregular high-rise buildings.

Keywords: Multi-story buildings. vertical irregularity, seismic design coefficients.

seismic vulnerability, dynamic response. design provisions
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Chapter 1: Introduction

1.1 Introduction

Many tall buildings are practically irregular, as a perfect regular high-rise
building rarely exists. The architectural design concepts of modern high-rise
buildings have become more complex, and hence impose special requirements for
seismic design. Modern seismic design codes distinguish between plan and vertical
irregularity (CEN, 2004; ASCE-7, 2010). The tendency to separate irregularity in
plan and in elevation also characterizes the scientific literature (e.g. Shahrooz and
Mochle. 1990b; Aziminejad and Moghadam, 2005; Athanassiadou. 2008; De Stefano
and Pintucchi, 2008). The growing interest in investigating the seismic behavior of
building irregularity has been shown in the literature, particularly for vertical
irregularity (Das and Nau, 2003; Chintanapakdee and Chopra. 2004 Varadharajan et
al.. 2013; Heidari et al., 2014). However. the impacts of difterent types of vertical
irregularity have not been thoroughly covered in the literature, particularly the

extreme irregularity of tall buildings.

The seismic hazard is a key component in the seismic vulnerability
assessment studies. The seismicity of the Arabian Gulf region. particularly the
United Arab Emirates, was investigated in a number of previous studies. This region
is exposed to two main earthquake scenarios: (i) local earthquakes. and (i) regional
events. Some of the previous studies considered all local seismic sources reported in
the scientific literature (e.g Mwafy et al., 2006 Sigbjornsson and Elnashai, 2000).
Other studies disregarded certain local earthquake faults (e.g. Aldama-Bustos et al.,

2009: Khan et al., 2013), which influenced the seismicity of the studied area. For
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Dubai, previous studies recommended a wvide range of design PGA. ranging from
0.047g to 0.32¢g for 10% probability of exceedance in 50 years. Hence, the seismic
vulnerability assessment of the regular and irregular building stock under different

earthquake scenarios and mitigation plans are highly needed in this region for

reducing carthquake losses.

Fragility curves represent another crucial component for the estimation of
seismic losses (e.g. Moehle, 1984; Jeong et al., 2012). To develop the fragility
relationships, different sources of uncertainty such as the ground motion variability
should be accounted for. A wide range of earthquake records conforming to the latest
understanding of the seismo-tectonic characteristics of the study region should be
considered in fragility analysis to account for the input ground motion uncertainty.
Moreover, the selection of suitable performance criteria for the investigated
structures is of high importance. Despite the important role played by fragility
relationships in seismic loss estimation, few previous studies were directed towards
the fragility assessment of irregular structures. There is a pressing need for
developing fragility functions for irregular tall buildings with difterent irregularity

categories.

The seismic design response factors are employed to account for the inelastic
seismic response during the design process (Shahrooz and Moehle, 1990a; Elnashai
and Di Sarno. 2008; FEMA-P750, 2009). A number of previous studies investigated
the seismic design response factors of multi-story buildings (e.g. Mwafy and
Elnashai. 2002: Kim and Choi, 2005; Mwafy, 2011). However, the systematic

assessment of these important design factors for tall buildings with substantial
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vertical irregularity features was not fully addressed in the literature. The

recommended seismic design factors by building codes should be thoroughly

assessed for irregular tall buildings to verify their relative safety margins at different

limit states.

1.2 Study objectives

The main objectives of the current study are as follows:

e Review of the current state of knowledge related to the seismic response
of irregular multi-story RC buildings and the seismicity of the UAE.

e Select rational performance criteria for tall buildings depending on their
irregularity category.

e Assess the seismic vulnerability of high-rise buildings with various
irregularity features and their relative margin of safety at difterent
performance limit states using systematic vulnerability assessment
methodologies.

e Provide recommendations regarding the impacts of irregularity on

seismic response factors for the design of high-rise RC buildings.

1.3 Thesis organization

This MSc thesis is organized into seven chapters. This introductory chapter

outlines the motives and objectives of the study.

Chapter 2 covers a general literature review of the tall buildings

development. construction material and structural systems. This chapter also covers
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the background related to the UAE seismicity, structural irregularity, vulnerability

assessment, fragility relationships, and seismic design response factors.

Chapter 3 focuses on the selection and structural design approach of the
benchmark high-rise buildings investigated in the present study. The selection of a
regular and four irregular structures with various irregularities is addressed. The
design process of difterent structural members using modern design tools and design
provisions is discussed in detail. Finally, the design outcomes of the selected

buildings are summarized in tables and structural drawings.

Chapter 4 introduces the tiber-based modeling approach of the reference tall

buildings. Additionally, the selection of input ground motions to represent the

seismicity of the study region is discussed in detail.

Chapter 5 describes the conducted analyses in the current study. Eigenvalue
analysis is used to evaluate the dynamic characteristics and to verity the fiber-based
models of the selected buildings. Inelastic static pushover analysis is employed to
estimate the lateral capacity, while time-history and incremental dynamic analyses

are carried out for the vulnerability assessment of the reference structures.

Chapter 6 discusses in detail the seismic performance assessment of the
regular and irregular benchmark high-rise buildings. The results of the inelastic
pushover and incremental dynamic analyses, which are used to evaluate seismic
design response factors and assess the vulnerability of the reference buildings, are

presented. Additionally, the selection of the performance criteria for fragility analysis
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is discussed. Finally, the assessment results of the seismic design factors of the

reference structures are presented.

Chapter 7 summarizes the main tasks and findings of the current study.
Conclusions related to the seismic design response factors and vulnerability
assessment of tall buildings with different irregularities are drawn. Finally,

recommendations for future research studies are provided.



Chapter 2: Literature Review

2.1 Development of tall buildings

In the last few decades, many urban areas have been developed as a result of
rapid population growth. These urban developments and the great numbers of
inhabitants led to the emergence of high-rise buildings (Cohen, 2006). The tall
building developments have been rapidly increased worldwide. Tall buildings have
several uses such as commercial, residential and hospitality or could be a mix of
several uses. Figure 2.1 shows the distribution of the tall building uses worldwide
during the period between 1910 to 2006. This figure shows the significant increase in

the numbers of tall buildings during the past fifty years.

High-rise buildings have been widely constructed in the United Arab
Emirates, particularly in the cities of Dubai and Abu Dhabi. According to Moon et al.
(2007), the height range of the most commonly constructed tall buildings is 50 - 70
stories, as per the survey for the 200 tallest buildings in the world shown in
Figure 2.2. Based on the above-mentioned survey, which is in line with the modern
high-rise buildings inventory in the UAE, five 50-story buildings are selected for the
purpose of the current study to investigate the impact of building irregularity on the

seismic response of tall buildings, as discussed in Chapter 3.
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The efficient design of high-rise buildings depends on several parameters
such as the structural system, construction material and analysis tool (e.g. tib, 2014).
The structural systems of high-rise buildings were reviewed in several previous
studies. Halis and Emre (2007) reviewed the structural systems of buildings with
different heights. The study concluded that for a fifty-story building, shear walls are
recommended for the lateral force-resisting-system (LFRS). This structural system is
one of the most appropriate systems for high-rise buildings since the high stiffness of
shear walls effectively controls the lateral deformation under earthquake and wind
loads. The shear wall structural system is also recommended in seismic design
provisions for unlimited building height in seismic design category “C™ (e.g. ASCE-
7, 2010). This seismic design category is recommended for the standard buildings in
the case study area considered in this study (Dubai, UAE), as shown in Table 2.1

(ASCE-7, 2010).

High-strength material, particularly high performance concrete, is mainly
used in the construction of high-rise buildings. The main advantage of the high-
strength concrete is its ability to sustain the high compression stresses. In the last few
decades, the concrete technology has notably advanced and several high-strength
concrete models have been developed to accurately predict its response under the
cyclic loading. Several concrete strength values are used in the design of the
benchmark high-rise buildings investigated in the present study, as explained in

detail in Chapter 4.

The analysis and design of the reference buildings assessed in the current
study are carried out using the widely used software packages ETABS and SAFE

(CSI, 2011a, 2011b), which have been used in the design of several high-rise
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structures such as Burj Khalifa (Baker et al. 2007). Three-dimensional (3D)

simulation models can be easily developed for the high-rise buildings using the
structural analysis software ETABS in order to analyze and design their LFRS. while
floor slabs can be exported from ETABS to SAFE with their load combinations for

the design of horizontal structural members. The details of the design process carried

out in the present study are discussed in Chapter 3.

lable 2.1: Limitations of bearing walls according to different seismic design categories
(ASCE-7.2010)

Structural System
. Limitanons Including
ASCLT7 Structural Height, A, (ft)
Sectiun Limits*
Where Response
Detarhng Modification Deflection Seismic Design Category
Requirements  Cocfficient, Overstrength  Amplification
Seismic Force-Resisting System Are Specified R Factor, {1, Factor, Cq B CcC D E F
A, REARING WALL SYSTEMS
1. Spevial reinforced concrete shear 142 S ] 5 NL NL 160 160 100
walls
2. Ordinary reinforced concrete shear 142 B 24 B NL NL NP NP NP
walls
3. Detailed plain concrete shear walls 142 2 2% 2 NL NP NP NP NP
4. Ordinary plain concrete shear walls 142 1% 2% ] NL NP NP NP NP
5. Intermediate precast sheaf walls 14.2 4 2% 4 NL NL 40 30 4«
6 Ordinan precast shear walls 142 3 2% 3 NL NP NP NP NP
7, Speaial reinforced masomry shear walls 144 S 2% 3% NL NL 160 160 100
8. Intermediate reinforced masonry shear 144 3 24 2l NL NL NP NP NP
walls
9. Ordinary reinforced masonry shear 144 2 2% 1% NL 160 NP NP NP
walls
10. Detatled plain masonry shear walls 144 2 2% 14 NL NP NP NP DF
11. Ordinary plain masonry shear walls 144 1% 2% 1% NL NP NP NP NP
12, Presuessed masoary shear walls 144 %2 iz 1% NL NP NP NP NP
13. Ordinary reinforced AAC masonry 144 2 2% 2 NL 35 NP NP NP
shear walls
14. Ordinasy plain AAC masonry shear 144 Y2 24 12 NL NP NP NP NP
walls
15. Light-frame (wood) walls sheathed 141 and 145 &4 3 4 NL NL 65 65 65
with woad structural pancls rated for
shear resistance or steel sheets
16. Light-frame (cold-fonned steel) walls 14.1 64 3 - NL NL 65 65 65
sheathed with wood structural panels
rated for shear resistance or steel
sheets
17. Light-frame walls with shear panels of 14 1and 145 2 25 2 NL NL 3 NP NP
all other tnatenals
18. Light-frame (cold-formed steel) wall 14.1 4 2 34 NL NL 65 65 65
systems using flat strap bracing

NP: Not permitted

NL: Not limited

R Response modification factor
Cd: Deflection amplification factor
Qo: Overstrength factor
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2.2 Seismic hazard

Assessment of seismic hazard is a key input for the structural design and
performance assessment of structures in seismic region. Seismic hazard (seismicity)
refers to the geographic and historical distribution of earthquakes in a certain region.
The seismicity of an area depends on several parameters such as earthquake sources
(faults). seismic events in term of numbers. durations and magnitudes: and the

tectonic settings of the study region. The seismic hazard of the UAE is brietly

reviewed in the subsequent section.

2.2.1 UAE seismicity

['he UAE is located in the South-Eastern part of the Arabian plate. This plate
is the home to the countries of Kuwait, Bahrain. Qatar. UAE. Oman. Yemen. Saudi
Arabia. Syria. Jordan and Iraq. as shown in Figure 2.3. The Arabian plate separated
from the African plate and shifted to north and northeast (Konert et al.. 2001). The
Arabian plate collided with the Eurasian plate. and hence Zagros and Makran thrusts
were formed in northeast and east of the Arabian plate, respectively. The Zagros
fault, as shown in Figure 2.4 and Figure 2.5, is very active and represents the major
source of earthquakes in the eastern region of the Arabian plate (Kaviani et al.,
2007). Another main source of earthquakes in the Arabian plate is the Makrane
subduction zone (Rajendran et al., 2013). The above-mentioned fault formations
constitute the main seismic hazard of the case study area (UAE), as shown in

Figure 2.3 to Figure 2.5.

Figure 2.3 shows the moderate to large seismic events at the Arabian plate
boundaries during the period between 1900 to 2012 (USGS, 2014). Recent
earthquake records extracted from the website of the European-Mediterranean

seigmological center (EMSC) for the UAE and the surrounding area are also shown
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in Table 2.2 and Table 2.3 (EMSC. 2014). It is shown from Figure 2.3. Table 2.2,

and Table 2.3 that the events at the southern part of Iran. which is close to the

northern Emirates. are significant and have high magnitudes.

| Lut Block |‘L )
|v°lcano Lincﬂ}l

Figure 2.4: Faults layout at the Arabian plat boundaries (NASA. 2014)
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Table 2.2: Sample of recent earthquakes recorded in Oman and the UAE (EMSC, 2014)
Date Time latitude degrees Longitude degrees Depth (km) | Magnitude (MW)
2009-06-08 18:14:01.2 | 25.90 N 56.39 E 14 3.8
2009-03-31 05:35:443 | 25.56 N 56.43 E 4 2.8
2009-03-31 02:21:26.5 | 25.56 N 56.42 E 3 22
2007-09-13 15:47:08.7 | 25.50 N 56.13 B 20 4.6

Table 2.3: Sample of recent earthquakes recorded in southeastern Iran (EMSC, 2014)

Date Time Latitude degrees Longitude degrees Depth km Magnitude
2014-01-27 02:46:33.0 | 28.93 N 60.18 E 2 4.9
2013-09-30 03:44:51.0 | 26.96 N 60.37 E 10 4.8
2012-04-18 17:40:38.0 | 27.88 N 58.12 B 60 SH2
2012-03-26 00:06:19.0 | 27.69 N 58.85 E 74 4.8
2011-07-21 03:09:26.0 | 26.60 N 59.60 12 20 4.8
2011-01-28 05:06:44.0 | 28.20 N 59.17 E 2 . 5 4.8
2011-01-28 04:20:37.0 | 28.15 N 59.10 E 10 5.1
2011-01-27 09:07:55.0 | 28.40 N SOHI E 2 4.8
2011-01-27 08:43:30.2 | 28.31 N 59.14 E S 4.8
2011-01-27 08:38:29.0 | 28.26 N 59.01 B 12 6.0
2011-01-27 | 07:02:03.0 | 28.21 N 59.03 B 12 49
2010-12-20 22:13:00.0 | 28.29 N 59.27 E 14 4.8
2010-12-20 18:41:59.0 | 28.49 N 59.25 E 4 6.5
2010-11-03 19:56:11°3 | 29.17 N 59.84 E 40 4.8
2009-04-30 10:04:28.0 | 27.85 N 61.55 B 100 ErS)
2007-03-26 06:36:50.6 | 29.05 N 58.30 E 30 5.0
2007-03-17 14:20:22.6 | 26.63 N 58.31 E 50 4.9




2.2.2 Seismic hazard studies related to the UAF,

Several previous studies conducted probabilistic seismic hazard analysis
(PSHA) and hazard assessment for the UAE (e.g. Al-Haddad et al.. 1994; Griinthal et
al., 1999: Abdallh and Al-homoud. 2004: Mwafy et al., 2006; Sigbjornsson and
Elnashai, 2006: Aldama-Bustos et al., 2009; Shama, 2011: Khan et al., 2013). The

most important studies related to the UAE are briefly presented below.

A probabilistic seismic hazard assessment of the Kingdom of Saudi Arabia
was conducted by Al-Haddad et al. (1994) using the ground motion prediction
equation derived for the Western North America (Campbell, 1985). Although the
study mainly considered the KSA region, the results were presented for the entire
Arabian Peninsula. The study employed the earthquake catalogue shown in
Figure 2.6. The maximum record magnitude considered in this study in the vicinity
of the UAE on Richter scale was 7.5, and the shortest distance between the source
and Dubai was 125 km. The considered earthquake sources near the UAE were
Zagros and Makran. This study concluded that the PGA value for 10% probability of
exceedance in 50 years corresponding to a return period of 475 years for Dubai is
less than 0.05g. Accordingly, the UAE was considered a low seismicity region (zone

0 as per UBC 1997).

The above-mentioned conclusion is consistent with the recommendation of
Aldama-Bustos et al. (2009). The latter study presented PSHA based on ground
motions at bedrock. The results of the Aldama-Bustos et al. (2009) study indicated
that Dubai. Abu Dhabi and Ras al Khaimah have low seismicity. It is important to

note that Aldama-Bustos et al. (2009) did not consider the effect of the surface soil
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strata. which could significantly magnify the acceleration of the long distance

carthquake scenario generated in Zagros and Makran faults.
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Figure 2.6: Records map for the Arabian Peninsula (Al-Haddad et al., 1994)

Another PSHA for the UAE was performed by Khan et al. (2013). Different
databases were used to assemble the earthquake records around the UAE for 110
years (from 1900 to 2010). including historical and instrumental events. PGA
contour lines as well as spectral accelerations at periods of 0.2 second (S;) and 1.0
second (S;) were derived for the UAE. as shown in Figure 2.7. The earthquake
records originated from the local faults of the west coast were not included in this
study, which explains the recommended low seismicity for the UAE. A PGA of
0.047 tor 10% probability of exceedance in 50 years was assigned to Dubai. The
conclusions of the latter study were in line with those of Aldama-Bustos et al. (2009)

and Al-Haddad et al. (1994).
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Figure 2.7: Peak ground accelerations in units of **g"" for the UAE for 2,475 years return
period (Khan et al., 2013)

A seismic hazard map was generated for Europe. Africa, and the Middle East
by the global seismic hazard assessment program (Griinthal et al., 1999). According
to the results of this study, a high PGA ot 0.32g for 10% probability of exceedance in
50 years was assigned to Dubai. However, the study did not consider any specific
site in the UAE. The developed seismic map in this study was reviewed by
Kossobokov and Nekrasova (2012) and obvious contradictions were reported. The
latter study concluded that the developed map in the study of Griinthal et al. (1999) is

not accurate for the understudy region.

A probabilistic seismic hazard assessment for the UAE and its surroundings
was performed by Abdallh and Al-homoud (2004). Seven seismic zones were
considered in this study: (I) main Zagros thrust region, (II) north east Arabian Gulf
region, (I11) northern Emirates region, (IV) Lut region, (V) central Iran region, (VI)
Makran region, and (VII) south east Arabian Gulf region, as shown in Figure 2.8. A
PGA of 0.15g for 10% probability of exceedance in 50 years is assigned to Dubai.

Additionally, seismic maps for the region were developed, as shown in Figure 2.9.
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Mwaty et al. (2006) and Sigbjornsson and Elnashai (2006) carried out PSHA

for Dubai. The carthquake sources used in this study were published in: (i)
Ambraseys and Melville (1982). (ii) Ambraseys et al. (1994). and (111) GSHAP
(2004). The earthquake catalogue obtained from the above-mentioned three studies.
including the historical and instrumental records. covered the period of the fourth
century BC to 2004. Figure 2.10 shows the distribution of earthquake data for the
period 734-1996. Although the seismicity of Dubai is dominated by the south of Iran
earthquake records. the seismic hazard of local faults (Dibba fault and the fault along
the west coast of the UAE) were included in these studies. Two scenarios of records
were recommended: (i) high magnitude with far distance from the epicenter (far-tield
records). and (i1) low magnitude with short distance from the epicenter (near-field
records). The near-field and far-field scenarios represent earthquake records

generated from the local and regional faults. respectively.

Sigbjomnsson and Elnashai (2006) and Mwaty et al. (2006) estimated the
PGA of Dubai using the strong motion estimation model developed by Ambraseys et
al. (1996) and Simpson (1996). The study recommended a PGA of 0.16g for 10%
probability of exceedance in 50 years for Dubai. This PGA is consistent with the
value recommended by Abdallh and Al-homoud (2004), which is 0.15g. These
values are also in line with the recommended PGA by another PSHA conducted by
Shama (2011). In the latter study. uniform seismic hazard spectra using return
periods of 475 and 2475 years were developed for Dubai, as shown in Figure 2.11.
The recommend PGA for 10% probability of exceedance in 50 years for Dubai was

0.17g.
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19
Al Khatibi et al. (2014) discussed the improvement provided by the Dubai

municipality seismic network (DSN) on the seismic characteristics and earthquake
recording in the UAE. This seismic network was established in 2006. as shown in
Figure 2.12 (Al Khatibi et al.. 2014). Small earthquakes that could not be felt by
global networks were detected and recorded by DSN. The study of Al Khatibi et al.
(2014) divided the UAE local events to three main clusters: (i) East of Masafi. (ii)
Wadi Nazwa. and (ii1) Northern Huwaylat. as shown in Figure 2.13. Although the
study did not specify a specific PGA for Dubai. the detected earthquakes retlected

the low to moderate seismicity of the UAE from 2006 to 2013.

km
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Figure 2.12: Permanent local seismic stations connected to the Dubai municipality seismic
center (Al Khatibi etal.. 2014)
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Figure 2.13: Local seismic activity recorded by the Dubai seismic network from April 2006
to June 2013 (Al Khatibi et al.. 2014)

2.2.3 Seismic design criteria based on the UAE seismicity

The previous studies presented in the preceding section concluded that the
main sources of the earthquakes in the UAE are: (i) local and (ii) regional faults. The
main local sources are the Dibba fault and the fault along the west coast of the UAE.
Some of the previous studies considered all the local seismic sources (e.g Mwaty et
al.. 2006: Sigbjornsson and Elnashai. 2006). while other studies disregarded some
local sources (e.g. Khan et al.. 2013), which notably influenced the seismic hazard of

the studied area.
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Table 2.4 shows a comparison of the recommended PGA for 10% probability
of exceedance in 50 years for Dubai from previous studies. The discrepancies
between the results of previous studies are attributed to the adoption of various
seismic source zones and the use of different attenuation relationships. In the current
study, a PGA of 0.16g is adopted following the recommendations of Mwafy et al.
(2000) and Sigbjornsson and Elnashai (2006). This recommendation is consistent
with other previous studies such as Abdallh and Al-homoud (2004) and Shama
(2011). The adopted PGA is between the over-conservative (0.32g) and the very low
(0.047g) PGAs recommended in other previous studies.

Table 2.4: Peak ground acceleration for 10% probability of exceedance in 50 years assigned
to Dubai from previous studies

| No. previous studies PGA
| Griinthal et al. (1999) 0.32g
2 Shama (2011) 0.17g
3 Sigbjornsson and Elnashai (2006) and Myvafy et al. (2006) 0.16g
4 Abdallh and Al-homoud (2004) 0.15g
5 Al-Haddad et al. (1994) <0.05g
6 Aldama-Bustos et al. (2009) <0.05g
7 Khan et al. (2013) 0.047g

2.3 Seismic design provisions related to vertical irregularity

The structural irregularity is widely used in buildings due to the complexity
of the architectural design and service requirements, particularly in high-rise
buildings. The structural irregularity is classified to two main categories: (i) plan, and
(i) vertical irregularity. The plan (horizontal) irregularity occurs as a result of several
reasons such as when the structure is significantly influenced by torsion or a
discontinuity in LFRS out of its plane. The vertical irregularity could be occurred
when significant changes in the stiffness, strength, mass, dimensions, or a

discontinuity in the plane of LFRS. In the current study, the impact of vertical
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irregularities on the seismic response of high-rise buildings is assessed. The
definitions of different types of vertical irregularity according to modern seismic

design provisions are reviewed in subsequent sections, (CEN, 2004; NBCC. 2005:
ASCE-7. 2010).

2.3.1 American codes

According to the latest American design guidelines and design codes
(FEMA-P750. 2009. ASCE-7. 2010: ICC, 2012). a building exhibits extreme - soft
story irregularity when a story lateral stiffness (K,) is less than 60% of the stiffness of
the story above (K1), or less than 70% of the average stiffness of the three stories
above. as explained in Figure 2.14-1 (FEMA-P750, 2009). The mass irregularity
occurs when the mass of a story (M,) is more than 150% of the mass of adjacent story
(Mis; or M,.)). as shown in Figure 2.14-2. The vertical geometric irregularity exists
when the horizontal dimension of the LFRS in any story (L,) is more than 130% of
that in an adjacent story (L+i). as shown in Figure 2.14-3. In-plane discontinuity
exists when an in-plane offset of a vertical seismic force resisting element of more
than the dimension of the seismic force resisting element below (Lpeiow) 1S
introduced. as depicted in Figure 2.14-4. The extreme weak story irregularity is
identified when a story lateral strength (Str,) is less than 65% of the lateral strength

for the story above (Stry ), as shown in Figure 2.14-5.
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Figure 2.14: Definition of structural vertical irregularity according to FEMA-P750 (2009)

2.3.2 European standards
Eurocode-8 (CEN, 2004: tib, 2014) categorizes structures into regular and

non-regular. The building is to be vertically regular if the following conditions are

valid:

e AIll LFRSs run without any interruption from their base up to the top of the
structure.

e The lateral stiffness and the mass of all stories shall remain constant or reduce
gradually, without sudden changes, from the base up to the top of a building.

e In framed buildings, the ratio of the actual story resistance to the resistance
required by the analysis should not vary disproportionately between adjacent

stories.
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e Individual setbacks of each side of the building do not exceed 10% of the parallel
dimension of the story below. If setbacks are not symmetric, the total setbacks at
all stories should not exceed 30% of the plan dimension at the ground floor.

e For a single setback within the lowest 15% of the total height of the building. the

setback shall not exceed 50% of the parallel dimension at the base of the building.

If the building does not satisfy the above conditions, it is considered a vertically

irregular structure (CEN, 2004).
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Figure 2.15 Definition of setback irregularity (CEN, 2004)

2.3.3 Canadian code

The definition of the vertical irregularities in the national building code of
Canada (NBCC, 2005) is consistent with that of the international building code (ICC.
2012). The vertical stiftness irregularity is to be considered when the stiftness of the
LFRS in any story is less than 70% of the adjacent story or 80% of the average
stiffness of three stories below or above. The vertical geometrical irregularity exists
when the horizontal dimension of the LFRS is more than 130% of the adjacent story.
The irregularity due to the in-plane discontinuity in LFRS is when an in-plane offset
in the LFRS is introduced. Finally, a weak story irregularity occurs when the story

shear strength is less than that in the story above.



2.3.4 Comparison of the vertical irregularity definitions in design provisions
According to the above discussion, the design codes have different
descriptions for the various types of irregularity. Table 2.5 summarizes the code
definitions for different type of vertical irregularity. Basically, all codes categorize
the vertical irregularity to five types: (i) stiffness, (ii) mass. (iii) geometric, (1v) in-

plane discontinuity in LFRS, and (v) discontinuity in the LFRS strength.

Unlike the Canadian code (NBCC, 2005) and Eurocode-8 (CEN, 2004), ICC
(2012) has two levels of severity for the soft story and weak story irregularities. In
the latter code, the stiftness irregularity is divided into: (i) soft story, and (i1) extreme
soft story, while the discontinuity of lateral strength is divided into: (i) weak story.
and (11) extreme weak story. These detailed definitions of the soft story and weak
story irregularities reflect the importance of assigning different penalties according to
the severity of these two types of irregularities. The ICC (2012) design provision are

employed in the current study since they are adopted in the study region (UAE).

Table 2.5 Classification of vertical irregularity according to various seismic design codes

Design code
\ Type of irregularity International building Eurocode-8 (CEN, National Building
’ i code (ASCE-7.2010; 2004) Code of Canada
ICC, 2012) (NBCC. 2005)
Stiffness/ soft story K< 70% K;+; K; < Kin K; < 70% K4
Stiffness/extreme soft story K; < 60% K., N/A N/A
Geometric L>130% L, L;>120-150% L i+, L>130%L 4,
In-plane Discontinuity | A when L, exists when L, exists
discontinuity in lateral Str, <80% Stri., Str; < Striy Str; < Stry
strength/ weak story
discontinuity in lateral Str, <65% Striv, N/A | N/A
strength/extreme \eak story
K;: Stiffness of the soft story K..i: Stiffness of the tloor above the soft story
Li: Length of irregular floor L. Length of the floor adjacent to the irregular floor
Lo: Vertical element offset Ly: Vertical element length in the story below the irregular story
Str,: Lateral strength of weak story Sty : Lateral strength of the floor above the weak story

N/A: not applicable



2.4 Previous studies related to the assessment of irregular structures

Although several real buildings are practically irregular, the published
research related to the seismic assessment of irregular structures is fewer than those
of regular buildings, particularly the research concerned with the vertical irregularity
of high-rise buildings (e.g. De Stefano and Pintucchi, 2008). Previous studies
concluded that the seismic response of irregular structures is significantly different
compared with that of regular buildings. Each of the plan and vertical irregularities
were divided to subcategories, as shown in Figure 2.16. The plan irregularity was
reviewed in several previous studies (e.g. De Stefano and Pintucchi. 2002; Almazan
and de la Llera, 2003; De-la-Colina, 2003: Aziminejad and Moghadam, 2005; De la
Llera et al., 2005). A detailed review of the studies related to irregular structures in
plan was conducted by De Stefano and Pintucchi (2008). Therefore, the presented
review below covers only the previous studies related to vertical irregularity. which
is the focus of the present study. The following literaiure review also covers both
experimental and analytical studies. Due to the significant research conducted on
setback structures, two phases of review are conducted to cover previous studies
related to vertical structural irregularity, as shown in Figure 2.16. The first phase is
related to the setback (geometric) irregularity, while the second phase is concerned

with the rest of vertical irregularity types.
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Figure 2.16: Classification of structural irregularities

2.4.1 Setback in LFRS (geometric) irregularity

An experimental assessment study was conducted for a six-story 3D moment
resisting frame structure having setback irregularity by Shahrooz and Moehle

(1990a). The acceleration histories of the 1940 El Centro record were used to

simulate the earthquake shaking. The study concluded the following:

e The measured inter-story drift is more than the design results (UBC 1997).

e The bulding have more overstrength than that required by the design code.

e The measured inter-story reached 3% without any indications of collapse.
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It is noted that only one earthquake record was used in the above-mentioned
study. The impact of irregularity was not covered in detail. while no regular
reference structure was used to correlate its response with that of the irregular
building. In addition, the local seismic response was not investigated in detail, which
could be substantial in the seismic assessment of irregular structures. Finally, the

study only focused on a low rise buildings with a single irregularity type.

The influence of the setback irregularity on the seismic response and design
of multi-story buildings was also assessed analytically and experimentally by the
abovementioned authors (Shahrooz and Moehle, 1990b). Several buildings were
designed using multi-modal and static analysis procedures. The study was conducted
for low-rise frame buildings with few earthquake records. The main conclusions

were as follows:

e With the exception of torsion, the dynamic characteristics of the tested irregular
structure were similar to those expected for a regular structure. However, a
concentration of inelastic behavior was observed at the setback level.

e There were no major differences between the seismic performance of the frames
that were designed using static or modal-spectral design methods.

e A static analysis method with a design force amplification at the setback was

proposed in the study.

Athanassiadou (2008) conducted an assessment for a regular and two
irregular buildings with setback. Each reference building had ten stories and three
bays with different setback configurations, as shown in Figure 2.17. The reference
structures were designed according to Eurocode-8 for the high and medium ductility

classes (CEN, 2004). The analytical assessment was conducted using the inelastic
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static pushover and inclastic time-history analyses. Only eight records representing
the short distance earthquake scenario were emploved in this study. This scenario
may not be the most significant seismic scenario for high-rise buildings, as
recommended in a number of previous studies (e.g. Mwatfy et al., 2006). The
considered irregularity was in higher stories, while the irregularity in lower stories

was not considered although this is @ common scenario in buildings with geometric

irregularity.
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Figure 2.17: Configurations of reference buildings investigated by Athanassiadou (2008): (a)
DCH structures and (b) DCM structures
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The abovementioned study concluded that the seismic response of
geometrically irregular structures was satisfactory. Most plastic hinges in the
irregular frames were generated in beams at the design earthquake, which is
consistent with the design code approach (i.e. strong columns — weak beams). The
overstrength of the irregular building was similar to that of regular structures. The
study also concluded that, since higher modes were not accounted for in the inelastic
static pushover analysis, this analysis procedure is not recommend for the seismic

assessment of high-rise buildings particularly those with vertical irregularity.

Another analytical investigation was conducted for a tall building with 260m
high by Lu et al. (2013). The structural system of the building consists of a
reinforced concrete frame with a central core. The building had two setbacks in the
elevation, as shown in Figure 2.18. Dynamic analyses were carried out to assess the
seismic performance of the building using two earthquake records only. The study
did not consider other irregularity types or a regular comparable building to correlate
its response with the performance of the irregular one. The study concluded that the
damage was concentrated at the setback as a result of the sudden change in strength.
The limited study did not propose performance limit states. while the vulnerability of
the reference building at different input ground motion intensities was not

investigated.
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Figure 2.18: Elevation of the reference building studied by Lu et al. (2013)
An extensive study covering the setback structures was conducted by

Varadharajan et al. (2013). A large number of frame buildings were assessed
using 27 natural earthquake records. Incremental dynamic analyses (IDAs) were
conducted to evaluate the impact of the setback irregularity on the dynamic
characteristic of the low and medium-rise buildings. Fragility curves were developed
for some of the reference buildings. It is noted that the input ground motions used in
this study did not represent a specitic seismic scenario and exhibit a high variation of

PGAs and magnitudes. Additionally high-rise buildings were not investigated in this

study.

The study concluded that the fundamental period and IDR were affected by

the setback irregularity configuration. The seismic demand of the irregular structures



32
reflected the high IDRs at the setback regions. Equations for the estimation of the

period and seismic demand were proposed to account for the setback irregularity.

Comparisons of the proposed equations with the design code relationships indicated

that the code approach is conservative.
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Figure 2.19: Different configurations of a 15-story building model studied by Varadharajan
et al. (2013)

2.4.2 Other types of vertical irregularity

Few early study were conducted to assess the seismic response of irregular
frame and wall structures (Moehle, 1984; Moehle and Alarcon, 1986). In the study
conducted by Moehle (1984), the acceleration history of the 1940 EI Centro
earthquake was amplified up to 0.4g. The results indicated that the stiffness of the
building that had a wall throughout its height was 80% more than that of the structure
without wall. The impact of a severe discontinuity in the lateral force resisting
system. particularly at the lower stories, was not covered in the abovementioned

studies. In addition, the uncertainty in seismic demands was not considered.

Valmundsson and Nau (1997) evaluated the uniform building code (UBC,
1997) boundaries for mass, strength and stiftness for regular buildings. Three frame
buildings with five, ten and twenty stories were considered in this study. The

response of these three buildings was assessed under four earthquake records. The
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study concluded that the mass and stiffness irregularities had a minor impact on the
ductility demand compared to the strength irregularity. This study had several
shortcomings. particularly related to the structural systems and input ground motions.
I'he investigated frame system is not the most appropriate system for a 20-story
building. while few earthquake records were considered in this study. Additionally.

only the impacts of irregularity on the ductility demands of the reference structures

were assessed.

A detailed parametric study considering the mass. strength and stiffness
structural irregularities was undertaken by Das and Nau (2003). The study aimed to
check the applicability of the equivalent lateral force procedure (ELFP) in the design
of irregular structures. Seventy eight buildings with various interstory stiftness.
strength and mass ratios were investigated in this study. The selected buildings
included low- to medium-rise structures with five. ten and twenty stories. The LFRS
of the investigated buildings was special moment resisting frames (SMRFs), as
shown in Figure 2.20. The buildings were designed using ELFP according to UBC
(1997). Dynamic time-history analyses were performed using twelve earthquake
records matching the UBC-97 response spectrum. The study concluded that although
the response of the irregular structures was significantly affected. the seismic
demands were still within the UBC limits. Consequently. it was recommended to
eliminate the restriction on the use of ELFP in the design of irregular structures. The
latter study focused only on the SMRF system and only compared the results of
ELFP and time-history analysis. The vulnerability of the reference buildings at
different limit states considering the local and global response was not studied.

Additionally, tall buildings were not addressed.
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Figure 2.20: Configurations of a five-story building investigated by Das and Nau (2003)

A methodology for comparing the seismic performance of different structural
irregularities using 1DA was proposed by Michalis et al. (2006). Four types of
structural irregularity were studied including stiffness, strength. combined stiffness
and strength, and mass irregularities. These irregularities were introduced to a nine
story steel frame building. The buildings were modeled using the OpenSees platform,
as shown in Figure 2.21. A set of twenty records were selected and scaled at different
earthquake intensities to perform IDA. The most important conclusions of this study

were as follows:

o Considering the global dynamic instability, the single story irregularities had no
impact on the collapse mechanism.

e The impacts of stiffness and mass irregularity were marginal compared with the
strength irregularity

e The records selection had an important impact on irregular structures.

In the latter study, the irregular structures were not compared with a regular

building. This comparison is essential to evaluate the seismic behavior of different
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irregularity features. Also, certain irregularity types (e.g. discontinuity of LFRS)

were not considered. Finally, the study only investigated nine-story steel frame

structures, which represent medium-rise steel building.
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Figure 2.21: OpenSees model of a reference structure studied by Michalis et al. (2006)

A reinforced concrete building with 34 typical stories above a 2.7 m thick
transfer slab and three levels of podium was experimentally investigated by Li et al.
(2006). The LFRs is a shear wall structural system supported on a transfer slab,
which in turn was supported on a wide spaced column system. The model and the
structural system of the benchmark building are shown in Figure 2.22 (Li et al.,
2006). Shaking table testing was carried out for the aforementioned building using

earthquake records representing a moderate seismicity region, as shown in Table 2.6.

It is clear that the selected records in this study were limited and did not represent a
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specific seismic scenario. Based on the shake table testing, the following conclusions

were drawn:

The majority of the damage and failure occurred above the transfer plate.

The high-rise buildings will not collapse when subjected to major

earthquakes.

To minimize the damage, it was recommended to reduce the stiffness changes

within the transter plate level.

For a shear wall structural system with discontinuity in LFRS, the maximum

IDRs corresponding to minor, medium and major damage were 0.1%. 0.33%

and 1.25%, respectively.

Table 2.6: Records used for shake table testing (Li et al., 2006)

Earthquake

Pcak acceleration(g)

Direction of excitation

Minor 0.02-0.06 Unidirectional and bidirectional
Moderate 0.08-0.14 Bidirectional
Major 0.15-0.20 Bidirectional
Super major 0.25-0.34 Bidirectional
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Figure 2.22: Reference building configuration (Li et al., 2006)

Three buildings with various irregularities in the lower two stories were
experimentally investigated to evaluate their seismic behavior by Lee and Ko (2007).
This study was conducted using three specimens representing three 17-story
buildings with different irregularity types. as shown in Figure 2.23. The eftfect of the
location of shear wall at the lower stories was also investigated. The most important
conclusions were as follows:

e The periods estimated for the studied structural system using UBC-97 equation
were consistent with the study results.

e The overstrength factors under the design earthquake were between 2.8 to 3.1,
which were consistent with the factor adopted by UBC (1997) and IBC (2000).

e Collapse mechanisms were detected when IDR was 1.57%.
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Fragility assessment of multi-story reinforced concrete buildings were
conducted by Jeong et al. (2012). The buildings were designed using Eurocode-8 to
represent modern structures. The reference systems consisted of frame and wall
structures as well as regular and irregular buildings. as shown in Figure 2.24. Since
the discontinuity of the columns at the ground story was not significant, the eftect of
irregularity on the seismic performance was not major compared with regular
structures. This study focused on evaluating the margin of seismic design safety of
buildings. IDAs were conducted using sixty earthquake records to develop the
fragility curves of the reference buildings. Three limit states were adopted in this
study: (i) immediate occupancy, IO; (ii) life safety, LS: and (111) collapse prevention,
CP. The probability of exceedance different limit states was also identified. The
IDRs corresponding to the selected limit states were not affected by irregularity.
Only one type of irregularity was considered in medium-rise buildings. The

following conclusions related to structural irregularity were drawn:
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I'he seismic response of the regular and irregular frame buildings designed using
modern codes satistied the life safety limit state under the design earthquake.

e Although the irregularity had an effect on the seismic performance of the

irregular structure, this impact was marginal.
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Figure 2.24: Plans and elevations of reference buildings: (a) Regular frame buildings, (b)
Irregular frame buildings. and (c) Frame-wall buildings (Jeong et al., 2012)

2.5 Fragility functions

Current loss assessment approaches rely on fragility curves to assess the
physical damage. In the last few decades, the development of fragility curves has
been the focus of extensive research (e.g. Calvi et al., 2006). A fragility function is
defined as the relationship between the earthquake intensities and the probability of
exceeding pre-defined limit states, as shown in Figure 2.25. The seismic intensity

could be a quantity that represents the severity of the earthquake such as PGA or S,.



40

Several response parameters such as maximum displacement. forces or IDRs could

be used for the selection of limit states and the development of fragility relationships.
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Figure 2.25: Sample of fragility curve (Mwafy, 2010)

2.5.1 Derivation of fragility relationships

The approaches of deriving the fragility curves could be classitied to: (1)
empirical. (i1) expert judgment. (iii) analytical. and (iv) hybrid methods. In the
empirical procedure. the fragility functions are developed based on documented
surveys of the damage from previous earthquakes. The empirical approach was
adopted in many previous studies (e.g. Rossetto and Elnashai. 2003; Rota et al..
2006). Although this approach has several advantages because it relies on real
information related to the earthquake damage. topography. and soil structure
interaction. it has several shortcomings such as deriving fragility curves for a specitic
case of site. record and structures. Additionally. the difficulties of the data collection

lead to a high level of uncertainty.

The expert judgment procedure only relies on the opinion of selected experts
to derive the fragility curves (ATC-13, 1985). This approach has higher uncertainties

than other methods (Kaynia et al.,, 2013). On the other hand, the analytical approach
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is commonly used in modern studies since it has the ability to quantifv several
sources of uncertainty. The analytical method evaluates the damage based on the
results from seismic response simulations. The fragility relationships could be also
developed using the simple inelastic pushover analysis (Rossetto and Elnashai, 2005:
Borzi et al., 2008). IHowever, the dynamic analysis using multiple earthquake records
is widely used to derive the fragility curves since it reduces the uncertainty,
particularly due to input ground motions. Finally, the hybrid method for deriving
fragility curves integrates two or three of the above-mentioned methods. The latter
method could overcome the disadvantages of other approaches such as the lack of

information or the high uncertainty (Kappos et al., 2006).

2.5.2 Performance criteria

The fragility curves estimate the probability of exceeding a predefined limit
states. To derive the fragility curves for a structure under seismic loads, the
performance limit states should be specitied. Most previous studies employed the
inter-story drift ratio (IDR) to define the performance criteria of structures. There are
various approaches to specify the limit states at different performance levels of the
structures. For instance, Yun et al. (2002) used two limit states to evaluate the
seismic performance of steel moment frames, including the 10 and CP limit states.
Moreover, three limit states were proposed by Ji et al. (2007b) for high-rise
buildings. including serviceability, damage control and CP. which represent minor
cracks, first reinforcing steel yielding and ultimate capacity, respectively.
Additionally, operational (OP), 10, life safety (LS), and CP are the four limit states
proposed by FEMA-450 (2004), as shown in Figure 2.26. Finally, Ghobarah (2004)
suggested five different limit states to describe the damage at various performance

levels, as shown in Table 2.7.
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Figure 2.26: Performance criteria (FEMA-450, 2004)

Table 2.7: Inter-story drift ratio corresponding to diftferent limit states (Ghobarah, 2004)

State of damage Ductile | Nonductile | MRF with | Ductle | Squat
MRF MRF nfills walls walls
No damage <0.2 <0.1 <0.1 <0.2 <0.1
Repairable damage
(a) Light damage 04 0.2 0.2 04 02
(b) Moderate damage <1.0 <0.5 <04 <0.8 <04
Irreparable damage >1.0 >0.5 >0.4 >0.8 >0.4
(>vield pont) _|
Severe damage - Life 1.8 0.8 0.7 5 0.7
safe - Parial collapse
Collapse >3.0 >1.0 - >0.8 >2.5 >0.8

ASCE/SEI-41 (2007) proposed three limit state for ductile wall structures: (1)

10, (ii) LS and (iii) CP. The immediate occupancy refers to a minor damage, which

corresponds to IDR of 0.5%. The Life safety is related to the extensive damage with

IDR of 1%. Finally, the CP is when extensive concrete crushing happens, which

corresponds to IDR of 2% (ASCE/SEI-41, 2007). It is noteworthy that the IDR

values proposed by seismic provisions such as ASCE/SEI-41 (2007) are usually

conservative.
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Performance limit states were proposed by Ghobarah (2004) based on
analytical and experimental studies. The recommended IDRs for repairable damage
1e. (I0). LS. and CP limit states of ductile shear wall building were 0.4%, 1.5% and
>2.5%. Furthermore. an experimental shaking table test was conducted for a seven
story wall building by Panagiotou et al. (2010). The IDRs observed corresponding to
the 10, LS and CP limit states were 0.35%. 0.89 and 2.36. respectively. Finally,
Lehman et al. (2013) used the experimental results of full scale concrete wall
structure under seismic loading to estimate the performance criteria. The IDRs

corresponding to the 10. .S and CP limit states were 0.5%. 1.0% and 2.27%.,

respectively.

Previous studies related to the limit states of regular and irregular structures
are summarized in Chapter 6. In the current study. three limit states are adopted for
regular and irregular wall high-rise building based on extensive inelastic pushover
analyses (IPOAs). IDAs as well as the suggested values in previous studies. These
limit states are also selected based on two earthquake scenarios. as discussed in

details in Chapter 6.

2.5.3 Previous vulnerability assessment studies

There are several sources of uncertainties in fragility analysis such as the
seismic demand. system capacity. and modeling approach. as discussed in Chapter 6.
Several previous studies were carried out to develop the fragilities of buildings with
different heights and structural system. For instance, Ji et al. (2007a) proposed an
analytical framework to develop the seismic fragility of RC high-rise buildings, as
shown in Figure 2.27. This framework was applied to develop the fragilities of a

high-rise building.
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Figure 2.27: Fragility assessment framework proposed by Ji et al. (2007a)

Fragility curves were also developed by Jeong et al. (2012) to esitimate the
safety margins of modern high-rise RC buildings using different earthquake
scenarios. Twelve buildings with various heights. structural systems. and ductility
levels were investigated. Regular and irregular buildings were considered in this
study. while sixty natural records were utilized to develop fragilty curves, as shown
in Figure 2.28. This study only considerd a single case of minor irregularity, mainly
in-plane discontinuty in LFRS. The vulnerability of five sixty-story RC buildings
were assessed by Mwafy et al. (2014) to evaluate the impact of increasing the
material strength. IPOA and IDA were employed to develop the fragility curves of

the reference structures.
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Figure 2.28: Fragility curves of twelve RC buildings (Jeong et al., 2012)

It was shown from this brief literature review that very few studies focused
on the fragility assessment of high-rise irregular structures. In the current study, the
fragility relationships of the most important vertical irregularity types are developed
and compared with those of a regular structure. Additionally the damage probability
of the reference structures at different limit states is calculated to assess the relative

safety margin of regular and irregular structures.
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2.6 Scismic design response factorg

A three-dimensional (3D) model of a structure that includes all sources of
stiffness, P-delta effects. and the inelastic response is the most accurate approach for
the seismic design. Development of such an analytical model is costly and time
consuming. and hence 3D inelastic models are not carried out for a typical building
design. Alternatively. the inelastic seismic response is accounted for in modern

elastic design approaches by employing the response moditication factor. R. and the

deflection amplification factor, Cy. (FEMA-P750. 2009).

T'he R factor is the ratio of the base shear that would be developed in the
lateral force-resisting-system if it remained entirely elastic under the design
earthquake (V) to the seismic design base shear (V). as shown in Figure 2.29. The
detlection amplification factor (Cy) is the ratio of the roof drift at the ultimate
capacity. 4. to the roof drift corresponding to the design ground motions. §g/R,
(FEMA-450. 2004). Finally the design overstrength factor (€2,) is the ratio of the
base shear at the ultimate capacity (Vma) to the design base shear (V). The

definitions of the seismic design factors (i.e. R, Cy4 and €2,) are shown in Figure 2.29.

A
§ Design Earthquake R = Response Modification
& Ground Motions Coefficient = Vo/V
= C, = Deflection Amplification
@ Factor = (/SR
g Gy 0, = Overstrength Factor = V. /V
l-'c-) VE N A
1=
E =
D R Pushover
» v Curve
E ma. =i 0
] 0
T V
=i

5/R 5 &

Lateral Displacement (Roof Drift)

Figure 2.29: Seismic performance factors as defined by FEMA-450 (2004)
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FEMA-P695 (2009) proposed an approach to quantify the building seismic

design factors, which is consistent with the FEMA-450 (2004) concept, as shown in

Figure 2.30. The R, C4 and €, factors are detined as follows:

cD — SMT
|.5R= Cs ol
Cd: R s,
Sma\'
Q= .
C 2.3

where, Sy 1s the spectral acceleration of the maximum considered earthquake at the
period of the structural system (T), Sy is the ultimate strength of the structure and
Cs 1s the seismic response coefticient. The approach proposed by FEMA-P695
(2009) was evaluated by NIST (2010) and FEMA-P795 (2011). It was concluded that

most code approved systems comply with the FEMA-P695 (2009) method criteria

except short period structures.
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Figure 2.30: Seismic performance factors as defined by FEMA-P695 (2009)

Inelastic pushover analysis (IPOA) and incremental dynamic analysis (IDA)

were employed to evaluate the seismic design factors in several previous studies (e.g.
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Elnashai and Mwafy, 2002: Mwaty and Elnashai, 2002; Kim and Choi, 2005

Mwafy. 2011). Mwafy (2011) assessed the seismic design response factors of five
multi-story buildings with different heights using IPOA and IDA. The selected
buildings varied between 20 to 60 stories and were designed using the ACI (2005)
code. The study used 20 input ground motions to represent two earthquake scenarios.
The first yield overstrength factor was evaluated at the first indication of plastic
hinges using two approaches: (i) from IPOA results, and (ii) from IDA. Figure 2.31

summarizes the calculated €, factors from IPOA and IDA results (Mwafy, 2011).

» W@ Pushover

@IDCA

First yield overstrength
L)

20 30 40 50 60

Figure 2.31: First yield overstrength (,;,) of five reference structures from IPOA and IDA
results (Mwafy, 2011)

The response modification factor was estimated by Mwafy (2011) as follows:

R= %_Q_\. where a. is the PGA at the first indication of collapse, a, is the PGA at

first indication of yielding, and €y is the overstrength factor at the first indication of
yielding, as shown in Figure 2.32. Mwaty (2011) considered a conservative €2y
factor, which was calculated using IPOA results, as shown in Figure 2.31. The
deflection amplification factor was calculated as follows: C4=IDR/IDRy, where IDR
is the maximum interstory drift ratio at collapse and IDRy is the maximum interstory
drift ratio at first indication of yielding (Mwaty, 2011).

The calculated R and Cq were compared by Mwafy and Elnashai (2002) and

Mwafy (2011) with the code values, which proved that the design coefficient were
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conservative for regular structures, as shown in Figure 2.33. It was concluded that
the collapse-to vield IDRs were lower than the collapse-to-yield PGA ratios. This
confirmed a satisfactory safety margin when equating the C4 and R factors, as shown
in Eqn. 2.2 (FEMA-P695, 2009). It was also concluded that the higher the building
height. the higher the PGA at collapse, which reflected the lower seismic risk of

high-rise structures compared with the medium-rise building.

It is shown trom this brief review that the assessment of seismic design
response factors for structures representing different irregularity types was not fully
covered in the literature. In the current study, a systematic procedure for the
assessment of the seismic design response factors of irregular structures is carried out

following the approach proposed by Mwafy (2011). as discussed in Chapter 6.
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Figure 2.32: IDA results at yield and collapse along with collapse-to-yield PGA ratios and
IDR ratios (Mwafy, 2011)
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Figure 2.33: Seismic design response factors of five reference buildings obtained from long
(set 1) and short (set 2) earthquake scenarios (Mvvafy, 2011)

2.7 Concluding remakes

Previous hazard assessment studies concluded that the main sources of
earthquakes in the UAE are: (i) local and (ii) regional faults. The discrepancies
between the results of previous studies are attributed to the adoption of various
seismic source zones and attenuation relationships. A design PGA of 0.16g is
adopted in the current study for Dubai following the recommendations of a number
of previous studies. The selected PGA is between the over-conservative PGA (0.32g)

and the very low value (0.047g) recommended in previous studies.

The following observations summarize the limitations observed in previous
studies and research needs related to the seismic assessment of irregular structures:
e Different irregularities of tall buildings was not systematically investigated.
e The assessment of the seismic design response factors of irregular high-rise
building was not fully covered in the literature.
e The selection of performance criteria for regular and irregular high-rise

buildings under different earthquake scenarios was not fully covered.

The literature review conducted in this chapter greatly emphasizes the

importance of the current study.
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Chapter 3: Selection and Design of Representative Structures
3.1 Introduction
There has been a large increase in the number of high-rise buildings that have
been constructed in the last century. The UAE has a rapid rate of high-rise building
construction. Multiuse buildings such as parking facilities. offices. residential and
commercial buildings are widely constructed in the UAE. Due to the shortage of
buildable land space. it is a common practice for the construction authorities to
permit extensions at basement stories to increase the parking areas. Abrupt changes
in the stiffness. mass. geometric dimensions. and/or strength of the lateral force-
resisting-system (I.LFRS) along the building height due to architectural and services
requirements introduce vertical irregularities. Consequently. irregular structures are

more prevalent in this region. particularly buildings with vertical irregularities.

One of the important tasks of the current study is to select reference
buildings. One regular and four irregular structures are therefore selected and fully
designed for the purpose of this study. The buildings are selected based on a brief
survey of the common types of irregular structures, as explained hereafter. This
chapter also discusses the characteristics, structural systems, design methodology and

results of the five reference structures.

3.2 Irregular high-rise buildings survey

The selection of representative structures is a major aspect in the seismic
vulnerability assessment of buildings. Due to the rapid changes and development in
the UAE building stock. conducting a reliable survey of the irregular high-rise

building stock is a challenging task. A concise survey for irregular high-rise
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buildings is conducted to select reference structures based on several structural

drawings collected from consulting irms and other sources (e.g. Wong, 2013).

Table 3.1 summarizes the characteristic and main irregularity of the surveyed
buildings in the UAE. The structural system layouts and observed irregularities for a
sample of the surveyed buildings are shown in Figure 3.1. The building is located in
the UAE and consists of two basement stories, a ground story, 16 typical stories, and
a roof. Figure A.1 to Figure A7 in Appendix A show additional structural drawings
for the surveyed irregular buildings in the UAE. Moreover. additional irregular
buildings collected from other sources are shown in Appendix A. Figure A.8 to
Figure A.16 (Moehle et al., 2011; Wong, 2013). In most of surveyed buildings, the

irregularities related to geometry and discontinuity in LFRS are frequently observed.

Table 3.1: Characteristic of the surveyed buildings in the UAE

: Total number NueiREra) Grqund raricd Height of Type of
Ref. - basement height (m) - o o8 .
of stories - building (m) irregularity
stories
1 3 3 37 104 1.3
2 2 3 5l GRS 15253
) 23] 4 5.0 86 lleead]
4 20 - 3.6 78.1 3]
S 12 2 4 42.6 1.3
6 123 3 3.85 43.2 1.3
7 10 - 3.95 34.8 L3
8 10 = 8295 35K8 13}

Irregulanity 1 : Discontinuity in the lateral force-resisting-system
Irregularity2: Soft story
Irregularity3: Geometric
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3.3 Characteristic of sclected buildings for present study

Five 50-story reinforced concrete (RC) high-rise buildings are selected for
the purpose of the current study. The selected buildings are denoted B1-REG, B2-
SST. B3-GEO, B4-DIS and B5-WST, which characterize a regular structure, extreme
soft story irregularity, geometric irregularity, in-plane discontinuity irregularity, and
extreme weak story irregularity, respectively, as shown in Table 3.2. The height of

the different stories and the total height of each building are summarized in

Table 3.2.

The definitions of the selected building irregularities are depicted in
Figure 3.2 as per ASCE-7 provisions (2010). A stiffness/extreme soft story
irregularity exists in a building when a story lateral stiffness (S,) is less than 60% of
the stiffness of the story above (S), as shown in Figure 3.2 (a). A building exhibits a
vertical geometric irregularity when the horizontal dimension of the LFRS in a story
(L1) is more than 130% of that in an adjacent story (Ls). as presented in Figure 3.2
(b). The in-plane discontinuity exists when a vertical element of the LFRS is shifted
by a distance (L)), which exceeds the length of the vertical element (L). as shown in
Figure 3.2 (c). The extreme weak story irregularity is introduced when a story lateral
strength (St;) is less than 65% of the lateral strength (St) for the story above, as
depicted in Figure 3.2 (d). The characteristics of the selected buildings are described

in more detail in subsequent sections.
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Table 3.2: Characteristics of reference structures
- Tvpical | Ground First
Building WLn =y . ; Total
. — | Building irrcgularity type story story basement :
reference ' height | height | height | "Nt
- e (m) (m) (m) (m)
B1-REG Regular building 82 By 352 160
B2-SST | Stiffness/ extreme sofi story irregularity 3.2 6.5 350 163.2
B3-GEO Geometric irregularity 3.2 32 B 160
B4-DIS In-Plane Discontinuity irregularity 3.2 4.7 4.7 163
o~ | Discontinuity in lateral strength/weak story
5w } \ gth/weak story
B5-WSI irregularity 812 3430 852 160
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St: Lateral strength of the story above the extreme
weak story

(d)

Figure 3.2: Definition of vertical structural irregularities: (a) extreme soft story, (b)
geometric irregularity, (c) in-plane discontinuity, and (d) extreme weak story

3.3.1 Reference building BI-REG

B1-REG is a 50-story RC building representing regular high-rise structures.

The building consists of three basement stories, a ground story, and 46 typical

stories. The height of each story is 3.2m and the total height of the building is 160m.
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[he plan layout (42.0m x 29.20m) represents a common structural layout for high-

h

rise buildings. The LFRS extends from the foundation throughout the building height
without any interruption. The seismic response of this regular building is used as a
benchmark for comparison with that of other irregular structures. Figure 3.3 shows

difterent structural elements of the B1-REG building.
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Figure 3.3: Reference structure B1-REG, (a) building layout. (b) 3D view, and (c) LFRS in
transverse direction

3.3.2 Reference building B2-SST

As shown in Figure 3.4, B2-SST is a 50-story RC building representing the
extreme soft story irregularity. The building consists of three basement stories, a
ground story. and 46 typical stories. The height of typical and basement stories is
3.2m. while the total height of the building is 163.3m. The increased height of the
ground story (6.5m). which is more than double the height of the story above, causes
significant reduction in stiffness. This irregularity is practically shown in most multi-

story buildings. Figure 3.5 shows the applied load and boundary conditions used to
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calculate the stiffness of the ground and first stories of building B2-SST. The

ETABS software (CSI, 2011a) is used to calculate the stiffness of the ground and
first stories. The ratio between the calculated initial stiffness of the ground story to
that of the first story is 45%. The stiffness of the ground story is therefore less than

60% of the story above, which results in an extreme soft story (ASCE-7. 2010).
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Figure 3.4: Reference structure B2-SST, (a) building layout, (b) 3D view, and (c) LFRS in
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3.3.3 Reference building B3-GEO

B3-GEO is a 50-story RC building that exemplifies the vertical geometric
irregularity according to ASCE-7 (2010). The building consists of three basement
stories. a ground story. and 46 typical stories. The height of each story is 3.2m and
the total height of the building is 160m. The footprint dimensions of the basement
stories are 42.0m x 45.5m. while the layout dimensions of the ground and typical
stories are 42.0m x 29.2m. The total length of the LFRS is decreased at the ground
level. The ratio between the LFRS length at the basement and ground stories is
156%. which is more than 130%. Hence the building has a vertical geometric

irregularity (ASCE-7. 2010). Figure 3.6 illustrates the layouts and configurations of

building B3-GEO.

3.3.4 Reference building B4-DIS

B4-DIS is a 50-story RC building representing an in-plane discontinuity of
LFRS (ASCE-7. 2010). The building consists of three basement stories, a ground
story and 46 typical stories. The height of each story is 3.2m. The plan dimensions of
all stories are 42.0m x 29.2 m. A transfer slab at the first story level is introduced to
support the planted central core walls of typical stories. This transfer slab is
supported by RC cores and columns, as shown in Figure 3.7 (a). The transfer slab is
typically much thicker and heavier than the typical story slabs. as noted in the
surveyed buildings and in previous studies (e.g. Li et al., 2006). Figure A.8 to Figure
A.12 in Appendix A show some of the surveyed buildings with a transfer slab and
planted vertical elements. Figure 3.7 shows the layouts and configuration of building

B4-DIS.



W

LATERAL FORCE RESISTING

SYSTEM FRAME 2

(d)

(a)

Z INVHd W3LSLS
ONILSISEY dO¥04 TVY3LYT

P4
- =

I
|
|
|
|
1
|
il
|
l
18 !
1
|
1
]
1
|
)}
,

a

Ml

L
P4
P4
—_—

00601

SYSTEM FRAME!

(b)

LATERAL FORCE RESISTING

(a) building layout at basement stories, (b) layout

(c) 3D view and (d) LFRS in transversal direction

GEO,

Figure 3.6: Reference structure B3

)

at ground and typical stories



60

! Fant »\\,
MO0 | MO0 4&&0 S \{‘}‘\S - =
y E = =
N O, A i e | RIGREERE &
: T S e A 83 33 =
K EEpidiii B E
3 % 3 D d E | e{ Ia 83 33 B
§ a l ] 3 - 1=
| et AR . 33 EEEIN =
o D N 1 83 ZZZEN =
E ‘ J e N 83 222 H
P S PN NiSZEECEIN B
R g ittt SYSISY SUN (R (S SR N3 B2E =
E ‘Eim iy Si3EEEC N B
< g = E ' =
3 F. g i : 3 sa 5?? =
, . AL [0 i _.L_i i &s ?52 E
I & & & ® 1 R i B
. 83 131 H
[ATERAL. FORCE RESISTING SQ ;” -]
SYSTEM FRAME! ~ a = ? ;
(a) %i Z22
| Nl
, oS E— . 8 ?gg
f 8400 - 5400 8400 1 BA00———— 3400—+ -‘:,§ gf'
| ’L,P,g__IHJ-.IL’L_AIB__¥" <4
g ! : %
T RCshoarwalls | ' o A
_______________ LA S L L e =
T V" (¢
e — ot E_N_gg (©) (d)
s : - : 58
i £ q 8 55
L A L) ] 3E
__________________ T M ot s o] (N
it slab [ 3
s / | [ t
£ / : :
I FRETE Ir} “:’ == Ipi I'" . 7I72' " Pl
LATER 4L FORCE REXISTING
SISTEM FRAME
(b)

Figure 3.7: Reference structure B4-DIS, (a) building layout at basement and ground stories,
(b) layout at typical stories (c), 3D view and (d) LFRS in transverse direction

3.3.5 Reference building BS-WST

As shown in Figure 3.8, B5S-WST is a 50-story RC building representing the
extreme weak story irregularity. The building consists of three basement stories, a
ground story, and 46 typical stories. The height of each story is 3.2m, while the total
height of the building is 160 m. Due to the major changes of the LFRS at the
basement and ground stories (i.e. replacing shear walls with columns), the lateral
strength of the lower stories significantly decreases. The lateral flexural and shear
strength values are calculated for different vertical structural members at the ground

and first stories using the design code approach (ACI-318, 2011), as shown in
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Table 3.3. 1t is clear that the ratio of the tlexural strength at the ground story to that at

the first story is 38%, while the ratio of the shear strength at the ground story to that
at the first story is 58%. The lateral strength of the ground story is thus less than 65%
of the story above. Therefore, the building exhibits an extreme weak story

irregularity, as per the ASCE-7 (2010) definition.

Table 3.3: Flexural and shear strength of vertical members for the ground and first stories

[ Jlexural strene TN T 4 ?
LFRS elements ‘ s Jls\llrilrlir#ni_‘lh (‘l‘\N.m)* : Shear strength (kTTl_m)
\ » Ground story | Iirst story Ground story | First story
!} Shear wallP3 | - | 94418 | - 18,792
L ~Core2 . - | 50,163 - 22,496
- 2 g7 | - | 7,032 -
G2 10135 | - 6.054 -
| C3 i 122870 - 5.638 -
C4 23.820 - 5,340 =
e e O B o et Wy
Total flexural strength |~ 54960 | 144,581 24,064 41,288 4
| Ratio of GSS ta I'SS | 38% 58%

GSS: strength of the vertical elements at ground story
FSS: strength of the vertical elements at tirst story
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3.4 Structural system and design approach

Shear and core walls are mainly used for the LFRS of the reference
structures. Flat slabs with marginal beams are employed as a horizontal diaphragm to
transfer the gravity loads to vertical elements. The shear wall LFRS is more efficient
than moment resisting frame in controlling the lateral deformations developed by
wind or carthquake loads (Ali and Moon, 2007; Halis and Emre, 2007). In buildings

B4-DIS and B5-WST, columns are used at the basement stories as result of their

irregularity.

The five reference structures are fully designed for the purpose of this study.
Three-dimensional (3D) simulation models are developed using the Extended Three-
dimensional Analysis of Building Systems ETABS (CSI. 2011a). This plattorm is
widely used for the analysis and design of the multi-story buildings. 3D ETABS
models of the reference buildings are developed considering gravity loads, lateral
loads and P-A effects. The 3D models are used for: (1) determining straining actions
of structural members, (ii) estimating the deformations and periods of vibration, and
(111) design of vertical structural members. The 3D ETABS models account for the
stiffness and strength of structural elements as per the design code (ACI-318, 2011).
Shell elements are used to idealize slabs and shear walls. while frame elements are

used to model columns and beams.

3.4.1 Material characteristics

Concrete strength with different values is used for the design of the selected
buildings. as shown in Table 3.4. A cylinder compressive strength, f'c of 32 MPa
(cube strength of 40 MPa, f,) is used for all slabs and beams. The concrete strength
varies throughout the height of vertical element starting from f'c of 48 MPa (cube

strength of 60 MPa, f¢,) at the foundation to 32 MPa (f., of 40 MPa) at the roof. The
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modulus of elasticity of concrete (E.) is as per ACI-318 (2011). The specific weight

of reinforced concrete is 25 kN/m>. The vield strength (fy) of reinforcing steel bars is

460 MPa for tlexural design and 420 MPa for shear design (ACI-318, 2011). The

steel modulus of elasticity (Es) is 200,000 MPa.

Table 3.4: Material characteristics used in the ETABS design models

Characteristics
Material
o (MPa) t.” (MPa) fy (MPa) E.. Es (MPa)

Steel- flexural N/A N/A 460 200,000

Steel-Shear N/A N/A 420 200,000

Concretel 40 32 N/A 26,587

Concrete2 | 50 40 N/A AOB7EN

Concrete3 60 48 N/A 32.562
N/A: not applicable

3.4.2 Design loads
Permanent loads include the self-weight of structural members with a
concrete density of 25 kN/m?>. Superimposed dead load is 4.0 kN/m?, which includes

other permanent loads such as partitions. Live loads are adopted according to ASCE-

7 (2010) as follows:

e 2.0 kKN/m? for the residential areas,
e 4.8 KN/m” for corridors and staircases, and

o 3.0 kN/m? for basement stories (parking areas)

Two cases of lateral loads (wind and earthquake) are adopted for the design
of the reference structures according to ASCE-7 (2010). Seismic loads are calculated
using the design response spectrum recommended by ASCE-7 (2010), as shown in

Figure 3.9.
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Figure 3.9: Design response spectrum for a site class “C” and a seismic design category “C”
(ASCE-7, 2010)

The reference buildings are considered to be located in Dubai, UAE. which
represent a medium seismicity region. The seismic parameters are defined according
to the design code (ASCE-7, 2010; AD-IBC. 2013). The seismic parameters are

considered as follows:

e Siteclass: C

e Spectral response acceleration at 0.2 sec: Sg = 0.83 for site class B (rock)
e Spectral response acceleration at 1.0 sec: S;= 0.24 for site class B (rock)
e Long-period transition period: Ty = 8

o Site coefficient F, 1s 1.068 for site class C

e Site coefticient F, is 1.56 for site class C

e Response modification coetficient, R =4

e Overstrength factor, Qo = 2.5

The equivalent lateral force procedure (ELFP) and modal response spectrum
analysis (MRSA) are employed to estimate the lateral seismic forces (ASCE-7,

2010). The base shear, calculated using ELFP, is only considered to verify the base
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shear from MRSA. The approximate period parameters, C,, and. x. are considered as

wn

0.0488 and 0.75, respectively. The analysis is conducted with 20 modes of vibration
to obtain a combined modal mass participation of more than 90% of the actual mass
in each of the orthogonal horizontal directions (ASCE-7, 2010). The base shear

obtained from MRSA is at least 85% of the base shear obtained from ELFP (ASCE-

7.2010).

3.4.3 Design code requirements for irregular structures

Some of the irregularity types require special analysis and load conditions as
per the design code (ASCE-7, 2010). The in-plane discontinuity of the LFRS and the
discontinuity in lateral strength of the LFRS (weak story irregularity) should be
designed using special cases of loading. Table 3.5 shows the code recommended
analysis procedure and special loads for the seismic design category “C” (ASCE-7,

2010). The special seismic load combinations are discussed hereafter.

Table 3.5: Recommended analysis procedures and special loads for different irregularity
types in seismic design category “C™

- i Provisions
Type of irregularities iy

H ELEP MRSA SRIHP SSL
Stiftness/extreme soft story
Stiffness/extreme soft story NL p p p NR
irregularity
Geometric irregularity NL 12 P P NR
In-plane discontinuity irregularity NL P P |2 R
DfsconlanIl)“ in Ial{e_ral slrcngth/ NL p p p R
extreme weak story irregularity
ELFP: equivalent lateral force procedure H: building height
SRHP: seismic response history procedures MRSA: modal response spectrum analysis
NL: not limited SSL : special seismic load
R: required NR: not required

P: permitted

3.4.4 Load combinations
Both serviceability and ultimate limit state load combinations are considered
in the design process. Service load combinations are employed to verify the vertical

and lateral deformations, while the structural elements are designed using the



66

ultimate load combinations (ASCE-7. 2010). The design load combinations of the

regular structure are as follows.

1.4D 3.1
1.2D + 1.61. + 0.5L, 3.2
2D+ 1.6+ L 3.3
1.2D+ 1.6L.,+0.5W B
207+ 1.OW + [+ 0.5L, 3.5
120D + 4-0E + [ 3.6
0.9D + 1.0W 3.7
09D + 1.0E 3.8

Where: D is the dead load. E is the earthquake load. L is the live load. L, is the roof
live load. and W is the wind load

The dead load in the above-mentioned combinations includes the self-weight,
partitions, services and any other superimposed dead loads. The seismic load case
“E™ represents both the horizontal and vertical component of ground motion. Hence,
for the load combination in Eqn. 3.6. the seismic load, E. shall be calculated as Ey+
E.. where E; and E, are the horizontal and vertical components of earthquake load.
respectively. For the load combination in Eqn. 3.8, the seismic load shall be
considered as E, — E,. The horizontal seismic load effect is estimated by multiplying
the redundancy factor (p) times the effect of horizontal seismic forces (Qg). The
redundancy factor (p) is 1.0 for SDC *C”. The vertical seismic load component (Ey)
is 0.2Sps times D. where Sps is the design spectral response acceleration at 0.2 sec
(ASCE-7. 2010). From this discussion. the ultimate load combinations, including the
seismic vertical and horizontal effects, are presented as per Eqns. 3.9 and 3.10, as

follows (ASCE-7, 2010):
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(1.2+0.28ps ) D + pQe+L 3.9

&
(0.9-0.2Sps ) D + p Qg 3.10
The above combinations are adopted for the design of the regular structure as well as
the buildings with stiffness irregularity and geometric irregularity. The overstrength
factor £), is utilized for the design of the irregularity introduced in buildings B4-DIS

and B5-WSST (ASCE-7. 2010). The load combinations including the overstrength

factor are as follows:

(2=t 0.2Sps) D + Q, p QI-’ + L 3.11

(0.9 -0.2Sps) D + Q, p Q¢ B

3.5 Design results

The serviceability limit state of the reference buildings is verified according
to the design code. The maximum inter-story drift ratios (IDRs) according to ASCE-
7 (2010) is 2% for the shear wall structural system located in risk category II.
Figure 3.10 shows a comparison between the periods of the first three modes of the
tive reference buildings. Figure 3.11 shows the vibration periods of the first two
modes in the transverse direction, while Figure 3.12 shows the vibration periods of
the first two modes in the longitudinal direction. The comparison shows that, with
the exception of building B3-GEO. which has slightly shorter periods, the
fundamental vibration periods of the irregular buildings in the transverse direction
are greater than the regular counterpart (B1-REG). The difterences in the vibration
periods of the reference buildings are attributed to the changes in the dimensions,

stiffness and strength of their LFRS.
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While the vertical structural elements of the five reference buildings are
designed using ETABS (CSI, 201 1la). the Slab Analysis by the Finite Element
software SAFE (CSI, 2011b) is used for the design of floor slabs. Straining actions
developed by the gravity and lateral loads are considered in the slab design. The
seismic forces have significant influence on the slab reinforcement, particularly at
the connections between the slabs and the vertical elements (shear walls. columns
and core walls). Figure 3.13 to Figure 3.21 show the slab layout and reinforcement
details, while Table 3.6 to Table 3.9 show the additional reinforcement of the tloor

slabs for the five reference buildings.
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The design of vertical elements (columns, shear walls. and core walls) is fully
automated using ETABS. The ACI-318 (2011) and ASCE-7 (2010) design
provisions are considered in the design. Although the boundary elements of shear
and cores walls are not required by the design code for SDC “C” (ACI-318, 2011),
they are utilized in the design to enhance the seismic performance of the LFRS.
These boundary elements are detailed according to the ACI318-2011 provisions.
Figure 3.22. Figure 3.23 and Figure 3.24 show the typical reinforcement detail of
shear walls according to the ACI-318 (2011). Table 3.10 to Table 3.14 summarize
the design results of the vertical elements for the reference buildings. The design
results are used to develop the nonlinear analysis models using the fiber-based
platform Zeus-NL (Elnashai et al., 2012). The nonlinear modeling approach is

discussed in detail in Chapter 4.
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Figure 3.13: Slab layout of BI-REG and B2-SST atall levels, and B3-GEO, B4-DIS and B5-
WST at typical story levels




71

: 42000 , H
8400 1 8400 : 8400 ! 8400 ! 8400
AT JOATE WATI q I0ATI HATI I0AT3
. . ’ o . :
S £ < = < >
& = E E g ) S
= I =
; TOP MESH 0166200
BOTT. MESH 016@200
= B =
‘ 20ATS 10ATS :_ 10ATS ,:r < 10ATS 20AT2
= ; — = [—r—]
- 36ATT BAY?Y I6AT? J6ATY =
E - bt
< > » =
s = = S P o
QS 6ATT : £ i WATT . J6AT?
o T = f i < y
[ "~ s
20AT2 20AT2
== =
g Elu!\|\ 10AT6 STy =
=
(=
4 o -
i 3 :
2 > L =
AT a JOATL = ' BTN a I0AT1 =

E 30ATI 30AT3 |

Figure 3.14: Slab reinforcement details of B1-REG and B2-SST at all levels, and B3-GEO,
B4-DIS and BS-WST at typical story levels

Table 3.6: Slabs additional top reinforcement of B1-REG and B2-SST at all levels, and B3-
GEO, B4-DIS and B5-WST at typical story levels
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Figure 3.15: Structural elements of B3-GEO at basement stories
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Figure 3.16: Slabs reinforcement details of B3-GEO at basement stories

Table 3.7: Slab additional top reinforcement of B3-GEO at basement stories
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Figure 3.17: Structural elements of B4-DIS at basement stories
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Figure 3.18: Slabs reinforcement details of B4-DIS at basement stories
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Table 3.8: Slab additional reinforcement of B4-DIS at basement stories
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Figure 3.20: Structural elements of BS-WST at basement stories
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Table 3.9: Slab additional top reinforcement of BS-WST at basement stories
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Figure 3.24: Typical reinforcement detail of core walls




Table 3.10: Design results for the vertical structural members of building BI1-REG

Location of section Base Story no. | Story no 6 Storyno 11  Storyno.l6  Storyno 2l Storyno26 Story no.31 Storv no.36 Story no.4l
Shear wall P3
VL. Reinforcement 36T40+ 36T40+ 36T40+ 32T40+ 32T410+ 32T40+ 32732+ 32T20+ 16T 16+ 16T 14+
(AS1+AS2)* 44T40 40T40 40T40 36T40 36T40 36T32 36T14 36T 14 34T16 34T14
Boundary elements length (inm) 1.0m 1.0m 1.0m 1.0m 1.0m 1 0m 1 Om 1 Om 1.0m 1 Om
HL. reinforcement T12-200mm T12-200mm  T12-200mm1  T12-200mm  T12-200mm  T12-200mm  T12-200mm TI12-200mm T12-200mum T12-200mimn
Design/Capacity (D/C) Ratio 0.968 0.971 0.973 0.952 0.935 0.926 0.966 0.966 0.681 0305
Pier section mm X mm 500x4750  450x4750 450x4750 400x4750 400x4750 350x4750 350x4750 300x4750 300x4750 200x4750
Concrete strength (f ) MPa| 48 48 40 40 32 32 32 B2 32 32
Core 2
VL. Reinforcement 146T12+ 146T12+ 146T12+ 146T16+ 146T16+ 146T16+ 146T12+
(AS1+AS2) 96T40 96T40 96T40 96T32 96T32 96T20 SOTI12
HL. reinforcement T12-200mun T12-200mm T12-200mm  T12-200mm  T12-200mm  T12-200nun T12-200mm
Design/Capacity (D/C) Ratio 0.993 0.987 0.946 0.987 0.981 0.976 0.946
Core thickness “T" (mm) 300 250 250 200 200 200 200
Core width *“W” (mun) 3200 3200 3200 3200 3200 3200 3200
Core length “L” (mm) 7700 7700 7700 7700 7700 7700 7700
Concrete strength (f.") MPa 48 48 40 40 32 32 32

* refer to Figure 3.23
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Table 3.11: Design results for the vertical structural members of building B2- SST

Location ot section Base Story no. | Storyno.6  Story no.1l Story no.16 Story no.2l1 Story no.26 Story no.31 Story no.36 Story no.d1
Shear wall P3 -
VL. Reinforcement 36T40+ 36T40+ 36T40+ 32T40+ 32T40+ 32T40+ 3232+ 32T20+ 16T 16+ 16T14+
(AS1+AS2) 44T40 40T40 40T40 36T40 36T40 36T32 36T 14 36T14 34T16 34T14
Boundary elements length 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m
HL. reinforcement T12-200mm TI12-200mm  T12-200nun  T12-200mm  T12-200mm T12-200mm  T12-200mm  T12-200mun T12-200mm  T12-200mmm
Design/Capacity (D/C) Ratio 0.972 0.971 0.972 0.951 0.934 0.925 0.966 0.966 0.681 0.505
Pier section mm X mm 500x4750 450x4750 450x4750 400x4750 400x4750  350x4750 350x4750 300x4750  300x4750  200x4750
Concrete strength (f.") MPa 48 48 40 40 32 32 32 32 32 32
Core 2 =
VL. Reinforcement 146T12+ 146T12+ 146 T12+ 146T16+ 146T16+ 146T16 146T12+
(AS1+AS2) 96T40 96T40 96T40 96T32 96T32 +96T20 SOTI12
HL. reinforcement T12-200mm T12-200min  T12-200mm T12-200mimn  T12-200mun T12-200nun T12-200mun
Desigr/Capacity (D/C) Ratio 0.993 0.987 0.946 0.987 0.981 0.976 0.946
Core thickness (nun) 300 250 250 200 200 200 200
Core width (mm) 3200 3200 3200 3200 3200 3200 3200
Core length (mm) 7700 7700 7700 7700 7700 7700 7700
Concrete strength (f.) MPa 48 48 40 40 32 32 32

6L




Table 3.12: Design results for the vertical structural members of building B3- GEO

Location of section Base Story no. 1 Story no.6  Story no.ll Story no.16 Story no.2l Story no.26 Story no.31 Story no.36 Story no.4l
Shear wall P3
VL. Rewmnforcement 36T40+ 36T40+ 36T40+ 32T40+ 32T40+ 32T40+ JUL3TE 32T20+ 16T16+ 16T14+
(AS1+AS2) 44T40 40T40 40T40 36T40 36T40 36T32 36T14 36T14 34T16 34T14
Boundary elements length 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m
HL. reinforcement T12-200tnm  T12-200mm T12-200mm T12-200mun  T12-200mm T12-200mm T12-200mm T12-200mm T12-200mm  T12-200mm
Design/Capacity (D/C) Ratio 0.971 0.956 0.973 0.973 0.936 0.968 0.965 0.969 0.685 0.493
Pier section mm X mm 500x4750 450x4750 450x4750 400x4750 400x4750 350x4750 350x4750 300x4750 300x4750 250x4750
Concrete strength (f.") MPa 48 48 40 40 32 32 32 32 32 32
~__ Come2- —r
VL. Reinforcement 146T12+ 146T12+ 146T 12+ 146T16+ 146T16+ 146T16+ 146T12+
(AS1+AS2) 96T40 96T40 96T410 96T32 96T32 96T20 S0T12
HL. reinforcement T12-200mm T12-200mm T12-200mm T12-200nun  T12-200mm T12-200mm T12-200mm
Design/Capacity (D/C) Ratio 0.981 0.963 0.931 0.975 0.970 0.949 0.937
Core thickness (mm) 300 250 250 200 200 200 200
Core width (mm) 3200 3200 3200 3200 3200 3200 3200
Core length (mm) 7700 7700 7700 7700 7700 7700 7700
Concrete strength (f.") MPa 48 48 40 40 32 32 3
Shear wall PS5
VL. Reinforcement 24T20+
(AS1+AS2) 30TI2
Boundary elements length 1.0m
HL. reinforcement T12-200mun
Design/Capacity (D/C) Ratio 0.97
Pier section mm X mm 300x4000
Concrete strength (f.') MPa 48
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Table 3.13: Design results for the vertical structural members of building B4- DIS

Location of section Base  Story no.l Story no.6 Story no.ll Story no.16 Story no.2l1 Story no.26 Story no.31 Story no.36  Story nodl
Shear wall P3
VL. Reinforcement 56T25+ 52T32+ 52T25+ 40T 16+ 36T25+ 40T14+ 32T12+ 28T 12+
(AS1+AS2) 36T12 36T12 36T12 36T12 36T12 36T12 36T12 36T12 AUIe
Boundary elements length 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m 1.0m
HL. reinforcement T12-200mm  T12-200mm T12-200mm T12-200mm T12-200oum T12-200mm T12-200mm T12-200mm T12-200mm
Design/Capacity (D/C) Ratio 0.952 0.919 0.909 0.907 0.962 0.908 0.778 0.702 0.621
Pier section mm X mm 700x4750 650x4750 600x4750 550x4750 500x4750 450x4750 400x4750 300x4750 250x4750
Concrete strength (f.') MPa 48 40 40 40 32 32 32 32 32
Core 2 .
g 194T40+ 144T12+ 144T12+ 144T12+ 144T12+ 148T12+
< Restulasaqmeny 176T40 136T32 136T16 124T14 124T12 e T L g
HL. reinforcement T12-200mm  T12-200mm T12-200mm T12-200mm T12-200mm T12-200mm T12-200mm T12-200mm T12-200mm
Design/Capacity (D/C) Ratio 0.630 0.880 0.850 0.817 0.858 0.822 0.836 0.635 0.407
Core thiclaess (mm) 400 350 350 300 300 250 200 200 200
Core width (mm) 3200 3200 3200 3200 3200 3200 3200 3200 3200
Core length (mm) 7700 7700 7700 7700 7700 7700 7700 7700 7700
Concrete strength (f.') MPa 48 40 40 40 82, Ay 32 32 32
Core 2A
VL. Reinforcement (AS1+AS2) 212T32
HL. reinforcement T12-200mm
Design/Capacity (D/C) Ratio 0.89
Core thickness (mm) 400
Core width (mm) 3600
Core length (mm) 5500
Concrete strength (f.") MPa 48 S
Column C
VL. Reinforcement 28T28
HL. reinforcement T12-200mm
Design/Capacity (D/C) Ratio 0.974
Section width 1300
Section length 2000
Concrete strength (f.') MPa 48
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Table 3.14: Design results for the vertical structural members of building BS-WST
Story Story

Location of section Base Storyno | Story no 6 Story no.11 Story no 16 Story no 21 Storyno 26  Storyno.31 36 41
no no

Sheariwall P3

VL Reinforcement (AS1+AS2) S6T25+36T12 52T32+36T12 S2T25+36T12 40T16-36T12 36T25+36T12 40T14-36TI2 32T112;36T 28T1122’36T 50T14
Boundary elements length 10m 1 0m 10m 10m 10m 10m 1 0m 10m 10m
HL.. remnforcement T14-200mm T12-200mm  T12-200mm T12-200mm T12-200mm T12-200mm  T12-200mm T12. 200mm Zg(;lznm
Design/Capacity (D/C) Ratio 0952 0.919 0.909 0907 0.962 0.908 0.778 0702 0621
Pier section mm x mumn 700x4750 650x4750 600x4750 550x4750 500x4750 450x4750 400x4750 300x4750 2503475
Concrete strength (f.') MPa 48 40 10 40 32 32 32 32 32
Core 2
. 194T40+176 44T12+136 44T12-136T1 144T12-124 4T12-12 £
VL Reinforcement T40+ T 1447 §+ 363 144T1 . 136T1 144T1 ; 124T1 14471 ; 124T1 HSTlZ—, 124T1 202T12 202T12 202T12
HL. reinforcement T14-200mm T12-200mm  T12-200mm T12-200mm T12-200mm T12-200mm  T12-200mm T12-200mm ,g(l);m
Design/Capacity (D.C) Ratio 0.630 0.880 0.850 0817 0.858 03822 0836 0635 0.407
Core thickness (mm) 400 350 350 300 300 250 200 200 200
Core width (mm) 3200 3200 3200 3200 3200 3200
Core length (mm) 7700 7700 7700 7700 7700 7700
Concrete strength (£') MPa 48 40 40 40 32 32 32 32 32
Column C1
VL. Reinforcement 80T40 72T40
HL. reinforcement Ll T12-200mm
200mm
Design Capacity (D/C) Ratio 0 882 0925
Section width 1000 1000
Section length 1600 1400
Concrete strength (f.) MPa 48 48
Column C2
VL. Reinforcement 70T40 62T40
HL reinforcement T12-200mm T12-200mm
Design Capacity (D/C) Ratio 0835 0834
Section width 1000 1000
Section length 1400 1300
Concrete strength (f') MPa 48 48
Column C3
VL. Reinforcement 118T40 100T40
HL. reinforcement T12-200mm T12-200mm
Design Capacity (D'C) Ratio 0.994 0.991
Section width 1300 1000
Section length 2200 2200
Concrete strength (f.') MPa 48 48
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3.6 Concluding remarks

Based on a concise survey. tive RC buildings were selected to represent the
common regular and vertically irregular high-rise structures in the UAE. The
selected buildings. which were denoted BI-REG, B2-SST. B3-GEO. B4-DIS and
B5-WST. represented a regular structure and four irregular high-rise buildings with
extreme soft story. geometric irregularity. LFRS in-plane discontinuity, and extreme
weak story, respectively. The five reference buildings were fully designed for the
purpose of this study using the international building codes adopted in the case study
region. Three-dimensional finite element models were developed for the design of
the tive reference buildings using the finite element computer package ETABS.
Gravity, wind and earthquake loads were applied to the 3D building models
according to the design codes. The design results were tabulated and presented in this
chapter. The design results were utilized to develop the fiber-based analytical models

used for inelastic analysis. as discussed in Chapter 4.
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Chapter 4: Analytical Modeling for Inelastic Analysis and
Selection of Earthquake Records

4.1 Introduction
Structures behave in a nonlinear manner during strong earthquakes.
Theretore linear analysis procedures cannot capture the actual structural behavior
under the effect of seismic excitations (FEMA-P695. 2009: NEHRP. 2010a).
Consequently. the seismic assessment of buildings should be performed using
inelastic dynamic time-history analysis (THA). The selection of an inelastic analysis
plattorm and realizing its capabilities and limitations are essential in the seismic
assessment of a structure. For the purpose of the current study. the nonlinear platform
Zeus-NL is employed to conduct the required inelastic analysis (Elnashai et al.,
2012). In this chapter, the modeling approach and capabilities of the inelastic

analysis plattorm along with the selection of the input ground motion are discussed.

4.2 Inelastic analysis platform Zeus-NL

The analytical models of the reference structures are developed using Zeus-
NL (Elnashai et al., 2012). Zeus-NL is a nonlinear analysis system employing the
fiber modeling approach. It was developed at Imperial College London and at the
University of Illinois at Urbana-Champaign. Several verifications of the program
were conducted on the member and structure levels. These verifications were
undertaken against full scale tests carried out in Europe and the U.S. (e.g. Jeong and

Elnashai. 2005: Kwon and Elnashai, 2006).

Jeong and Elnashai (2005) developed a 3D analytical model using Zeus-NL
for a three story RC irregular frame building. The layout and contigurations of the

building are shown in Figure 4.1. An experimental 3D test was conducted tor the
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same building at the Joint Research Centre. Ispra. Italy. Test results and those
obtained from Zeus-N1. analysis were compared to verify the analytical model. The
study concluded that Zeus-NL accurately predicted the seismic response of the
irregular multi-story building. Moreover a shake table test was carried out by Bracci
et al. (1992) for a three-story RC frame building using one-third scale model.
Nonlinear analysis for the latter building was also conducted using Zeus-NL (Kwon
and Elnashai, 2006). Building periods and global deformations from THA were
compared with experimental results. The Kwon and Elnashai (2006) study provided
additional verification for Zeus-NL. Figure 4.2 shows the plan and sectional
elevation of the prototype building used in the studies of Bracci et al. (1992) and

Kwon and Elnashai (2006) .

(a) 3D view of the test structure (b) Plan of the test structure

Figure 4.1: Configuration and plan of three-story structure (Jeong and Elnashai. 2005)
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Figure 4.2: Sectional elevation and plan of the prototy pe structure used for the Zeus-NL
verification (Bracci et al., 1992; Kwon and Elnashai. 2006)

4.3 Geometric modeling of reference buildings

It 1s assumed in the present study that each reference building consists of four
lateral force-resisting-systems (LFRSs) in the transverse direction, as shown in
Figure 4.3. Two dimensional (2D) simulation models are developed for the five
reference buildings using Zeus-NL to represent the LFRSs in the transversal
direction. The rigid arm length is the distance between the centerline and the face of
the vertical elements. as presented in Figure 4.4 (b). Three cubic elasto-plastic frame
elements are used to idealize each horizontal and vertical structural member (slabs.
columns. shear walls and core walls). This allows utilizing three difterent cross-
sections for each structural member, one at each member edge and one at the mid-
span. These three sections help to accurately model different reinforcement profiles
of structural members according to the design. Figure 4.4 (c) shows the Zeus-NL
cubic elasto-plastic element, which include two Gauss section, as well as the

concrete and reinforcing steel fibers. This modeling approach effectively represents
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the spread of inelasticity within the cross-section and along the member length
(Elnashai et al.. 2012). Reinforcing steel. confined concrete and unconfined concrete
are idealized using this fiber modeling approach. The strain-stress response of
reinforcing steel. confined concrete and partially confined concrete is used to assess

the seismic response of the reference buildings.

— Rigid

oy Do, (U et s [ = S, TN g

== =h: -

== = :

ey = § I

== S RV T

] : Slab  Core \yajl

—— :

] =i smb

.~ a : e LAxe wall
\ \ . 1 2

“ N :——-——-'-———«

NQ R |

‘-‘. i

——— =

ot a H|

“ -

] = E Hl

e 2

== = i

—— —

gy e e

I ey a\ 4|

=t oas I

1 T Sees (B

== S=E 7

‘* I~ !

= i § ___________

== -

=

-
o
——

||
=]

< G

£ Core i i /
Wall Slab wall  Rigid arm L l glab  Rigidarm  Column

;
'w

LFRS

Figure 4.3: Modeling approach for inelastic analysis showing the typical layout of reference
buildings with lateral force-resisting systems




88

] L

(c)

Figure 4.4: Geometric and fiber-based modeling of the reference structures: (a) Zeus-NL
model for the B1-REG building (b) Geometric modeling of horizontal and vertical elemen
(c) Elasto-plastic frame element

RC flexural wall. hollow rectangular, rectangular and T-sections are used

idealize shear walls, core walls, columns and slabs. respectively. as shown

ts

to

n

Figure 4.5 (Elnashai et al.. 2012). The nonlinear analysis is conducted for one of the

four LFRS in the transverse direction. The idealized framing system resists the lateral

seismic forces in addition to gravity loads including 25% of the total mass of the

building. It is assumed in the present study that the exterior structural system only

support gravity load. and hence the seismic lateral forces are entirely resisted by t

he

internal LFRSs. In the longitudinal direction, only one frame resists the seismic

lateral loads and the whole building mass, while other structural members only

support gravity loads. It is noted that, the transverse direction of the referen

ce

buildings is more vulnerable than the longitudinal direction. Therefore the nonlinear




89
analysis is conducted only for the LFRSs in the transversal direction to save time and

compuler resources.

(a) rcfws (b) rchrs (c) rers (d) rets
RC flexural RC hollow RC rectangular RC T-section
wall section rectangular section section

Figure 4.5: RC sections used in the Zeus-NL modeling of reference buildings (Elnashai et
al.. 2012)

4.4 Material modeling

A uniaxial constant confinement concrete modei and a bilinear elasto-plastic
reinforcing steel model with kinematic strain-hardening are used in the Zeus-NL
models. as shown in Figure 4.6. The actual material strength is used in the current
study to assess the seismic response of the reference structures. The concrete
confinement is investigated in order to utilize an accurate value for the analysis.
Mander et al. (1988) developed a stress-strain model for the confined concrete
subjected to uniaxial compressive loading. as shown in Figure 4.7. Madas and
Elnashai (1992) concluded that the model is not only simple, but also has adequate
accuracy. Martinez-Rueda and Elnashai (1997) developed an enhanced concrete
model for confined concrete under cyclic loads based on the Mander et al. (1988)
model and implemented in Zeus-NL. This concrete model is adopted in the present

study. Fully confined concrete is used in columns and in the boundary elements of
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shear walls and core walls. Partially confined concrete is used in the web of shear

walls and core walls. while the unconfined concrete 1s used to model the concrete

cover,

W/"”V o o (mumsuan’

(a) Reinforcing steel model

(b) Concrete model

Figure 4.6: Material models (Elnashai et al., 2012)
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Figure 4.7: Stress-strain model of confined and unconfined concrete developed by Mander et
al. (1988)

4.5 Mass and damping modeling

Five analytical models were idealized using the Structural Analysis Program,
SAP2000 (CSL 2011c) to calculate the lamped masses of the reference buildings, as
shown in Figure 4.8. Masses calculated from the SAP2000 models are used in the
eigenvalue analysis and THA. while gravity loads are used in IPOA and THA. Each
LFRS of the reference buildings in the transverse direction is subjected to 25% of the

total dead load. Three types of analyses are finally conducted using Zeus-NL. Firstly,
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eigenvalue analysis is used to verify the vibration periods and deformed shapes of the

reference buildings. Secondly. inelastic static pushover analysis (IPOA) is employed
to obtain the capacity curves of the reference buildings. The development of plastic
hinges and crushing in concrete are also traced in structural members using [POA.

Lastly. THA is conducted to assess the local and overall seismic performance under a

wide range of earthquake records.

Core _ -~ "~

e Shear
walls

walls

N\

Slab

Planted
element

core
walls

Figure 4.8: Idealized SAP2000 models for the reference buildings for mass calculations

Although the damping is a critical parameter that affects the nonlinear
analysis. its precise estimation is hard. Damping could be classified to two
categories. hysteretic and non-hysteretic damping. The hysteretic damping sources,
such as the inelastic deformations of structural elements under dynamic loading, are

included in the elasto-plastic fiber element modeling. The non-hysteretic damping is
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caused by many sources such as the internal friction of structural elements and the
friction between structural elements and nonstructural components. The latter type of
damping is considered by utilizing Rayleigh damping (e.g. Priestley and Grant. 2005:
Chopra. 2012: Izzuddin. 2012: Spence and Kareem. 2013). The Rayleigh damping
has two components namely the mass proportional and stiffness proportional
damping. as shown in Eqn. 4.1 (Chopra. 2012). The mass proportional damping in
building assessment gives a spurious damping and it should be neglected (Priestley
and Grant. 2005: TBI. 2010: Chopra. 2012). The stiftness proportional damping is
calculated for each reference building. where the damping coefticient a; is
determined using Eqn. 4.2. The frequency o in Eqn. 4.2 is calculated using the

equivalent period of each structure as proposed by (Alwaile et al.. 2014).

C=apm +a, k 4.1

where C is the damping ratio. m is mass. and k is stiffness

=20/ o 4.2

where C is damping ratio and o is circular frequency, which is 2x /period

4.6 Selection and scaling of input ground motions

The selection of input ground motions for the seismic assessment of high-rise
buildings is a critical task due to the wide range of vibration periods of significance.
Despite the conclusion of few previous studies regarding the marginal effect of
magnitude and distance on the dynamic analysis results (e.g. lervolino and Cornell,
2005). other studies concluded that these seismological parameters affect the
dynamic analysis of buildings (e.g. Naeim et al, 2004; Kwon and Elnashai, 2006;
Mwafy et al., 2006; Haselton et al., 2012). In the current study, seismological and

site parameters, such as record magnitude, epicenteral distance, soil class; ratio of
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peak ground acceleration to peak ground velocity (a/v). and peak ground acceleration

(PGA) are considered in the selection of earthquake records to represent the common

seismic scenarios expected in the case study region.

According to NEHRP (2011). three types of seismic performance assessment
of buildings are recommended: intensity-based assessment. scenario-based
assessment. and risk-based assessment. The selection of the seismic records depends
on the implemented type of assessment. In the current study, a scenario-based
assessment is implemented as per the recommendation of several previous studies for
the case study region (Sigbjornsson and Elnashai. 2005: Mwafy et al.. 2006;
Sigbjornsson and Elnashai. 2006: Aldama-Bustos et al.. 2009: Shama. 2011). The
employed scenarios represent: (i) severe events with a long distance from the
epicenter. and (i1) moderate earthquakes with a short distance from the epicenter. For
tar-field events. a magnitude (M,,) range of 6.93 to 7.64. epicenteral distance range
of 91 to 161 km. stiff and very dense soil classes, low a/v ratio (<0-8 g/ms™'). and a
PGA range of 0.9 to 2.39 m/s® are considered in the record selection, as shown in
Table 4.1. Furthermore, for the near-tield records, a magnitude (M) range of 5.14 to
6.04. epicenteral distance range of 2.86 to 29.9 km. stift and very dense soil classes.
high a/v ratio >1-2 g/m s, and a PGA range of 0.85 to 4.96 m/s? are considered in

the selection of earthquake records, as shown in Table 4.2.

Two databases are used to select the input ground motions. which are the
Pacitic Earthquake Engineering Research center database (PEER, 2012) and the
internet site for European Strong-motion Database (ESD. 2012). From the selected
databases, 20 far-field and 20 near-field natural records are selected to represent the

earthquake scenarios in the study region. The near-field earthquake records represent
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the local seismic events. while the far-field scenario is for the earthquakes originated
from long distance sources. The far-field records match the ASCE-7 (2010) response
spectrum in the long period range. as shown in Figure 4.9. while the near-field
seismic events match the design response spectrum in the short period range, as
shown Figure 4.10. Figure 4.11 shows all spectra of near-field and far-field

earthquake records.

The above-mentioned two seismic scenarios account for the uncertainty of
input ground motions. The selected records are scaled to a design PGA of 0.16g
before applying to the reference building models. as per the recommendation of
previous studies for 10% probability of exceedance in 50 years (e.g. Mwaty et al,,
2006: Sigbjornsson and Elnashai. 2006). Figure 4.12 and Figure 4.13 show the
acceleration histories of the scaled far-tield records, while Figure 4.14 and

Figure 4.15 depict those of near-field records.




Table 4.1: Characteristics of far-field input ground motions

Ref Earthquake Station Comp Date Mag. (M,) Site class Ep Dist (km) D::::;m PGA (m/s?) g/i:jn‘;., c‘ll./x\s/
RLI Bucharest Building res Institute EW 04-03-1977 753 sttt 161 18 173 060
RL2  [Chi-Chi CWRB 99999 11.LA013 EW 20-09-1999 762 v dense 135 117 1.36 0152
RL3 .oma Prieta Emeryville 260 18-10-1989 693 v dense 965 39 295 057
RL4 JLoma Prieta Golden Gate Bnidge 270 18-10-1989 693 v dense 100 38 229 06l
RLS |Hector Mine Indio - Coachella Canal 0 16-10-1999 713 stff 99 60 090 070
RL6  Jlzmit Ambarh-Ternuk EW 17-08-1999 764 stift 113 150 1 80 0 60
RL7 [Jlzmnt Istanbul-Zeytinburnu NS 17-08-1999 764 sttt 96 129 24 1 08 077
RL8 [Kocach Bursa Tofas E 17-08-1999 751 stift 95 139 1 06 049
RL9  |Kocael Hava Alani 90 17-08-1999 751 v dense 102 106615 092 046
RLI10 fLoma Prieta Alameda Naval Arr Stn Ilanger 270 18-10-1989 693 suff 9] 29 239 073 i
RLI1 |Loma Pneta Berkeley LBL 90 18-10-1989 693 v dense 98 39 115 065
RL12 |Loma Prieta Oakland-Outer FHarbor Whart 0 18-10-1989 693 sttt 94 40 2475 067
RL13 |Manjl Abhar NS7E 20-06-1990 742 sttt 91 2949 130 062
RL14 Manjl Tonekabun NI32 20-06- 1990 742 v dense 131 40 1922 076
RLI1S [Chi-Chi TAPOOS E 20-09-1999 762 stft 156 134 134 049
RL16 [Chi-Chi TAPOIO E 20-09- 1999 G2 sttt 151 144 119 050
RL17 [Chi-Chi TAPO2I E 20-09-1999 7/ sttt 151 125 1S 047
RLI8 [Chi-Chi TAP032 N 20-09-1999 762 v dense 144 90 113 064
RLI9 [Chi-Chi TAP090 E 20-09-1999 762 sttt 156 125 128 041
RL20 [Chi-Chi TAP09S N 20-09-1999 762 sttt 158 123 0.96 052

av: PGAPGV,  a/v classification (<0.8 Low & > 1.2 high), 1's; of very dense soil

360-760 nv's, and for stff soil

180-360 m s




Table 4.2: Characteristics of near field input ground motions

Ref’ Earthquake Station Comp Date Mag (M,,) j:::s E;;kL)]l)s( Dl(lsr:ll)on (‘x)r:;,sl}) g‘,‘:;‘. \,Ii::s
RS1 Coyote Lake San Juan Bautista, 24 polk St 213 8/6/1979 574 v. dense 197 IS 0991 | 424
RS2 Livermore-02 Livermore-Morgan Terr Park 355 1/27/1980 542 v dense 141 14 2235 2 581
RS3 Hollister-04 Ciuty Hall 271 287111974 S 14 v dense 98 21 1651 1 480
RS4 Wiuttier Narrows-0 Brea Dam (L. Abut) 130 10/1/1987 599 v dense 240 26 1299 1 460
RSS Whittier Narrows-01 L.A-Centry City CC North 90 10/1/1987 599 st 299 99 0851 1788
RS6 | Whittier Narrows-01 LB-Orange Ave 2280 10/1/1987 599 suf 245 20 21011 1468
RS7 | Northndge-06 Panorama City-Roscoe 90 3/20/1994 528 sttt 18 30 111 1916
RS8 Montenegro (altershock) Petrovac-Hotel Oliva Y 4/15/1979 5 80 v dense 240 15 0873 1 426
RS9 Umbria Ma. Castelnuovo-Assisi NE 26/09/1997 6.04 v dense 16 0 12 1 600 1254
RS10 | Lazio Abr Y Cassino-Sant Eha EW 7/5/1984 593 v dense 16 t 1123 1590
RS11 Mammoth Lakes-02 Mammoth Lakes I S 344 5/251980 569 v dense 349 28 4064 1957
RS12 Mammoth Lakes-06 Fish & Game (FIS) 0 5/271980 594 st 12 02 72 3979 2753 high
RSI13 Coalinga-0-4 Antichine Ridge Free-Freld 270 7/9/1983 518 v dense 634 45 3220 2048
RS14 | Coalinga-04 Antichne Ridge Pad 270 7/9/1983 518 v dense 6 34 20 3246 2350
RSIS Coalinga-05 Burnett Construction 360 7/22/1983 517 stift 12.38 30 2915 1988
RS16 Whittier Narrows-01 Alhambra - Fremont School 180 10/1/1987 5.99 v dense 677 21 3 806 1514
RS17 Whittier Narrows-01 Garvey Res - Control Bldg 60 107171987 5.99 v dense 2 86 26 3775 2432
RS18 Whittier Narrows-01 LA - 116th St Schoo! 360 10/1/1987 S sttt 2126 38 3343 | 8RS
RS19 Wiattrer Narrows-01 LA - Obregon Park 360 10/1/1987 599 sttt 905 25 4161 1 748
RS20 Friuli (attershock) Breginy-Fabrika IGL | Ve 15/9/1976 6 v dense 21 30 4956 2333
a’v. PGA PGV, avclasstfication (<0.8 Low & >1 2 lugh), Vsyy of very dense soil = 360-760 m’s. and for stiff soil = 180-360 m s

96
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Figure 4.9: Response spectra of 20 far-tield earthquake records along with the design
response spectra of site class “C™ and “D”™
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Figure 4.10: Response spectra of 20 near-field earthquake records along with the design
response spectra of site class “C™” and “D”
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Figure 4.11: Response spectra of 40 earthquake records representing far-field and near-field
events along with the design response spectra of site class “C” and *'D”
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Figure 4.12: Ten selected records representing far-field earthquakes (RL1 to RL10)
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Figure 4.13: Ten selected records representing far-field earthquakes (RL11 to RL20)
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Figure 4.14: Ten selected records representing near-field earthquakes (RS1 to RS10)
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Figure 4.15: Ten selected records representing near-field earthquakes (RS11 to RS20)
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4.7 Concluding remarks

The analytical models of the tive reference high-rise structures were
developed using the inelastic analysis platform Zeus-NL. which employs the tiber
modeling approach. It was assumed in the present study that each reference building
consists of four comparable LLFRSs in the transverse direction. The inelastic analysis
was conducted for one of the four LFRS in the transverse direction. which is more
vulnerable than the longitudinal counterpart. to save time and computer resources.
Seismological and site parameters such as the earthquake magnitude. epicenteral
distance. soil class. and peak ground acceleration-to-velocity ratio were considered in
the earthquake records selection. To represent the seismicity of the case study region.
the following seismic scenarios were accounted for: (i) severe events with a long
distance to the epicenter: and (ii) moderate earthquakes with a short site-to-source
distance. Twenty far-field and twenty near-tield natural earthquake records were
selected from two databases to represent the earthquake scenarios in the case study

region.
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Chapter 5: Model Verifications and Conducted Analvses

5.1 Introduction

In this chapter the details of the conducted analyses to assess the seismic
performance of the reference buildings are discussed. The fiber-based modeling
verification is also presented. For the purpose of this study. three types of analyses
are conducted. Firstly, free vibration analysis (FVA) using the eigenvalue procedure
is employed to determine the dynamic characteristic of the reference buildings. This
simple analysis is also used to verify the modeling approach. as discussed hereafter.
Secondly. inelastic pushover analysis (IPOA) is used to preliminary evaluate the
lateral capacity and inelastic response of the reference buildings. The capacity curves
are traced and local structural response is monitored during this multi-step analysis.
Lastly. incremental dynamic analyvsis (IDA) is performed using the selected 40
earthquake records in this study to assess the dynamic behavior of the reference
structures. The above-mentioned analyses are undertaken using the fiber-based

platform: Zeus-NL, as discussed in Chapter 4 (Elnashai et al.. 2012).

5.2 Free vibration analysis and model verification

When it is oscillated without any external dynamic excitation. the building is
under a free vibration state (Chopra. 2012). There are two procedures to identify the
dynamic response parameters of structures namely; experimental methods and
analytical analyses. The experimental methods such as the forced vibration test are
used to assess the dynamic characteristics of existing structures. Several previous
studies evaluated this experimental method (e.g. Yu et al., 2005; Shabbir and
Omenzetter. 2008). Analytical methods such as the eigenvalue analysis is used to

determine the dynamic characteristics of structures (e.g. Li et al, 2000; Chopra,
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2012: leidari et al.. 2014). The dynamic characteristics of structures such as natural

period. circular frequency. mode shapes and cyclic frequency are determined using

the free vibration analysis procedures.

In the current study. the Zeus-NL fiber based models of the five buildings
investigated in the current study are employed to conduct FVAs (Elnashai et al..
2012). Lumped masses are only applied to the Zeus-NI. models. while gravity and
dynamic loads are not needed for this analysis. as discussed in Chapter 4. Mode
shapes and periods of vibration are obtained from the eigenvalue analysis results.
Figure 5.1 and Figure 5.2 depict the first three mode shapes along with the

corresponding periods obtained from Zeus-NL tiber-based models.

It is noted from the results shown in Figures 5.1 and 5.2 that unlike B3-GEO.
the fundamental period of the B2-SST. B4-DIS and B5-WST are higher compared
with that of the B1-REG building. This is attributed to the reduced stiftness of the
lower stories in buildings B2-SST, B4-DIS and BS-WST. On the other hand, the
footprint of the lower stories of building B3-GEO is larger than those of the regular

structure, and hence the stiffness increases and period decreases.
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The eigenvalue analysis is conducted prior to the inelastic analysis to verify
the Zeus-NL models. The period of vibrations are obtained from the uncracked 3D
ETABS models and then compared with the elastic period of vibrations obtained
from the Zeus-NL models, as shown in Figure 5.3. There is a minor reduction in the
period of vibrations obtained from the tiber-based models. This reduction is due to
the effective modeling of rebar in Zeus-NL, which increases the stiffness of
structural elements unlike the ETABS models. The above-mentioned results and

discussion lend weight and validate the Zeus-NL models used for the assessment of

the seismic response of the reference buildings using [POA and IDA.
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5.3 Inelastic pushover analysis

The capacity of structural systems in terms of displacements and forces is
usually evaluated using static approaches such as the equivalent static analysis (ESA)
and inelastic pushover analysis (IPOA). The ESA is the simplest method, which is
used to assess the elastic seismic performance of structures. In this method, the
equivalent static lateral forces are used to represent earthquake loads. The obtained

results from ESA are approximate since important factors such as damping and

stiffness degradation are ignored.
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In IPOA. static forces or displacement patterns are applied throughout the
structure height and combined with gravity loads. When these patterns are constant
during the analysis. it is referred to the conventional IPOA. In the adaptive IPOA. the
lateral load patterns change depending on several factors such as the vibration modes
and story shear. IPOA was developed and studied during the last three decades by
several investigators (e.g. Saiidi and Sozen. 1981: Bracci et al.. 1997; Krawinkler
and Seneviratna. 1998. Mwafy and Elnashai. 2001; Chopra and Goel. 2002:
Chintanapakdee and Chopra. 2003: Kalkan and Kunnath. 2006). Some of the
previous Studies have not recommend the [POA for the seismic assessment of high-
rise buildings (e.g. TBIL. 2010). On the other hand. some previous studies concluded
that the IPOA accuracy was not significantly depreciated even for irregular structures
(Chintanapakdee and Chopra, 2004). Additionally. other previous studies concluded
that the uniform lateral load distribution can be conservatively used to estimate the
initial stiffness and lateral capacity of high-rise buildings (Mwafy et al.. 2006;

Mwaty. 2011).

In the current study. IPOA is deployed to carry out the following (1) estimate
the capacity curves of the tive reference structures. (ii) determine the inter-story drift
and the global response parameters. and (iii) assess the local response of different
structural elements. Inverted triangular (PT) and uniform (PU) lateral load
distributions are used in the IPOA procedure. as shown in Figure 5.4. The lateral
loads are applied throughout the building height and monotonically increased until
the ultimate building capacity is reached. The PU load pattern, which represents the
mags distribution throughout the building height, i1s adopted to trace the strain of
concrete and reinforcing steel, as shown in Figure 5.5. The inter-story drift is also

monitored and mapped with the local response of structural members on the capacity
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curves, as shown in Figure 5.5 and Figure 5.6. The IPOA results are discussed in

detail in Chapter 6.
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5.4 Inelastic time-history analysis

The inelastic static analysis procedure has limited capabilities to accurately
capture the dynamic performance of structures under earthquake loads. particularly
for high-rise buildings (NEHRP, 2010b). In the present study. IPOA is only used for
the verification of the analytical models and the assessment of lateral capacity and
limit states of the reference buildings. while the seismic response assessment of the
regular and irregular structures is undertaken using a large number of inelastic time-
history analyses (THAs) and input ground motions. In the THA procedure. the
structure is subjected to a seismic acceleration with predefined time steps. The
response of the structure in this analysis depends on the interaction of the seismic
loads with the dynamic charactenistics of the structure. Therefore, the closer the

interval of time steps, the more accurate the analysis results are.
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It iS nOtewOrthy that 40 natural input ground motions representing two
seismic scenarios are used in the current study to conduct the THA of the five
reference buildings using Zeus-NL (Elnashai et al.. 2012). as discussed in Chapter 4.
I'he moOst significant parameters that affect the dynamic analysis results such as the
structural damping and material characteristics were investigated and suitable values
were selected. as discussed in Chapter 4. Figure 5.7 and Figure 5.8 show sample of

THA results. Additional THA results for the reference buildings are presented and

discussed in Chapter 6 and Appendix B.
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Figure 5.7: Top displacement response history of the BI-REG building under a long period
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5.5 Incremental dy namic analysis

The incremental Dynamic Analysis (IDA) is a powerful computational
analysis procedure used to perform a comprehensive assessment of structures under
seismic excitation with increasing severity. This analysis procedure was developed
for the probabilistic seismic assessment and seismic loss estimation. IDA. also
termed dynamic pushover (Mwaty and Elnashai. 2001). is used to estimate the global
response of a structure up to collapse (Luco and Cornell. 1998). The IDA approach is
now widely recognized in earthquake engineering research. Different assessment

methods of structural seismic performance have been developed based on IDA (e.g.

Vamvatsikos and Cornell. 2002).

The IDA procedure involves conducting multiple THASs of a structural model
under a cluster of ground motion records. which are scaled to several levels of
earthquake intensities. The scaling levels should be carefully selected to force the
structure throughout the seismic behavior range from elastic to inelastic and finally
to the global dynamic instability when the structure collapse. In the current study two
earthquake scenarios of 40 earthquake records are selected, as discussed in Chapter
4. For the long period records, each input ground motion is scaled from a PGA of
0.08g (half of the design PGA) up to a PGA of 1.12g to develop the fragility curves
of the reference buildings. as shown in Figure 5.9. For short period records. each
input ground motion is scaled from a PGA of 0.32g up to a PGA of 4.48g.
Figure 5.10 shows a sample of the IDA curves for the BI-REG building. The

complete results of the IDAs are presented and discussed in Chapter 6.
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5.6 Concluding remarks

I'hree types of analyses were conducted using the developed Zeus-NL fiber-
based models. Firstly. eigenvalue analysis was used to verify the vibration periods
and deformed shapes of the reference buildings. Secondly. IPOA was employved to
obtain the capacity curves of the reference buildings. The sequence of plastic hinges
and concrete crushing were also traced using IPOA. Finally. extensive IDA was
conducted to assess the local and overall building inelastic performance under a wide

range earthquake records.



Chapter 6: Assessment of Seismic Performance

6.1 Introduction

Inelastic pushover analysis (IPOA) and incremental dvnamic analysis (IDA)
are employed to assess the seismic response of the five reference regular and
irregular buildings. This assessment is based on the local (member) and global
(system) structural response, which is compared with the acceptable performance
limits that represent different levels of structural damage. The performance criteria
include the yielding of tensile reinforcing steel and crushing of confined concrete in
structural members. The yielding and crushing are monitored in structural members
and mapped with the response at the system level by monitoring the inter-story drift

ratios (IDRs) corresponding to the local performance thresholds.

6.2 Evaluation of lateral capacity

Pushover analysis is carried out for the five reference buildings using the
uniform lateral load distribution. as discussed in Chapter 5. The capacity curves of
the tive regular and irregular buildings using a displacement control point selected at
the top of each building are presented in Figure 6.1 and Figure 6.2. The capacity
curve of the regular building (B1-REG) is shown in Figure 6.1 (a). Comparisons
between the capacity curves of the irregular buildings B2-SST. B3-GEO. B4-DIS
and B5-WST with BI1-REG are presented in Figure 6.1 (b), and Figure 6.2 (a), (b)
and (c). respectively. The IDRs corresponding to the first yielding and crushing in
structural members as well as the global yielding are mapped on the capacity curves.
The maximum base shear obtained from IPOAs represents a conservative estimate of
the lateral capacity of a building, as discussed in Chapter 5. The global yielding is

evaluated from an elasto-plastic idealization of the real capacity curve. The starting
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point of the elasto-plastic branch at a secant stiffness passing through 75% of the

ultimate strength is considered as the global vield of a building (Park. 1989).

It is worth noting that. the ultimate strength. initial stiffness and ductility of
the building with the extreme soft story irregularity (32-SST) are slightly lower than
those of the regular structure (B1-REG). as shown in Figure 6.1 (b). These minor
ditferences between the characteristic of B2-SST and BI-REG. which are attributed
to the stiffness reduction of the extreme soft story. validate the design code approach
regarding this type of irregularity. As per ASCE-7 (2010). no special precautions are
required in the design of the extreme soft story structures in seismic design category
C. In contrast. the above-mentioned characteristics (i.e. strength. stiffness and
ductility) of B3-GEO are higher than those of the BI-REG building. as shown in
Figure 6.2 (a). Since the foot print of B3-GEO at the lower stories increased. the
global building characteristics are enhanced. Again. this observation validates the
code approach towards this type of irregularity. For B4-DIS and BS-WST. the
ultimate capacity and initial stiffness are much higher than those of B1-REG. while
the ductility significantly decreases. as shown in Figure 6.2 (b) and (c). These
differences in response are mainly due to the use of the overstrength factor (£2,) in
the design of buildings B4-DIS and B5-WST at the irregulanty levels. as per the
recommendation of the design code (ASCE-7. 2010). Although the initial stiffness
and ultimate strength of the latter two buildings are improved. the ductility reduction
supports the code conservative approach toward the design of these types of vertical

irregularity, particularly regarding the use of special load cases in the design.

The IDRs are shown on the capacity curves at the first yield in horizontal and

vertical members; global yield; first crushing in vertical members: and at ultimate
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strength. Figure 6.3 shows a comparison between the IDRs at different local
performance thresholds. It is observed from this comparison that. B2-SST is slightly
affected by decreasing the stiffness of the ground tloor due to the extreme soft story
irregularity. On the other hand. the response of the B3-GEO building is slightly
enhanced due to the enlargement of the lower stories dimensions. and hence [DRs
are slightly higher than those of B1-REG. Although the initial stiffness and ultimate
strength of B4-DIS and BS-WST are increased. the ductility and IDRs are
significantly decreased. as shown in Figure 6.2 and Figure 6.3. This is attributed to
the discontinuity of the lateral force-resisting-system (LFRS) and the extreme weak
story irregularities. In addition to the above. it is observed from Figure 6.1 and
Figure 6.2 that the capacity curves of the five reference structures are pressed at the

calculated failure due to the crushing of the confined concrete of the shear wall.
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Figure 6.1
inter-storv drift ratios at the first indication of member yielding and crushing

(a) BI-REG

and, (b) B2-SST
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Figure 6.4 depicts the distribution of IDRs throughout the building height at
the ultimate strength for the five reference structures. It is shown from this figure that
the IDR distributions of the first three building are comparable. The maximum IDR
of B3-GEO is slightly higher compared with that of the BI-REG building. The
discrepancies of IDRs at the lower stories of B4-DIS and BS-WSST are attributed to
the significant change in LFRS and irregularity at these levels. The presented results
in Figure 6.1 to Figure 6.4 clearly support the design code provisions related to the

design of difterent types of irregularity, as discussed in Chapter 3.




50
% = 50 >
o = o
—_—— A - OO
o BI-REG % = %
L % — | o
My % = 40 %.
< — <
% et o
- Q
- 2
- § - %
—_ o -
30 |2 = 2
P = 30 |- %
= 7
-
=
$ = $
o Al
20 $ = 20 s
o H °
o - <o
o = o
o — | o
O - o
° - o
o3 - o
10 o = o
o 10 o
o - o
o° - oo
© - o
o - -4
° L i 5 ? p
o Lo nterstory Drift (%) = . o> Interstory Drift (%)
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3
@ (b) cSellen
irregular
i % 2 50
o —
~| MRS -
| B3-GEO % ]
Lo BI-REG % = B4-DIS
10 > H o BI-REG
o B
3 - 40
2 -
} E
b3
e 3 =
3o 8 g = z
e Q = 30 =
3 = =
3 = :
S =
o —
20 ;? =
o =
. H 20
o
& -
Oo =
10 &° =
(‘o =
= 10
- . - 1O 2 ~
o~ @ ° Interstory Drift (%) |2 = (5 A g
0 Lenenes \rregulanty
0 05 1 1.5 2 25 3 35 o A ;
o ¢ Interstory Drift (%)
0 )
0 05
(c)
- .
S0 *Disco f LFR
S . nunuity of LFRS
o, csenspeannans
o, lrreguram)‘
o Designed based on an
% overstrength factor (),
o
40 °
<
o
o
o
°
3
B 2
30 -2 T
@
b3
o
$
20 r 4
o
<
R
o
oO
10 50
°
o
o
of 4, Weak st larit
o L €ak story irregularity
3 G H o, e wnn LR RS R RN SRR
o 42 Interstory Drift (%) :< I)ul.x__'ncd based on an Q)
0 05 1 1§ 2 25 3

(e)

Figure 6.4: Distributions of inter-story drift ratios at ultimate strength: (a) BI-REG, (b) B2-
SST. (¢) B3-GEO, (d) B4-DIS, and (e) B5S- WST




122

6.3 Assessment of overstrength

The actual strength is influenced by several parameters such as the material
characteristics, structural systems, member properties, connection between structural
members, and design factor of safety. The structural overstrength is the ratio between
the actual and design strength of the building, as shown in Figure 6.5. The
overstrength factor (£2) is measured in the present study at different levels such as at
the first vielding, global yielding and ultimate capacity. IPOAs results are employed

to estimate various overstrength factors, as shown in Eqns 6.1 to 6.3.

V,
£2|ph=V: 6.1
V.
= 6.2
33 Vd
V
u:_u 6-3
Vg
where:

Qi overstrength factor at first plastic hinge

Qy,: overstrength factor at global yielding

Q,: overstrength factor at ultimate capacity

V,: lateral strength of the building at first plastic hinge
V4 design lateral strength of the building

V- lateral strength of the building at global yielding

V,: ultimate lateral strength of the building
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Figure 6.5: Idealize capacity envelopes of the five reference buildings

The base shear values of the reference structures at the formation of first
plastic hinge (first yielding), global yielding, and ultimate capacity are compared
with the design base shear in Figure 6.6. It is shown that the base shear of the Bl-
REG and B2-SST buildings are comparable, while the strength value of the B3-GEO
building is slightly higher due to the larger footprint at lower stories. Unlike the
global yielding and ultimate strength of the B4-DIS building, the lateral strength at
the first indication of plastic hinge in horizontal members is much lower than other
buildings as a result of the early yielding in the transfer slab. The higher base shear
of B4-DIS at global yielding and ultimate capacity is attributed to the use of an €2,
factor in the design of the irregular part of the building. Similarly, for the B5-WST
building. the base shear values are generally higher than other structures due to the
use of an Q. as per the design code recommendation for the extreme weak story

irregularity.
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Figure 6.6: Base shear of reference structures at the design, first plastic hinge, global
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Figure 6.7 depicts the overstrength factors at the first plastic hinge, global
yielding and ultimate capacity of the five reference buildings. The overstrength
factors of BI-REG and B2-SS buildings are almost comparable, which confirms the
marginal effect of the soft story irregularity on lateral capacity. Due to the high
design base shear of building B3-GEO, the overstrength factors of this structure are
lower than the regular one. The overstrength factor at the first plastic hinge of
building B4-DIS is significantly lower than in other buildings due to the early
yielding of the transfer slab, which supports the heavy vertical load from typical
stories. The overstrength factors of the latter building at global yielding and ultimate
capacity are slightly lower than in the regular building. The overstrength factors of
the BS-WST building are higher than in other structures due to the use of an €2, in

design (ASCE-7, 2010).
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6.4 Assessment of member response

The seismic performance assessment at the member level is significant for
accurate evaluation of limit states and the response of regular and irregular
structures. The yielding of reinforcing steel and crushing of confined concrete are
important indications for the structural failure. Hence, yielding and crushing of the
five reference structures are assessed in subsequent sections. Additionally, the shear

response of critical members is evaluated to detect any possible brittle shear failure

modes.

6.4.1 Plastic hinge distributions

In the current study, a plastic hinge (local yield) forms when the strain of

tensile rebar exceeds the steel yield strain (Elnashai and Mwaty, 2002; Mwafy and
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Elnashai, 2002). Plastic hinges (PHs) are monitored throughout the multistep
inelastic analysis, as shown in Figure 6.8 and Figure 6.9. For the BI-REG building,
the PHs are shown for all horizontal members, while for other buildings the first PH
in horizontal members is only highlighted. All PHs of vertical members for the five

reterence buildings are mapped in Figure 6.8 and Figure 6.9 due to their significance

on the overall building response.

It is noted that the tirst PH in horizontal members is recorded at the middle of
the building height except for B4-DIS members due to the early yielding in the
transfer slab. In the case of the extreme soft story structure (B2-SST), the number of
PHs is comparable to those of the BI1-REG building. The number of PHs in the
vertical members of the B3-GEO building is more than those in other buildings. This
observation is due to the increased stiftness of this building, which results in
attracting higher lateral forces. The results presented in Figure 6.9 show that
increasing the lateral design forces leads to increasing the number of PHs. It is
noteworthy that. no PHs are recorded in the vertical members of B4-DIS and BS-
WST at the lower stories, which were designed with an overstrength factor (£2o) as

per ASCE-7 (2010).
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6.4.2 Concrete failure distributions

Crushing of confined concrete (local concrete failure) is assumed when the
concrete compressive strain exceeds the allowable strain. Several concrete models to
evaluate the confined concrete strain were proposed in previous studies (e.g. Mander
et al.. 1988; Madas and Elnashai, 1992; Martinez-Rueda and Elnashai, 1997). The
concrete model proposed by Mander et al. (1988) is adopted in the current study to

evaluate the ultimate confined concrete strain, as discussed in Chapter 4.

The confined concrete strain in vertical structural members is monitored
throughout the multistep inelastic analyses of the five reference structures.
Figure 6.10 and Figure 6.11 show the distributions of concrete crushing in the
vertical structural members of the five reference buildings throughout the height. It is
noted that the member failure distributions of the BI-REG and B2-SST buildings are
comparable, as shown in Figure 6.10. The number of member failure cases in B3-
GEO is higher than that in B1-REG, as presented in Figure 6.10. This is attributed to
the higher stiffness of the former building at the lower stories compared to that of the
regular structure. This higher stiffness leads to attracting higher lateral load. and
hence increasing the number of member failure cases at the irregularity levels.
Despite the enhanced global response of building B3-GEO due to increasing its
footprint at the lower stories, the local response clearly shows the disadvantages of
the geometric irregularity. No indications of confined concrete crushing are recorded
in the vertical members of B4-DIS and BS-WST at the lower stories, which are
designed using the €, factor, as per ASCE-7 (2010). This is attributed to the
satisfactory design of the reference buildings and the special provisions of the design

code for irregular structures.
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Figure 6.10: Distributions of concrete crushing: (a) in vertical elements of BI-REG, (b) in
vertical elements of B2-SST. and (¢) in vertical elements of B3-GEO
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6.4.3 Assessment of member shear response

Shear forces may be the main cause of failure under earthquake loading.
particularly for irregular structures. The shear demands of key structural members
are obtained and compared with the shear strength to provide insights into the shear
failure potential. The experimentally verified shear strength model proposed by

Priestley et al. (1994) is adopted in the current study to realistically estimate the

shear capacity of structural member.

The IDA results of long period and short period records. as discussed in
Chapters 4 and 5. are used for shear response assessment. Two earthquake records
are selected to represent the mean spectrum of each seismic scenario in the period
range of interest for the reference buildings. as shown in Figure 6.12 and Figure 6.13.
The shear force demands of the investigated members are obtained from the Zeus-
NL results of the five reference buildings. Comparisons between the shear demand.
V4. shear strength using the ACI-318 (2011) approach. V(ACI). and shear supply
using the Priestley et al. (1994) model. V.. are shown in Figure 6.14 to Figure 6.42

for the five reference buildings.

0.9

Natural Records
s == +R .17 (representing mean)
0.7 { e \can

0 0.5 1 1.5 2 285 3 3
Period (s)

Figure 6.12: Comparison between the response spectrum of the selected record for shear
assessment and response spectra of 20 long period records
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Figure 6.13: Comparison between the response spectrum of the selected record for shear
assessment and response spectra of 20 short period records™

It is shown from Figure 6.14 to Figure 6.25, which illustrate the
comprehensive shear force assessment results using the long period earthquake
record (RL17). that shear failure is not observed in any structural member of the five
reference buildings before reaching the preliminary collapse prevention (CP) limit
state, as discussed in subsequent sections. These results are attributed to the impact
of the long period records on high-rise buildings in which the flexural response is
more significant than shear. On the other hand, Figure 6.26 to Figure 6.42 show that
the short period earthquake record has a major impact on the shear response and the
limit states under severe earthquake of the reference buildings. particularly the
irregular structures. For the short period earthquake scenario, the IDR corresponding
to shear failure significantly decreases as a result of the detected shear failure before
the preliminary CP limit state, as shown in Figure 6.26 to Figure 6.42. It is important
to note that the shear failure is detected in Figures 6.14 to 6.42 when the V-V,
value exceeds zero. The IDRs observed at the first indication of shear failure of the
B1-REG. B2-SST. B3-GEO. B4-DIS, and B5-WST buildings are 1.55%. 1.5%.

1.62%. 0.64%, 0.78%, respectively.
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Figure 6.17: Shear demand using RL17 versus shear strength using ACI and Priestley et al.
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Figure 6.18: Shear demand using RL17 versus shear strength using ACI and Priestley et al.
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Figure 6.19: Shear demand using RL17 versus shear strength using ACI and Priestley et al.
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Figure 6.20: Shear demand using RL 17 versus shear strength using ACI and Priestley et al.
(1994) models for the core walls of B4-DIS
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Figure 6.21: Shear demand using RL17 versus shear strength using ACI and Priestley et al.

(1994) models for the core and shear walls of B4-DIS
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Figure 6.22: Shear demand using RL17 versus shear strength using ACI and Priestley et al.
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Figure 6.23: Shear demand using RL17 versus shear strength using ACI and Priestley et al.
(1994) models for the core and the shear walls of BS-WSST
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Figure 6.24: Shear demand using RL17 versus shear strength using ACI and Priestley et al.
(1994) models for the columns of B5-WST at 3" basement
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Figure 6.25: Shear demand using RL17 versus shear strength using ACI and Priestley et al.
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Figure 6.26: Shear demand using RS20 versus shear strength using ACI and Priestley et al.
(1994) models for the core walls of BI-REG
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Figure 6.27: Shear demand using RS20 versus shear strength using ACI and Priestley et al.
(1994) models for the shear walls of BI-REG
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Figure 6.28: Shear demand using RS20 versus shear strength using ACI and Priestley et al.
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Figure 6.30: Shear demand using RS20 versus shear strength using ACI and Priestley et al.
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Figure 6.32: Shear demand using RS20 versus shear strength using ACI and Priestley et al.
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Figure 6.33: Shear demand using RS20 versus shear strength using ACI and Priestley et al.
(1994) models for the shear walls of B3-GEO
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Figure 6.34: Shear demand using RS20 versus shear strength using ACI and Priestley et al.
(1994) models for the core walls of B2-SST ata PGA of 4.16g, 3.52g and 3.20g
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Figure 6.36 Shear demand using RS20 versus shear strength using ACI and Priestley et al.
(1994) models for the core and shear walls of B4-DIS at PGA=2.56g
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6.5 Development of IDA curves

As discussed in Chapter 5, incremental dynamic analyses (IDAs) are carried
out for the five reference buildings. In order to develop the IDA curves, equivalent
inclastic periods for the five reference structures are calculated. The equivalent
inelastic period is used to obtain the corresponding spectral acceleration of the
twenty long period records. The equivalent inelastic periods are calculated based on
the first three inelastic periods weighted by the mass participation ratios (Alwaile et
al., 2014). The IDA results are used to develop the relationship between the
maximum IDRs and spectral accelerations. as shown in Figure 6.43 to Figure 6.47.
These curves are used to define the performance criteria of the five reference
structures. the Immediate occupancy (10) limit state i1s defined at the first deviation
from the elastic response, while the CP limit state is determined when the stitfness

reaches 20% of the elastic value (Vamvatsikos and Cornell, 2002).

The IDR corresponding to the 10 and CP performance criteria are estimated
at the 16 percentile of the lognormal distribution, as shown in Figure 6.43 to
Figure 6.47. Following the above-mentioned approach, the 10 limit states of Bl-
REG. B2-SST, B3-GEO, B4-DIS and B5-WST are 0.49%, 0.48%, 0.51%, 0.27%,
and 0.44%, respectively. These limits are consistent with the local response results,
as discussed hereafter. The IDR corresponding to the CP limit state of BI-REG, B2-
SST. B3-GEO, B4-DIS and B5-WST are 4.97, 4.56, 6.08, 2.17 and 3.61,
respectively. It is noted that the IDR corresponding to the CP limit state calculated
using the IDA curves are significantly higher than those obtained from THA and

previous studies, as discussed hereafter.
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Figure 6.47: IDA curves of B5-WST showing the first yielding and collapse points as well as
the lognormal distributions of the yielding and collapse points

6.6 Performance criteria

Based on the literature review presented in Chapter 2, the following three
performance criteria are adopted: (i) 10, (i1) LS, and (i11) CP (ASCE/SEI-41, 2007).
In the current study, the local and global response of the reference structures as well
as the experimental results of previous studies are used to identify the IDR
corresponding to different limit states. The IDR corresponding to the first indication
of reinforcing steel yielding represents the 10 limit state, while the first indication of
confined concrete crushing in vertical structural elements indicates the CP limit state.
This approach is initially used to estimate the performance criteria from IPOAs and
IDAs of the reference structures. Table 6.1 summarizes the limit states from the
previous studies undertaken by Ghobarah (2004), L1 et al. (2006), Lee and Ko (2007)
Beyer et al. (2008), Panagiotou et al. (2010), and Lehman et al. (2013) in addition to

the results of different analyses conducted in the present study. It important to note
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that, the preliminary limit states presented in this table using the current study results

are evaluated without considering the shear response of structural members.

For the BI-REG building, the 10 limit states obtained from IPOAs as well as
the local and global response from IDAs (IDA, and IDAg. respectively) are 0.95%,
0.61%. and 0.49%, respectively. To be on the conservative side, the IDA results are
considered at the 16 percentile. It is shown that the IDAg value is consistent with
ASCE-7 (2010) and the previous study of Lehman et al. (2013), and hence it is
adopted in the current study. The CP limit state of BI-REG significantly varies. The
most conservative value proposed in the experimental study of Lehman et al. (2013)
is adopted in this study. The selected IDR corresponding to the CP limit state is

2.27%,. which is slightly higher than that proposed by ASCE/SEI-41 (2007).

For the irregular structures, the 10 limit state is obtained from the most
conservative value of the conducted analyses (i.e. IDAG). For B2-SST. B3-GEO, B4-
DIS and BS5-WST. the 10 limit state is 0.48%. 0.51%. 0.27% and 0.44%,
respectively. Due to the insufficient experimental studies and the lack of code
recommendations for the CP limit state of irregular high-rise buildings as well as the
dispersion of the results observed from the present study, the most conservative CP
limit state (i.e. from IDA;) are adjusted using the regular building CP value (i.e.
2.27). The aforementioned approach results in CP limit states of 2.26%, 2.39%,
1.18% and 1.38% for B2-SST, B3-GEO, B4-DIS and B5-WST, respectively. It is
important to note that the selected CP performance criteria of B4-DIS and B5-WST
are conservative and in line with those recommended in the previous experimental
studies by Li et al. (2006) and Lee and Ko (2007), as shown in Table 6.1. Finally, the

LS limit state represents a significant damage sustained by the structure and accounts
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for a reasOnable margin of safety against collapse. This margin is considered 50% of

the CP performance criteria (ASCE/SEI-41, 2007).

Table 6.1: Preliminary limit states of reference buildings without shear assessment

Reference structure
Sclection approach BI-REG | B2SST [ B3GEO [ B4DIS | BS-WST
Limit state — interstory drifi (%)

10 [LS*[CPT 10 [1S*TCP[10 [LS* [CP[ 10 [1.S*] CP | 10 [LS*] CP
ASCE 41-07 0.50{1.00{2.00
Ghobarah (2004) |0.40|1.50]2.50
Li et al. (2006) 1.25
B 7 Lee and Ko (2007) 1.57
= "’-’g Beyer et al. (2008) |0.30 2.40
& | Panagiotou et al. 5
o 0.35/0.89/2.36
l.chman et al.
plosit 0.50/1.00|2.27
IPOA 0.95 2.680.95 2.6210.95 2.75/0.31 1.45]0.74 1.60
IDA, - 16%  |0.61 3.07/0.61 3.06[0.79 3.230.39 1.60/0.55 1.86
Pl
5 IDA, - 50%  |0.70 3.46/0.71 3.44[0.92 3.66|0.47 1.95|0.64 2.23
z IDA, - 84%  |0.81 3.89/0.82 3.86(1.08 4.16/0.55 2.38(0.74 2.69
i IDAG - 16%  |0.49 4.97/0.48 4.56]0.51 6.08/0.27 2.1710.44 3.61
()
IDAG - 50%  ]0.60 6.31]0.56 5.930.66 7.61/0.34 3.08(0.56 4.90
IDAG - 84%  [0.74 8.02/0.65 7.7110.86 9.52|0.41 4.36(0.72 6.67
Prc""““a':éf;“‘“'”““ 0.49(1.14]2.27/0.48 | 1.13|2.26[0.51| 1.20 |2.39]0.270.59| 1.18 |0.44]0.69|1.38

10: Immediate Occupancy, LS: Life Safety, CP Collapse Prevention,

IPOA. Inelastic Pushover Analysis at tirst indication of yteld and contined concrete crushing,

IDA_. Limit states are based on the local response (first indication of reinforcing steel yield and confined concrete
crushing) obtained from Incremental Dynamic Analysis,

IDAg: Limit states are based on the global response (first indication of global yield and collapse) obtained trom
Incremental Dynamic Analysis (Vamvatsikos and Comell, 2002),

* LS himit state is considered 50% of the CP counterpart

The preliminary limit states shown in Table 6.1 are re-evaluated based on the
shear response assessment, as discussed in Section 6.4.3. The CP limit states of the
benchmark buildings are not influenced under the eftect of long period earthquake
records, as shown in Table 6.2. In contrast, the shear response assessment results
using the short period records have a significant eftfect on the CP limit states of the
five reference buildings, as shown in Table 6.2. Accordingly, it is decided to select
two groups of limit states depending on the earthquake scenario, as shown in Table

6.3. Since the LS and CP limit states of BS-WST are close to each other, the LS limit
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state is eliminated for the near-field earthquake scenario. Table 6.3 depicts the final

limit states of the tive reference structures.

Table 6.2: Impact of shear response on limit states from different earthquake scenarios

A Reference structure

Recost seomtit BI-REG | B2-SST [ B3-GEO _[ B4-DIS | BS5-WST
Limit state — interstory drift (%)

0 jJ1LsicpliojtLsjceliojLs|celiojLs]ce]io]Ls]|ce

l.ong period records | - - - - = = - -

= - | 1.50] - - 1.62] - - 1064 - - 10.78

Short period records | - - 1.
[-] Not atYected

i)
N

Table 6.3: Final limit states of reference buildings for different earthquake scenarios
considering shear assessment

- Reterence structure
BI-REG [  B2SST [ B3-GEO [ B4-DIS [ BS-WST
Limit state — interstory drift (%
10| LS |CP 1O |LS|CP]IO|LS |CP|IO]|LS|CP[IO]LS|CP
Long period records 10.49( 1.14 [ 2.2710.48 [ 1.13 [2.26{0.51| 1.20|2.39{0.27]0.59| 1.18 |0.44{ 0.69 |1.38
Short period records |0.49| 0.78 [ 1.55]10.48 1 0.75 [ 1.5010.51| 0.81 |1.62]0.27|0.32| 0.64 |0.44| * ]0.78
*: LS linut state is close to the CP performance criterion, and hence it is eliminated

Record scenario

6.7 Assessment of structural response

The overall structural response of the five reference structures is assessed in
the current study using two sets of earthquake records, as discussed in Chapter 4. The
lateral capacity of the reference buildings is evaluated in section 6.2 using IPOAs,
while the vulnerability assessment of the reference structures using IDA is discussed

in subsequent sections.

6.7.1 Development of fragility relationships

Seismic vulnerability refers to the likelihood of damage in structural
members or in the entire structural system. The seismic vulnerability assessment is
an essential component in loss assessment systems. Therefore, in the last few
decades, several studies were focused on the seismic vulnerability of structures (e.g.

Singhal and Kiremidjian, 1997; Rossetto and Elnashai, 2003; Ji et al., 2007b;



170
Colangelo. 2008; Mwatfy, 2010; Rajeev and Tesfamariam, 2012; Kaynia et al., 2013;

Cunha et al.. 2014). The probability of exceeding different limit states is estimated
based on the seismic vulnerability results. Lack of information, particularly related to

seismic hazard and exposed systems, is the main source of uncertainty in

vulnerability assessment.

In the current study, a large numbers of IDAs (2800 analyses) are undertaken
for the reference high-rise buildings using two earthquake scenarios, as discussed in
Chapter 4 and Chapter 5. The IDAs results, which are obtained from the long period
earthquake records. are shown in Figure 6.48 to Figure 6.52, while the results
obtained from the short period records are shown in Figure 6.53 to Figure 6.57.
These tigures illustrate the relationships between the input ground motion intensities
(PGAs) and the structural damage indicators (IDRs). The regression analysis results
are also shown in the presented figures. The equations presented in Figure 6.48 to
Figure 6.57 are in the following power-law form: y:axb, where y is the structural
demand (IDR). x is the earthquake record intensity (PGA), while a and b are the
regression coefficients. Additionally. the coefficient of determination (Rz), which
represents the correlation between IDR and PGA, is shown in the presented figures.
The results shown in Figure 6.48 to Figure 6.57 are used to develop the fragility

curves of the five reference structures at different limit states, as discussed hereafter.
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A simple mathematical definition of the fragility curves is shown in Eqn 6.4,
where the fragility function F(x) is the probability of the system demand (D)
reaching or exceeding a pre-selected limit state. The expression in Eqn 6.5 is used to

develop the fragility curves in the current study (Wen et al., 2004).

F(x)= (P(LS| D =1IDR) 6.4
. (cr-rpaan
P(LS | GMI)= 1-d*( _l_n ) 6.5

where P(LS|GMI) is the probability of exceeding a limit state at different ground
motion intensities (GMI). { is the standard normal cumulative distribution function,
Act = In (median of maximum IDR for a certain limit state), Apjgami = In (calculated
median PGA intensity from the fitted power law equation, as discussed above, and 3
is the total uncertainty. The tlowchart shown in Figure 6.58 summarizes different
phases adopted in the present study to derive the fragility curves of the regular and

irregular reference buildings.

6.7.2 Uncertainties in fragility analysis

Several uncertainties are introduced in the fragility parameters and the
relation between the damage and performance limit states. Two categories of
uncertainties exist in the fragility, namely epistemic and aleatory uncertainties. The
epistemic uncertainty is generally caused by the lack of knowledge, and it could be
reduced using more information. The aleatory uncertainty randomly happens and

cannot be reduced (e.g. Kiureghian and Ditlevsen, 2009).

There are many sources of uncertainty in the derivation of the fragility curves
such as material characteristics, structural system properties, modeling approach,

system capacity and seismic demand. To decrease the uncertainty due to the
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analytical idealization, the fiber-based modeling approach is adopted in the current
study, as discussed in Chapter 4. Moreover, the IDAs conducted to derive the
fragility curves using a large number of input ground motions significantly reduce
the uncertainty. Previous studies concluded that other sources of the uncertainty such
as the uncertainty due to the inherent variability of the material properties have a
minor impact on the structural seismic performance (e.g. Kwon and Elnashai, 2006;
Mwaty et al, 2014). The variability in the material characteristics is therefore

considered as a deterministic uncertainty in the present study.

The following uncertainty sources are considered in the current study: (i)
seismic demand due to the variability in the input ground motions, (i) modeling, and
(111) capacity uncertainty. The above-mentioned sources of uncertainty were also
considered in several previous studies (e.g. Taylor, 2007; Mwaty, 2010: Kaynia et
al., 2013). The total uncertainty 3, which accounts for the atforementioned uncertainty

sources, is considered as follows:

(33 6.6

DIGM1

2 2
+B(‘l.+ﬁ.\!

. ’ ) Dl S
where Bpigan is the demand uncertainty = In /(1+ S°) and S° is the standard error of

demand data. which is treated probabilistically. B¢y is the capacity uncertainty, and
By is modeling uncertainty. The Bci and By are considered deterministic in this study

and their values are 0.3 and 0.2, respectively (Wen et al., 2004; Jeong et al., 2012).
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6.7.3 Vulnerability assessment of reference structures

The analytical procedure for deriving the fragility curves of the benchmark
buildings using a large number of IDAs is adopted in the present study. The fragility
curves are derived using Eqn. 6.5 and the IDAs results of the two seismic scenarios
shown in Figure 6.48 to Figure 6.57. The fragility curves of the five reference
buildings for different limit states using the long period earthquake scenario are
shown in Figure 6.59 and Figure 6.60. Generally, it is shown in Figure 6.59 and
Figure 6.60 that the fragility curves of the 10 limit state are steeper than the LS
curves, which are followed by the CP fragilities. The high slopes of the 10 curves are
attributed to the high stiftness of the structure before first yielding. This high
stiffness prior to yielding decreases the variability of the IDRs with respect to the

input ground motion intensity.

Figure 6.61 depicts comparisons between the fragility curves of the five
reference buildings using the results of the long period records. The vulnerability
curves of B2-SST are comparable to those of the regular building. The presented
results show that the fragilities of the B4-DIS and B5-WST buildings are generally
steeper than those of the BI-REG building. The steeper fragilities of the above-
mentioned irregular buildings reflect their higher probability of limit state
exceedance compared with that of the regular structure. On the other hand, the slopes
of fragility curves for the B3-GEO building are lower than those of the regular
building. This reflects the lower vulnerability of B3-GEO compared with that of B1-
REG. Figure 6.61 also shows that the differences between the fragilities of the five
reference structures at the CP limit state are much higher than those at the 10
performance level. This is attributable to the higher seismic demands in the inelastic

range, particularly near collapse. as shown in Figure 6.61.
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The probabilities of exceeding different limit states at the design (1d). twice
the design (2d) and four times the design (4d) earthquake intensities are shown in
Figure 6.62. The results of the vulnerability assessment using the long period records
confirm the satisfactory response of well-designed regular and irregular buildings
under the design earthquake with regard to the CP limit state. With the exception of
B4-DIS and B5-WST. the limit state exceedance probabilities are also acceptable at
the design and twice the design earthquake intensities, particularly for the LS and CP
limit states. These observations are consistent with the seismic design philosophy of
modern building codes. On the other hand. the LS and CP fragilities as well as the
corresponding limit state exceedance probabilities at different intensities confirm the
higher vulnerability of B4-DIS and BS-WST compared with the regular and other
irregular buildings. Despite the assigned overstrength factor to the irregular stories of
B4-DIS and B5-WST during the design process, as per the design code approach, the
deficiencies due to the discontinuity of the LFRS and the weak story irregularities are
confirmed. The results highlight the expected higher earthquake losses in certain
categories of irregular structures (i.e. B4-DIS and B5-WST) and the need for

mitigation strategies to reduce these losses for new and existing irregular buildings.

The IDA results of the twenty short period records are also used to develop
the fragility curves of the five reference building, as shown in Figure 6.63 and
Figure 6.64. Although the IDRs corresponding to the CP performance criteria of the
reference structures significantly decrease as a result of considering shear response
under the effect of short period earthquake record, particularly for B4-DIS and BS5-
WST. the reference buildings are more vulnerable under the long period earthquake

scenario as shown from the stepper fragilities in Figure 6.59 and Figure 6.60.
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6.8 Assessment of seismic design factors

Following the approach proposed by Mwafy (201 1). which was discussed in
Chapter 2. the seismic design factors of the regular and irregular benchmark

Structures are estimated. The force reduction factor (R) is calculated as follows:

R= = xQy, 6.7

ay
where a. i1s the PGA at the first indication of collapse, a, is the PGA at first indication
of yielding in structural members and €, is the overstrength factor at the first
indication of yielding. The detlection amplification factor (Cq) is considered equal to
the IDR at collapse to the IDR at tirst yielding (Mwafy, 2011). The IDA results using
the selected 20 long period records discussed in Chapter 4 are employed to evaluate

the seismic design response factors, as a result of their higher impact on the response

of the reference structures.

Table 6.4 shows the maximum, minimum and median PGA and IDR of the
five reference buildings at the first indication of yielding, while Table 6.5 depicts the
results at collapse. The definition of collapse for the reference structures was
discussed in section 6.6. The overstrength factors at the first indication of yielding
for the five reference buildings are calculated using IPOAs and IDAs, as shown in
Figure 6.65. Since the IPOA results are unreliable for long period structures,
particularly irregular buildings, it is decided to use the overstrength factors calculated

using IDA to evaluate the seismic design factors.

The IDRs and PGAs ratios at yield and collapse are depicted in Figure 6.66 to
Figure 6.70. while Figure 6.71 summaries these ratios. It is shown in Figure 6.71 that
PGAy is larger than IDRcy for the five reference structure, where PGAy is the ratio

between PGA at collapse (a;) to PGA at yield (ay) and IDRyy is the ratio between
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IDR at collapse (IDR¢) to IDR at yield (IDRy). The difference between PGA., and

IDRg, is significant for B4-DIS compared with the other reference structures. These

ditferences reflect the margin of safety when Cgq is considered equal to R. as per the

design code (FEMA-P695, 2009).

Table 6.4: Summary of IDAs at the first indication of the plastic hinge

Buildings BI1-REG B2-SST B3-GEO B4-DIS B5-WST
. PGA IDR PGA IDR PGA IDR PGA IDR PGA IDR
Man. 0.48 1.10 0.18 1.02 0.64 1.11 0.40 (U722 0.56 0.94
~ Min. 0.16 0.64 0.16 0.62 0.18 0.60 0.08 0.37 0.16 0.70
Median 0.32 0.78 0.32 0.76 0.41 0.93 0.16 0.48 0.36 0.86

Table 6.5: Summary of IDAs at the first indication of collapse

o BI1-REG B2-SST B3-GEO B4-DIS PGA
Buildings
PGA IDR PGA IDR PGA IDR PGA IDR PGA IDR
Max. 1.68 2.34 1.28 2.60 1.84 2.67 0.96 PSS 0.96 1.54
Min. 0.56 2.04 0.56 24003 0.56 L 19 0.32 1.00 0:32 1.33
Median 0.96 220 0.96 2226 1.08 240 0.52 1.18 0.68 1.38
o ah \x\\‘\\

W

Overstrength
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BISST oo g - php
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Reference buildings

B1-REG

Qlphp. Overstrength factor at the first indication of yielding from IPOAs
Qiphd Overstrength factor at the first indication of yielding from IDAs

Figure 6.65: Estimated overstrength factors using IPOAs and 1DAs results
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Figure 6.66: IDA results of the BI-REG building: (a) Collapse-to-yield peak ground
acceleration ratio (PGA,), and (b) Collapse-to-yield inter story drift ratio (IDRy,)



189

- ay

Median of ay

N ac

— — -Median of ac

IDRc

- Median of IDRy — -

IDRy

- Median of IDRc

2

1.8 -

(a)
of °f '8 '8 0 °QfC r- g‘;rg.
S amTmen®Raesanzoer e g
o (. [ G [, = B (s e e e |
- - - - -
Records

28

24 2,255

| {\

~

)

1.6 - @

= I

m ]

= =
(b) 1.2 = :
3 ! i

0.759 | v

os Ll Lol A AANA LI 001

0.4 -

0 Ill"""liil Ll o= m - & 8
—Nm—rmot\woc—mm-«rmol\woc
S i s - SRS e - R T
X xxxXxxXXXg 2222z =

Records

Figure 6.67: IDA results of the B2-SST building:
acceleration ratio (PGA,). and (b) Collapse-to-yield inter story drift ratio (IDRyy)
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Figure 6.68: IDA results of the B3-GEO building: (a) Collapse-to-yield peak ground
acceleration ratio (PGAgy), and (b) Collapse-to-yield inter story drift ratio (IDRyy)
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Figure 6.69: IDA results of the B4-DIS building: (a) Collapse-to-yield peak ground
acceleration ratio (PGA,), and (b) Collapse-to-yield inter story drift ratio (IDRg,)
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Figure 6.70: IDA results of the B5-WST building: (a) Collapse-to-yield peak ground

acceleration ratio (PGAcy), and (b) Collapse-to-yield inter story drift ratio (IDRgy)
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Figure 6.71: Relationship between PGA., and IDR, for the five reference buildings

Figure 6.72 depicts a comparison between the calculated R and Cy factors for
the five benchmark buildings with the code recommended values. The R and C4
factors of the B2-SST and B3-GEO buildings are comparable with the regular
structure (B1-REG). On the other hand, the R and Cg4 factors of the B4-DIS and BS-
WST buildings are lower than those of B1-REG. This is attributed to the significant
irregularity and the use of overstrength factor (€2,) in the design of the lower stories
of the latter two buildings. It is shown from Figure 6.72 that the code recommended
factors are conservative for the five reference systems. The results of the present
study clearly confirm that the impacts of different irregularity types on the R and Cy
factors vary. The discontinuity of the LFRS and the weak story irregularity, which
are represented by B4-DIS and B5-WST, have the highest impact on the seismic
design response factor. The results indicate that the R factors of the regular structure
and buildings with insignificant irregularity (i.e. B2-SST and B3-GEO) can be
initially increased by 10-20%. Further increase is possible after a carful assessment

of the structures designed using the suggested reduction in seismic design forces.
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Figure 6.72: R and Cg4 factors of the five reference buildings obtained from IDAs using long
period input ground motions

6.9 Concluding remarks

The vulnerability assessment of the local and global response of the five
reference high-rise buildings investigated in this study was discussed in this chapter
The seismic assessment at the member level included monitoring of: (i) plastic
hinges. (ii) confined concrete crushing, and (iii) shear response. The assessment at
the global level involves: (i) lateral capacity evaluation. and (ii) fragility assessment.
A large number of IPOAs and IDAs were performed using a wide range of
earthquake records representing two earthquake scenarios to account for the input

ground motion uncertainty. The IPOAs results indicated that:
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The initial stiffness, ultimate strength and ductility of the building with extreme
soft story irregularity (B2-SST) were marginally lower than those of the regular

structure (BI-REG).

Increasing the plan dimensions at the lower stories of B3-GEO resulted in a
marginal enhancement in the lateral response.

Due to the overstrength factor (€2,) employed in the design of the irregular
buildings B4-DIS and BS-WST. their initial stiffness and ultimate capacity were

much higher than those of BI-REG, while the ductility significantly decreased.

Based on the IPOA and IDA results as well as a literature review of previous

studies, three conservative performance criteria were selected for the five reference

structures: (1) immediate occupancy, 10; (i1) life safety, LS: and (i) collapse

prevention, CP.

The shear assessment results of the reference structures indicated that:

For long period earthquake records, no shear failure was observed in structural
members before reaching the flexural-based collapse prevention limit state.

The flexural-based limit states were substantially decreased due to the early
detection of shear failure under short period earthquake records, particularly for

the irregular structures.

The fragility curves of the regular and irregular reference high-rise buildings

were derived using 2800 IDAs considering the most important uncertainties. The

comparison between the fragility curves of the five reference buildings indicated

that:
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Satisfactory performance was observed for the well-designed regular and

irregular buildings under the design earthquake.

The fragility curves of B2-SST and B3-GEO reflected their marginal lower
vulnerability compared with that of BI-REG.

With the exception of B4-DIS and B5-WST, the probabilities of exceeding
different limit states were also acceptable at twice the design earthquake
intensity.

The vulnerability assessment highlighted the expected higher earthquake losses
for buildings B4-DIS and BS5-WST, and the need for mitigation strategies to

reduce these losses for new and existing irregular buildings.

Finally. the seismic design factors of the reference buildings were assessed

and compared with the code recommended factors. The results indicated that:

The code recommended factors were conservative for the five reference
structures but with difterent margins of safety.

The R and Cy4 factors of the B2-SST and B3-GEO buildings were comparable
with the regular structure. The R factors of the regular structure and buildings
with insignificant irregularity (B2-SST and B3-GEO) can be safely increased by
10-20%.

The R factor of the B4-DIS and B5-WST buildings was much lower than that of
the regular structure, and hence the conservative code R factors were

recommended for these irregularity categories.
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Chapter 7: Summary and Conclusions

7.1 Synopsis

I'he aim of this study was to assess the inelastic seismic behavior and verity
the seismic design factors of regular and vertically irregular high-rise structures.
Reference buildings were selected and designed for the purpose of this study. Fiber-
based simulation models were developed for the reference structures in order to
assess their vulnerability and seismic design factors using [POAs. IDAs and a wide

range of input ground motions. This study included the following tasks:

7.1.1 Selection and design of reference structures

Five 50-story RC buildings denoted B1-REG, B2-SST. B3-GEO. B4-DIS and
BS-WST were selected to represent well-designed regular and irregular high-rise
buildings and the common construction practice in the case study area (Dubai. UAE).
With the exception of the lower stories of structures with a discontinuity in LFRS
and extreme weak story (i.e. B4-DIS and BS5-WST, respectively), the structural
system of the five references buildings comprised of RC shear walls and core walls
connected with RC tlat slabs. The LFRS at the lower stories of B4-DIS involved RC
columns and core walls. while it only consisted of RC columns in building BS-WST.
The five reference buildings were fully designed and detailed using 3D finite element

models according to the international building codes adopted in the study region.

7.1.2 Analytical modeling and selection of input ground motions

Inelastic fiber-based simulation models were developed for the five 50-story
reference structures. The simulation models were verified using the dynamic
characteristics obtained from both the 3D design models and the fiber-based

simulation models. The ground motion uncertainty was accounted for using 40
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earthquake records. Two earthquake scenarios were selected to represent the
seismicity of the study region: (1) far-field earthquakes with a medium-to-high
magnitude and long distant from the epicenter, and (i1) near-field events with a low-

to-medium magnitude and a short site-to-source distance.

7.1.3 Vulnerability assessment and seismic design factors

A large number of IDAs were performed to develop the fragility relationships
of the five reference structures at different performance levels. The adopted
performance limit states were selected based on the comprehensive results of the
current study and a literature review of previous experimental and analytical studies
related to shear wall structures and irregular buildings. IPOAs and IDAs results were
also employed to assess the seismic design response factors of the reference regular

and irregular buildings.

7.2 Conclusions

The following conclusions were drawn based on the tfindings of this study:

7.2.1 Design of reference buildings

e The overstrength factor (£2,) employed in the design of highly irregular
buildings substantially increased the concrete cross-sections and reinforcing
steel of structural member.

¢ Although the seismic design code recommends the use of €, as an additional
safety factor for certain irregular structures, the design process of the buildings
with a discontinuity in LFRS (B4-DIS) and extreme weak story (B5-WST)
confirmed the need for imposing reduction limits on the cross-sections and steel
ratios of the stories above the irregularity levels to avoid any sudden changes in

stiffness and strength.
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7.2.2 Selection of performance criteria

e The limit states of the reference tall buildings were significantly influenced by

the characteristics of the selected earthquake records and the irregularity type.
For the far-field earthquake scenario. the limit states were controlled by flexure.
The IDRs corresponding to the 10 limit state of the B1-REG. B2-SST. B3-GEO.
B4-DIS and B5-WST buildings were 0.49%. 0.48%. 0.51%. 0.27% and 0.44%.
respectively. The 1DRs corresponding to the CP limit state of the BI-REG. B2-
SST. B3-GEO. B4-DIS and BS-WST buildings were 2.27%. 2.26%. 2.39%,
1.18% and 1.38%. respectively.

For the near-field earthquake scenario, the CP limit state was signitficantly
influenced by the member shear response. Accordingly. the IDRs corresponding
to the CP limit state of the BI-REG, B2-SST, B3-GEO. B4-DIS and B5-WST

buildings were 1.55%. 1.5%. 1.62%, 0.64% and 0.78%. respectively.

7.2.3 Vulnerability assessment of irregular high-rise buildings

The negative impacts of the extreme soft story irregularity, which was
represented by the B2-SST building, on the seismic response were marginal at
both the local and global levels.

The global seismic response of the B3-GOE structure was generally enhanced
compared with that of the regular building due to the increased dimensions of
lower stories. However, the deficiency in the local response of this irregular
building was confirmed from the large number of plastic hinges and cases of
concrete crushing, particularly at the setback level.

Although a suitable €2, factor was employed in the design of the B4-DIS and BS-
WST irregular buildings, the two buildings were more vulnerable than the

regular and other irregular structures. The first indications of member yielding
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and failure were observed directly above the irregularity level. This confirmed
the need to carefully design the structural elements directly above the
irregularity level and to assess the seismic response using inelastic time-history
analysis as a final verification of the design.

Shear failure had significant impacts on the seismic response of both the regular
and irregular reference buildings under the near-field earthquake scenario.

The study confirmed the satisfactory performance of well-designed regular and
irregular high-rise buildings under the design earthquake. With the exception of
B4-DIS and BS-WST, the seismic response of the reference buildings was also
acceptable under severe events representing twice the design earthquake. The
alarming seismic response of B4-DIS and BS-WST at twice the design
earthquake was shown from the observed probability of exceeding the CP limit

state (20% and 10%, respectively).

7.2.4 Assessment of seismic design response factors

With the exception of the B4-DIS building, the calculated overstrength factors
using IDAs were more than those recommended by the design code. The
unsatisfactory response of the B4-DIS building was confirmed from the
observed minimal overstrength factor.

For the regular structure and buildings with insignificant irregularity (i.e. B2-
SST and B3-GEO), the R factors could be safely increased by 10-20%. A further
increase in the R factors is possible after a careful assessment of the structures
designed using the suggested reduction in the seismic design forces. Due to the
significant impacts of the irregularities related to discontinuities in LFRS and
weak story on the local and global seismic response of high-rise buildings, the

conservative code R factors are recommended.
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e The calculated Cy factors for the reference regular and irregular structures were
significantly lower than those recommended by the design code. This
amplification factor could be decreased by 10-20%. A more reduction in the Cy
factor is possible after a carful assessment of the structures designed using the

proposed reduction.

7.3 Recommendations for future work

e A systematic loss estimation and mitigation study for the UAE and the
surrounding region using the developed fragility relationships in the current
study and in other recent seismic vulnerability assessment studies is highly
needed.

e Future studies are needed to analytically and experimentally investigate the
seismic response of irregular structures with different structural systems and
building heights.

e Vulnerability assessment of regular and irregular structures designed using the
proposed modifications in the existing seismic design factors is needed.

e Future studies should address the impacts of irregularity on the seismic response
of pre-code and substandard buildings.

e The IPOA procedure needs to be developed further to account for higher modes
and the dynamic characteristics of irregular structures. and hence provides an
easy tool for seismic design and assessment.

o Assessment of different irregularity features using a reliable 3D modeling
approach of high-rise buildings is highly needed in order to account for the
torsional effect.

e In future studies, multi-axial input ground motions need to be considered in the

seismic assessment of irregular tall buildings.
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