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Abstract 

The United Arab Emirates (UAE) is generally known to be a region of low 

seismicity despite being in close proximity to active seismic zones. However, recent 

moderate earthquakes that occurred within the UAE highlighted the fact that the 

country is not immune to significant seismic activity. Therefore, the main aim if this 

study is to assess the seismic risk of buildings in Dubai. In order to do so, the city of 

Dubai is divided into sectors based on usage; and data regarding the distribution of 

buildings and population are acquired from Dubai Municipality, satellite images and 

field visits. Five reference structures, ranging from 2 to 16 stories, representing the 

building stock of Dubai are meticulously modeled. Forty-four earthquake records 

representing Far-Field events are adopted from the FEMA-P695 publication. The 

records are matched to a target spectrum representing local seismicity, which is 

adopted from a recent seismic hazard assessment study. Incremental Dynamic 

Analyses (IDA) are performed and fragility curves are developed for each reference 

structure using the procedure proposed by FEMA-P695. Performance limit states 

utilized in this thesis are adopted from the ASCE 41-06 standard. The performance of 

each building is evaluated at three levels of hazard, the Maximum Considered 

Earthquake level (MCE), the design level, which corresponds to two-thirds of the 

MCE level, and twice the MCE level. Finally, human losses and economic losses are 

estimated using loss rates provided by the ATC-13 report and the SEAOC blue book, 

respectively. It is observed that the probabilities of exceeding the Collapse Prevention 

(CP) limit state for the reference structures are below 20% at the design and MCE 

levels. Furthermore, the IDA curves for the investigated buildings indicate that the 

shorter buildings exhibit better performance compared to the taller ones. Moreover, 

the seismic risk maps illustrate that the estimated number of fatalities at the MCE 

level are generally low; and that economic and human losses are higher in the 

commercial zone. Based on the modeling assumption and analyses performed in this 

study, there are no major concerns regarding the vulnerability of the considered 

representative buildings in Dubai. 

Search Terms: Dubai, Seismic risk, Fragility curves, FEMA-P695, 

Incremental dynamic analysis, Losses, Risk maps. 
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Chapter 1: Introduction 

1.1 Background 

The United Arab Emirates lies within the northeastern part of the Arabian 

Peninsula, southwest of Asia. Generally, the UAE is known for its low seismic 

activity despite being surrounded by major faults and other seismic sources [1]. Until 

quite recently, seismic hazard in the UAE was considered to be negligible [2]. 

However, due to the rapid development of high-rise construction in the UAE, 

significant attention has been drawn to the risk posed by earthquakes to the buildings 

and infrastructure of the country [3]. In addition, the country is prone to moderate 

seismic activity and to the impact of strong earthquakes originating from Iran. As a 

result, various efforts emerged that aimed at assessing the seismic hazard of the UAE 

[1]- [4]- [5]- [6]- [7]- [8]- [9]; and while these efforts reported varying results, most of 

the studies concluded that the UAE is susceptible to moderate seismic hazard. Even 

though no human or monetary losses were reported from recent events, the repeated 

reports of earthquakes have raised alarming concerns regarding the vulnerability of 

the existing building stock in the region and the associated risk. The above-mentioned 

statements suggest the need for assessment of the seismic risk in the UAE.    

1.2 Brief History of Seismic Events in the UAE 

Even though knowledge about past earthquakes in the UAE is poor, recent 

moderate earthquakes caused considerable concerns in the UAE and highlighted the 

fact that damaging earthquakes may occur [10]. On March 11th, 2002, a moderate 

earthquake (Mb=5) shook the northeastern region of the UAE. The earthquake was 

felt over a wide area and was accompanied by smaller foreshocks and aftershocks 

[11]. Reports also indicated slight damage in and around Masafi (Figure 1). 

Moreover, an earthquake of moment magnitude equal to 5.9 occurred in Qeshm Island 

on November 27th, 2005. The events of the considerable earthquake were felt in 

Dubai and other areas in the northern Emirates and people evacuated their buildings. 

More recently, two earthquakes of moment magnitudes 3.66 and 3.94, respectively, 

took place in the eastern part of the United Arab Emirates on March 10th and 

September 13th, 2007. The two events were also widely felt in the northern Emirates 

and were followed by few aftershocks. 
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Figure 1: Damage Due to the Masafi Earthquake 

(Source: http://www.aus.edu/engr/quakelab/Photo_masafi_Eq.php) 

 

1.3 Seismic Hazard Sources in the United Arab Emirates 

Due to the raised awareness of the threats posed by earthquakes in the region, 

several studies have been recently published which have presented seismic hazard 

estimates for the Emirates [1]- [4]- [5]- [6]- [7]- [8]- [9]. The available literature 

suggests that local seismic activity could be attributed to one of the geological 

sources: 

• The Zagros fold and thrust belt: The Zagros fold and thrust belt extends for a 

distance of more than 1,500 km from eastern Turkey to the southeastern part 

of Iran, as shown in Figure 2. The Zagros fold is about 200 km wide and it is 

classified as one of the most active seismic zones in the world. The Zagros 

region was the source of numerous large earthquakes (Mb~7) in the past. The 

UAE is located at the southeastern end of the Zagros thrust. 

http://www.aus.edu/engr/quakelab/Photo_masafi_Eq.php
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• The Makran subduction zone: The subduction within the Makran zone (Figure 

3), which is located near the east coast of the UAE, is considered as zone that 

can generate very strong ground motions. This seismic source starts from the 

Gulf of Oman and extends through the Indian Ocean, bordering southern 

Pakistan. Historical records state the largest earthquake recorded in this region 

was an event with a surface-wave magnitude (Ms) of 8.0. The Makran 

subduction zone lies approximately 750 km away from the UAE. 

 

 

Figure 3: Makran Subduction Zone [12] 

Figure 2: Geological Setting of the Arabian Plate [1]. 
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• The Zendan-Minab faulting system: The region where the Zagros fold and 

thrust belt join the Makran subduction zone contains different complex faults. 

The linking fault line between these two regions is known as the Zendan-

Minab fault 

• The Oman Mountains and local fault lines: Many local fault lines are located 

in the northeastern part of the UAE extending up to the Oman Mountains, 

which are located in northern Oman. According to Aldama-Bustons et al. [1], 

numerous fauls lie in the this region which include the Dibba line, Wadi 

Shimal fault and the Wadi Ham fault. In addition to these faults, the Oman 

Thrust Front is another seismic source that runs through the Oman Mountains. 

Studies have shown the Masafi earthquake (2002) originated within the Oman 

Mountains [1]. 

 

 

Figure 4: Local Fault Lines [11]. 
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1.4 Seismic Hazard Assessment  

Generally, seismic hazard analyses involve the quantitative estimation of 

ground-shaking hazards at a particular site [13]. Recently, seismic hazard zonation 

and seismic risk assessments for regions of low-to-moderate seismic activities have 

become a compiling need. Seismic hazard assessment, especially in regions of low 

seismicity, is generally based on the probabilistic methodology and formulation [7]. 

Probabilistic Seismic Hazard Assessment (PSHA) combines geological and 

seismological data to calculate the annual probability that a certain level of ground 

motion will be exceeded at a given location. The result of a PSHA is usually 

represented in the form of peak ground acceleration. For example, it might be 

calculated that at a certain location there is a 1 in 50 annual probability that a peak 

ground acceleration of 5% of gravity (0.05g) will be exceeded. The elements required 

for a probabilistic calculation can be summarized as follows: 1) defining the seismic 

sources, such as faults; 2) understanding the earthquake recurrence with respect to 

earthquake magnitude; and 3) using attenuation relationships that define what ground 

motion should be expected at location (x) due to an earthquake of known magnitude 

at location (y). Perhaps the earliest study concerning seismic hazard assessment in the 

Arabian Peninsula dates back to 1994. The study was performed by Al-Haddad et al. 

[14], and was concentrated mainly on Saudi Arabia but included the UAE.  

1.5 Seismic Risk Assessment  

While seismic hazard estimates the probability that a certain level of ground 

motion will occur at a given site, seismic risk assessment uses the results of seismic 

hazard assessment to determine the probability that social or economic consequences 

of earthquakes will exceed specified values at a site, or an area, during a specified 

time interval [15]. Thus, seismic risk depends on factors such as: the probability of 

future seismic actions (Hazard); the (weakness) of the single object (Vulnerability); 

the presence and value of objects in question and the possible consequences on human 

life (Exposure) [16]. The fragility of structures is expressed in terms of vulnerability, 

and the relation between risk and hazard can be simply expressed by the following 

equation: 

         Risk = Hazard X Vulnerability      (1) 
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where vulnerability is the probability that damage will occur. Damage on the 

other hand, can be defined as the loss in stiffness of a structural member that 

ultimately leads to excessive deflections. 

There have been several seismic hazard studies ever since the introduction of 

PSHA by Cornell in 1968 [17] but relatively fewer seismic risk studies. The reason 

for this can be attributed to the fact that engineering projects in earthquake-prone 

regions require seismic hazard studies. The need for seismic risk studies is less likely 

to be connected with an immediate project requirement; hence such studies are 

postponed to future dates.  

It could also be argued that, from the point of view of the 

seismologist/engineer, seismic risk studies present a harder task. A seismic hazard 

analysis can be conducted based on knowledge of geophysics and geology. On the 

other hand, data on vulnerability is generally not easy to obtain. To construct a 

seismic risk map, the engineer undertaking the study needs to gather information of 

the building types and their distribution, which is usually intractable, except at a 

generalized level. 

Since seismic risk assessment is usually performed on a regional scale, it is 

necessary to categorize buildings within the study area according to a certain criteria. 

Therefore the introduction of a clearly-defined building classification system is of 

paramount importance to ensure uniform interpretation of results. Collecting such 

data is a challenging task and the credibility of the seismic risk study is very sensitive 

to the accuracy of the gathered information on the actual building stock.  

1.6 HAZUS 

HAZUS [18], short for Hazards United States, is a GIS-based natural hazard 

loss estimation software developed by the Federal Emergency Management Agency 

(FEMA). The HAZUS software package is designed to produce loss estimates for use 

by federal, state, regional and local authorities. Imbedded in HAZUS is a database 

which contains detailed classification for buildings according to their height, use and 

structural system type. The database includes 36 model building types, ranging from 

wood, steel, concrete, masonry and mobile homes. According to the HAZUS 
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technical manual [19], the primary parameters affecting building damage and loss 

characteristics are: 

• Structural parameters affecting structural capacity and response. 

o Basic structural system (e.g. steel moment frame). 

o Building height (e.g. low-rise, mid-rise). 

o Seismic design criteria (seismic zone). 

• Nonstructural elements affecting nonstructural damage. 

• Occupancy (affecting casualties, business interruption and contents damage). 

• Regional building practice. 

• Variability of building characteristics within the classification.  

Thus according to HAZUS, damage is predicted based on structural system 

type, height, and seismic design. These factors play an important role in evaluating 

the overall building performance, loss function and casualties. On the other hand, 

building occupancy is essential in determining economic loss. HAZUS's building 

classification system is shown in Table 1. 
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Table 1: HAZUS Building Structure Types Adopted from [19]. 

No. Label Description 
Height 

Range Typical 
Name Stories Stories Feet 

1 W1 
Wood, Light Frame 

(≤ 5,000 sq. ft.) 
Wood, Greater than 

5,000 sq. ft. 

 1-2 1 14 

2 W2  All 2 24 

3 S1L 
Steel Moment Frame 

Low-Rise 1-3 2 24 
4 S1M Mid-Rise 4-7 5 60 
5 S1H High-Rise 8+ 13 156 
6 S2L 

Steel Braced Frame 
Low-Rise 1-3 2 24 

7 S2M Mid-Rise 4-7 5 60 
8 S2H High-Rise 8+ 13 156 
9 S3 Steel Light Frame  All 1 15 
10 S4L Steel Frame with Cast-

in-Place Concrete 
shear Walls 

Low-Rise 1-3 2 24 
11 S4M Mid-Rise 4-7 5 60 
12 S4H High-Rise 8+ 13 156 
13 S5L Steel Frame with 

Unreinforced Masonry 
Infill Walls 

Low-Rise 1-3 2 24 
14 S5M Mid-Rise 4-7 5 60 
15 S5H High-Rise 8+ 13 156 
16 C1L Concrete Moment 

Frame 

Low-Rise 1-3 2 24 
17 C1M Mid-Rise 4-7 5 60 
18 C1H High-Rise 8+ 12 120 
19 C2L 

Concrete Shear Walls 
Low-Rise 1-3 2 24 

20 C2M Mid-Rise 4-7 5 60 
21 C2H High-Rise 8+ 12 120 
22 C3L Concrete Frame with 

Unreinforced Masonry 
Infill Walls 

Low-Rise 1-3 2 24 
23 C3M Mid-Rise 4-7 5 60 
24 C3H High-Rise 8+ 12 120 

25 PC1 Precast Concrete Tilit-
Up Walls  All 1 15 

26 PC2L Precast Concrete 
Frames with Concrete 

Shear Walls 

Low-Rise 1-3 2 24 
27 PC2M Mid-Rise 4-7 5 60 
28 PC2H High-Rise 8+ 12 120 
29 RM1L Reinforced Masonry 

Bearing Walls with 
Wood or Metal Deck 

Diaphragms 

Low-Rise 1-3 2 24 

30 RM1M Mid-Rise 4+ 5 60 

31 RM2L Reinforced Masonry 
Bearing Walls with 
Precast Concrete 

Diaphragms 

Low-Rise 1-3 2 24 
32 RM2M Mid-Rise 4-7 5 60 

33 RM2H High-Rise 8+ 12 120 

34 URML Unreinforced Masonry 
Bearing Walls 

Low-Rise 1-2 1 15 
35 URMM Mid-Rise 3+ 3 39 
36 MH Mobile Homes  All 1 15 
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1.7 Fragility Analysis 

Fragility analysis is an important task in any seismic risk study. Motivated by 

the increasing interest in obtaining accurate estimates of earthquakes losses, many 

researchers have developed methods to perform fragility analysis. Fragility curves, the 

main output of a fragility analysis, are excellent tools for retrofitting decisions, 

damage estimation, loss estimation and disaster response planning. 

 Fragility functions for buildings are lognormal functions that relate the 

probability of attaining or exceeding a building damage state to a given intensity 

measure. The building damage state may be defined as global drift ratio, interstory 

drift ratio, story shear force, etc. The intensity measure can be expressed as spectral 

accelerations, Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV), etc. 

According to Lagaros [20], fragility curves for a damage state (y), given peak ground 

acceleration 𝑎𝑃𝐺 may be mathematically expressed as: 

𝑷(𝜽𝒎𝒂𝒙 ≥ 𝒂𝑷𝑮) =  𝜱� 𝟏
𝜷𝒚
𝒍𝒏 � 𝒂𝑷𝑮

𝒂�𝑷𝑮,𝒚
��      (2) 

where 𝑎�𝑃𝐺,𝑦 is the median value of peak ground acceleration where the 

building reaches the threshold of damage state (y), 𝛽𝑦 is the standard deviation of the 

natural logarithm of peak ground acceleration for the damage state (y), and 𝛷 is the 

standard normal cumulative distribution function. An example of fragility curves is 

shown in Figure 5. 

 

 

 Figure 5: Fragility Curve Relating Probability of Exceedance to PGA [21]. 
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1.7.1 Empirical fragility curves. Empirical fragility curves are based on the 

observed damage data collected from past earthquakes. They utilize logistical 

regression analysis in order to account for uncertainties in the damage data. Empirical 

fragility curves are not specific to the type of structure; consequently they cannot be 

adopted to estimate the damage level for a specific system. Another restriction on the 

use of empirical fragility curves in regions of low-seismic activity is the lack of 

sufficient data and experience of past intense earthquakes.  

1.7.2 Judgmental fragility Curves. Judgmental fragility analysis is based 

purely or partially on expert opinion. The analysis is not related to the quantity or 

quality of damage, but they are based on considerations made by structural engineers 

who have a considerably high level of experience. The fragility curves are derived 

from statistical treatment of the information obtained from a team of experts, which is 

asked to provide an estimate of the average damage level (previously defined), for 

various types of structures subjected to different levels of seismic motion. The 

answers are then circulated to all the experts, who are asked to review their judgment 

in light of the opinion of the others, until a consensus is reached. The damage states 

are then fitted with a known probability distribution and plotted against the ground 

motion severity. Using this approach a wide range of structural systems is dealt with 

in the same manner, thus treating the level of uncertainty uniformly. 

1.7.3 Analytical fragility curves. Analytical fragility curves are obtained by 

means of numerical simulations or stochastic analyses of structures subject to 

artificial records or stochastic models of earthquakes. Through these curves one can 

capture input motion and structural properties and therefore these curves can be 

efficiently utilized in performing a vulnerability assessment of a specific structure 

without sufficient seismic experience. In details, this type of analysis is performed by 

means of the following steps: 1) simulating ground motion, 2) modeling of the 

structure, and 3) generation of fragility curves from the seismic response data. It is 

understood from the preceding discussion that assessing the fragility of a building 

requires determining its capacity to resist seismic actions. This can be achieved by 

one of the following methods: 

• Nonlinear Static Procedure: In the FEMA-356 [22] procedure, a 

model of the structure is constructed considering explicitly the 
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nonlinear force-deformation behavior of its elements. Then, a base 

shear-lateral displacement relationship is established by subjecting this 

model to monotonically increasing lateral forces with a prescribed 

height-wise distribution, until the displacement of a control node 

(usually the center of mass of the building's roof), or the maximum 

inter-story drift exceeds a target magnitude or the structure collapses. 

A global collapse is assumed to occur when the base shear-lateral 

displacement curve attains a considerable negative slope or reaches a 

point of zero base shear. 

• Capacity Spectrum Method: the capacity spectrum method (CSM) [23] 

compares the capacity of the structure (in the form of a pushover 

curve) with the demands on the structures (in the form of a response 

spectrum). The graphical intersection of the two curves approximates 

the response of the structure. By converting the base shear and roof 

displacements from a nonlinear pushover to equivalent spectral 

accelerations and displacements and superimposing an earthquake 

demand curve, the nonlinear pushover becomes a capacity spectrum. 

The earthquake demand curve is represented by response spectra 

plotted with different levels of effective damping. By determining the 

point where this capacity spectrum breaks through the earthquake 

demand, one can develop an estimate of the spectral acceleration, 

displacement and damage that may occur for specific structure 

responding to a given earthquake. An example of a graphical 

representation of the CSM is shown in the following figure. 
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                Figure 6: Example Building Capacity Curve and Demand Spectrum, Adopted from [19]. 

 

• Incremental Dynamic Analysis (IDA): IDA, introduced by Vamavatsikos 

and Cornell [24], has emerged as a powerful mean to study the overall 

behavior of structures, from their elastic response through yielding and 

nonlinear response, all the way to global dynamic instability. IDA 

involves performing a series of nonlinear dynamic analyses in which the 

intensity of a selected ground motion is incrementally increased until the 

global collapse of the structure is reached. Through IDA, one can plot the 

interrelationship between an intensity measure of the ground motion (such 

as PGA) against an Engineering Demand Parameter of the structure, such 

as peak interstory drift ratio. Thus IDA is more powerful and 

sophisticated than the nonlinear static analysis. 
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1.7.4 Hybrid fragility curves. Hybrid fragility curves try to overcome some 

of the main limitations of the previously mentioned methods, making use of different 

sources of information combined together. 

1.7.5 HAZUS methodology. HAZUS is a standardized earthquake model loss 

estimation methodology and modeling program. HAZUS is designed to produce loss 

estimates for a regional scale in order to plan for earthquake risk mitigation, 

emergency preparedness, response and recovery [19]. While HAZUS develops 

damage and loss functions for different general model building types, the earthquake 

model can be used to estimate losses for an individual building given the model 

building type and an estimate of ground shaking. The extent and severity of damage is 

described by one of five damage states: none, slight, moderate, extensive, and 

complete.  

It is important to note that fragility curves generated through HAZUS differ 

slightly from the fragility curves discussed in the preceding section. Traditional or 

conventional fragility curves express the exceedance probabilities as a function of the 

hazard parameters (PGA, PGV, etc.), whereas fragility curves obtained from HAZUS 

relate the probability of exceeding a limit/damage state to functions of structural 

response (e.g. spectral acceleration). Hence, the latter type of fragility curves earned 

the name HAZUS compatible fragility relationships in recent literature [25].  

In general, HAZUS earthquake building damage functions have two basic 

components: capacity curves and fragility curves. Building response is characterized 

by building capacity curves. These curves describe the push-over displacement of 

each building type and seismic design level as a function of laterally-applied 

earthquake load. The methodology implemented in HAZUS uses a technique similar 

to the Capacity Spectrum Method described previously. On the other hand, fragility 

functions are in the form of lognormal fragility curves that describe the probability of 

damage to model buildings. 

1.8 Loss Estimates 

The final step of a seismic risk study is estimating losses. Earthquake loss 

estimation requires three inputs [26]: 1) seismic hazard information, 2) inventory data 

for buildings, facilities and infrastructure, and 3) fragility relationships related to the 
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inventory. Earthquake losses may be divided into two types: human losses and 

economic losses. Human losses are defined by the deaths and injuries of the 

population, while economic losses for buildings include costs for repair and 

replacement of damage to the structural systems, non-structural components, and 

building inventory. 

While there are no studies examining the seismic vulnerability of buildings in 

Dubai, Abu-Dagga [21] developed a framework for assessing seismic fragility of 

model buildings in Sharjah. Abu-Dagga divided the city of Sharjah into areas and 

collected information about the buildings and population of these areas. Then, he 

classified buildings according to their types, uses and height; and according to the 

building classifications, representative typical building models were assigned to each 

area. Time history analyses were then performed on these buildings using ground 

motion records from Iran. Finally, the results of the analyses were used to establish 

fragility curves for the different building models.  

The main findings of his research indicate that low-rise concrete frame 

buildings, which form the majority of building types in Sharjah, are the most 

vulnerable to seismic hazard. Therefore, the main aim of this research is to evaluate 

the seismic risk of buildings in Dubai using representative seismic ground motion 

records. This research adopts a procedure proposed by FEMA-P695 [27] in order to 

develop fragility curves and IDA curves for representative buildings in Dubai. 

Buildings in Dubai were categorized according to their usage, height, and structural 

system; and as a result, five reference buildings were selected to represent the 

building stock of the city. A suite of real ground motions were selected as per FEMA-

P695 recommendations due to the scarcity of strong-motion recordings for Dubai. 

Finally, human and economic losses were estimated from the fragility curves and 

properly represented using seismic risk maps.     

1.9 Problem Statement 

While the UAE is generally known to be a region of stable seismic activity, 

recent events such as the Masafi earthquake indicates that the UAE is prone to 

damaging earthquakes as well as events originating from Iran. Furthermore, published 

studies [1]- [4]- [5]- [6]- [7]- [8]- [9] suggest that the region is subjected to moderate 

seismic risk. Even though no human or monetary losses were reported from recent 
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events, the repeated reports of earthquakes have raised alarming concerns regarding 

the vulnerability of the existing building stock in the region and the associated risk. 

With the recent development of high-rise construction in the UAE, significant 

attention has been drawn to the structural design standards of the country. While 

modern construction practice and theory are used in the design and construction of 

most buildings in Dubai, buildings of five stories or more are only designed to resist 

lateral loads as per Dubai municipality's requirements [28]. Unfortunately, the 

majority of the building stock in Dubai is comprised of low-rise frame buildings, 

which are designed to resist gravity loads only. Also, a recent seismic fragility study 

in Sharjah [21] indicated that low-rise frame buildings are the most susceptible to 

seismic hazard. All of the aforementioned factors highlight the pressing need for 

evaluating the vulnerability of buildings in Dubai to the probable seismic hazard and 

estimating the associated human and economic losses. 

1.10 Objectives 

Building on the efforts of Abu-Dagga [21], the overall objective of this thesis 

is to perform a seismic risk study for Dubai. In particular, the objectives are as 

follows: 

• Select and model buildings that are representative of the building stock of 

Dubai. 

• Select and scale real earthquake records to represent the probable seismic 

hazard.  

• Examine the seismic susceptibility of the reference structures. 

• Perform fragility analysis for the representative buildings. 

• Estimate the associated human and economic losses. 

• Produce seismic risk maps for the city of Dubai. 
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1.11 Thesis Organization  

This thesis is organized into eight chapters; the present chapter discusses the 

background and motivation for this research, states the problem and identifies the 

main objectives. The second chapter lists some of the previous works and studies that 

are related to this research, which include fragility analysis, seismic hazard 

assessment for the UAE, and loss estimation methodologies. Chapter 3 presents the 

input ground motion records that were used in this study. In addition, discussions 

about local and regional records that were retrieved from Dubai Municipality, as well 

as the scaling procedure of records are provided. 

In chapter 4, the selection and modeling of the five representative buildings is 

presented, and the building inventory is described. Chapter 5 mainly presents the 

procedure of developing fragility and IDA curves, although nonlinear and hysteretic 

parameter modeling of the reference structures is also discussed. In chapter 6, the loss 

estimation procedure is described and maps that display the human and economic 

losses are displayed. Finally, the main findings of this study as well as 

recommendations for future work are included in chapter 7.  
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Chapter 2: Literature Review 

2.1 Seismic Hazard Assessment 

One of the earlier efforts to evaluate the seismic hazard of the United Arab 

Emirates is the study performed by Sigbjornnson and Elnashai [5]. The study focused 

on performing seismic hazard assessment of Dubai. The authors built an earthquake 

catalogue for their particular study based on available data. The authors adopted 

attenuation relationships presented by Ambraseys [29] and Simpson [30], and the 

seismic hazard assessment was performed using these equations. A uniform hazard 

spectra for average return periods of 975 and 2475 years was constructed to display 

the results of this study. According to the study, the PGA values for Dubai were 0.16 

g and 0.22 g for return periods of 475 and 2475 respectively.  

Peiris et al. [8] provided a regional seismic hazard assessment for the Arabian 

Gulf. The study was motivated by the contradiction between code requirements 

(UBC-97) and local design practice. An earthquake catalogue extending over 2000 

years has been compiled and reviewed to perform the probabilistic seismic hazard 

assessment. The catalogue includes instrumental and historical data assembled from 

various sources. In addition, a seismic source model has been developed based on the 

regional geology and tectonics. Also, site response analysis was carried out to 

demonstrate the impact of site-specific deposits covering the bedrock. Six seismic 

source zones were identified in this study, and five different attenuation equations 

(Ambraseys et al. [31]; Sadigh et al. [32]; Dahle et al. [33]; Atkinson and Boore [34]; 

and Spudich et al. [35]) were utilized in order to perform the PSHA. The results of the 

assessment were presented in the form of PGA and uniform hazard response spectra. 

According to the study, the PGA estimates for Dubai are 0.06 g and 0.12 g for 475 

and 2475 years respectively.  

A comprehensive seismic hazard assessment was performed by Musson et al. 

[7] and presented to the government of Dubai in the form of a report. Seismic hazard 

calculations in this report were based on the probabilistic approach due to the region's 

low to moderate seismicity.  Various ground motion parameters, including PGA and 

response spectral accelerations, were calculated for the UAE territory. The authors 

reviewed the geology and tectonics of the region and determined seismic source 
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zones. From these sources, nineteen source zone models were defined. In addition, an 

earthquake catalogue derived from the British Geological Survey World Seismicity 

Database was compiled and reviewed in detail for this project. Finally, in order to 

determine ground motion parameters, the attenuation relationships derived by 

Ambraseys et al. [31] were employed. PGA and spectral hazard maps for different 

return periods can be found in the original report [7]. The findings of this study 

indicate that a 0.05g PGA for Dubai is expected for a 475-year return period and 0.1g 

for the area north of Fujairah. The study did not report the expected PGA for a 2475-

year return period.  

Another attempt to assess the seismic hazard in the UAE was conducted by 

Malkawi et al. [6]. Apart from producing PGA estimates, the overall seismicity of the 

UAE was studied. The authors identified two sources of seismic hazards. Source (I) 

included all seismic events caused by the subduction boundary between the Arabian 

plate and the Iranian plate; while source (II) was considered to include all seismic 

events that can effectively influence any site within the boundaries of the UAE and 

produce significant ground motion. Earthquake data was compiled from available 

resources into a catalogue, and probabilistic seismic hazard assessment was 

performed. Seismic hazard maps were then generated for 15 main regions in the UAE. 

The seismic hazard maps were drawn for two different levels, the operating basic 

earthquake, and the maximum design earthquake. The main findings of the study 

suggest that the seismicity of the country varies from southwest to northeast, with the 

northeastern part being more active. Additionally, the authors concluded that the PGA 

values ranged from 0.0 g for a return period of 475 years in the southwestern region 

up to 0.35 g for a return period of 3,000 years in the northeastern region.  

In an attempt to clear the contradiction between the published studies 

regarding the seismic hazard in the UAE, another comprehensive study was 

undertaken by Aldama-Bustos et al. [1]. The study focused on three cities: Dubai, 

Abu Dhabi, and Ra's Al Khaymah. The authors considered various hazard sources, 

and different attenuation equations were used for seismic source zones. The authors 

performed the seismic hazard analysis within a logic-tree framework to consider 

uncertainties in the models for seismic hazard sources and variability in ground-

motion prediction. The product of the study is displayed as uniform hazard spectra for 

rock sites in the three cities. Two important conclusions were drawn, according to the 
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results of this study: 1) The PGA of Dubai is estimated to be 0.09 g for a return period 

of 2475 years; 2) several previous studies have overestimated the hazard levels in the 

UAE.  

At the time of this report, the latest published seismic hazard assessment for 

the UAE was performed by Shama [9]. This study was limited to a site located at 

Dubai Creek on the west coast of the UAE. The author identified four main seismic 

sources: the Zagros fold thrust, the Makran subduction zone, the Zendan-Minab-

Palami fault system, and finally, local crustal faults within the UAE including Dibba, 

Wadi El Fay, Wadi Ham, Wade-Shimal, Oman and the West Coast. Since there are no 

explicit attenuation relationships for the UAE, the author utilized various attenuation 

models from earthquakes having attenuation properties similar to the region in this 

study. The attenuation models by Ambraseys et al. [31], Abrahamson and Silva [36], 

and Boore et al. [37] were used for the Zagros fold thrust. Furthermore, the equations 

by Gregor et al.  [38] and Youngs et al. [39] were employed for the Makran 

subduction zone.  The attenuation models by Ambraseys et al. and Abrahamson and 

Silva were also selected for the Minab fault. Finally, the attenuation models by 

Campbell [40] and Campbell-Bozorgnia [41] were used for the local faults. The main 

findings of the study indicates that the local faults in the UAE dominate the hazard 

level, and that the reported PGA for the 475-year return period spectrum is 0.17g, 

while the PGA for the 2,475-year return period spectrum is 0.33g.  

Table 2 summarizes the PSHA studies for the UAE. The results have 

presented diverse interpretations regarding the earthquake threat in the UAE, 

generating further uncertainty concerning adequate seismic design levels. Sources of 

such different results may be attributed to the following: 

• Using similar seismic models but different attenuation relationships. 

• Using similar relationships but different seismic models. 

• Assuming different activity parameters.  
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Table 2: Reported PGA for Dubai (475 Return Period). 

Study PGA (475 return period for Dubai) 

Sigbjornnson & Elnashai (2006) 0.16g 

Peiris et al. (2006) 0.06g 

Musson et al. (2006) 0.05g 

Malkawi et al. (2007) 0.0g ~ 0.35g 

Aldama-Bustos et al. (2009) < 0.06g 

Shamma (2011) 0.17g 

 

2.2 Seismic Risk Assessment  

Moharram et al. [42] developed a model for seismic risk assessment for 

Greater Cairo. The study was motivated by the effects of a moderate Ms 5.4 

earthquake that occurred in October 1992. Since the study was concerned with a city, 

it was necessary to construct a building stock inventory and classification system for 

the existing buildings in Greater Cairo. The authors suggested classifying the 

buildings according to their basic structural systems, height and applicable building 

codes. The latter classification indicates whether the building has been designed to 

resist seismic forces as per seismic code requirements or not. In addition, sources of 

earthquake hazard were reviewed, and a number of earthquake scenarios were chosen; 

also, a vulnerability study, presented in another paper, was performed. 

The first attempt to assess the seismic fragility of buildings in the city of 

Sharjah is the study performed by Abu-Dagga [21]. Due to the lack of local data 

reflecting local seismic activity, site-specific seismic response conditions, and exact 

design of buildings, the author developed a framework for assessing seismic fragility 

of buildings in Sharjah. After dividing the city of Sharjah into areas and collecting 

information about the buildings and population of each area, buildings were classified 

according to their heights, usage and structural system (type). Then, a representative 

building was assigned for each area. Thirteen building models were used to represent 

the building types, heights and categories in Sharjah. Time history analyses were 

carried out on these buildings using fourteen real ground motion records from Iran. 

Incremental time history analysis was performed using the structural analysis and 

design software ETABS. The analysis utilized the X, Y and Z components of the 

ground motion records from Iran. In addition, the ground motions were scaled from 
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0.01g up to 0.6g, using an increment of 0.05, to generate the full spectrum of the 

structural response of the buildings against different earthquakes. Using IDA, a total 

of 112 time history analyses were performed on the building models. 

The results of the analyses were used to construct fragility curves for the 

building models. These fragility curves relate the probability of reaching or exceeding 

one of four damage states: slight, moderate, extensive, and complete, to the PGA. 

Moreover, the performance of each building type was determined based on HAZUS 

drift limits. The structural capacity of the model buildings was estimated using inter-

story drift limits. Finally, seismic hazard risk maps for the buildings of Sharjah City 

were produced, and estimates of human and economic losses, specified by the 

Applied Technology Council (ATC-13) [43], were reported.  

The results of the study showed that most of the expected losses were 

contributed by low-rise concrete frame buildings. In addition, the study indicated that 

these types of buildings are the most common in Sharjah, and they are the most 

populated buildings. The vulnerability of the low-rise concrete buildings, according to 

Abu-Dagga, might be due to two reasons: 1) that these buildings were not designed to 

resist any lateral load according to the current regulations; and 2) the resonance 

between the periods of these buildings and the periods of the ground motions. When a 

shear wall core was introduced to these buildings, the loss decreased by 

approximately 75%. 

Referring to the conclusion of the report, the author recommended that: 

• Future studies should use real buildings, local seismic recording, and site-

specific soil response data. 

• Future work should assess the actual capacity of the structures. 

• The methodology used in this study is applicable and extendable to other cities 

in the UAE.  

2.3.1 Fragility Analysis 

Lee et al. [44] set up a building damage assessment model using the data 

collected from the Chi-Chi Earthquake. The authors established a database of 

buildings damaged by the earthquake. The database was divided into two 

components: building database, which includes information such as year of 
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construction and numbers of floors, and building collapse database, which specifies 

the level of collapse of the building, complete or half. Finally, the authors used an 

empirical method utilizing the collected data to construct the assessment model and 

plot two types of fragility curves, complete collapsed RC buildings constructed in 

different years, and complete collapsed buildings of all types of structures.  

Erberik and Elnashai [45] derived fragility curves for flat-slab structures in 

order to successfully mitigate potential losses and to aid in post-disaster decision-

making processes. The study was motivated by the inferior performance of this type 

of construction under earthquake loading. Due to the absence of deep beams and/or 

shear walls, flat slabs systems possess low transverse stiffness, which may cause 

excessive deformations under earthquake loading. In order to perform the analysis, a 

five story flat-slab building model was designed; and static pushover and dynamic 

time history analyses were performed using the software ZEUS-NL [46]. Ten ground 

motions that are compatible with the code spectrum were used in the seismic design 

of the building. The inter-story drift was used as the controlling parameter in 

determining the limit states since the behavior and the failure modes of such 

structures are governed by deformation. Finally, inelastic response-history analysis 

was used to evaluate the seismic response of the model and to derive the fragility 

curves. These curves were implemented into HAZUS to develop HAZUS-compatible 

fragility curves and to estimate losses due to different earthquake scenarios. 

Akkar et al. [47] established fragility functions for low- and mid-rise ordinary 

concrete buildings in Turkey. The authors adopted a hybrid approach where building 

capacities are derived from field data and their dynamic responses are calculated by 

response history analysis. In that sense, a combination of empirical and analytical 

methodologies has been used in this study. The buildings in this study were 

categorized into subgroups with respect to their number of stories. The reason behind 

this is that field observations after recent damaging earthquakes indicated a 

significantly increasing damage trend with the number of stories. Lateral-load 

displacement characteristics of typical reinforced concrete buildings in Turkey have 

been determined by investigating 32 sample representative buildings. Lateral 

stiffness, strength, and deformation capabilities of the sample buildings were 

determined by pushover analysis. Moreover, the authors specified three damage 

states, immediate occupancy, life safety, and collapse prevention. The inelastic 
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dynamic structural characteristics of the investigated buildings are represented by a 

set of equivalent SDoF systems and their seismic deformation demands are calculated 

under 82 ground motion records. As a final point, the fragility curves of the two 

groups of buildings were plotted as the probabilities of exceeding the specified 

displacement-based limit state (global drift in this case) underground excitations, 

where seismic intensities are expressed in peak ground velocities (PGV) terms.  

Kircil and Polat [48] developed fragility curves for mid-rise R/C frame 

buildings in Turkey based on numerical simulation with respect to the number of 

stories of the buildings. Sample 3, 5 and 7 story building models were designed 

according to the Turkish seismic design code. The model buildings were then 

analyzed under the effect of twelve artificial ground motions. Fragility curve were 

then plotted for two limit states, yielding and collapse. The derived fragility curves 

were constructed in terms of spectral acceleration, PGA and spectral displacement.  

Ji et al. [49] presented an analytical framework for seismic fragility 

assessment of RC high rise buildings. The first step in the proposed framework is to 

develop a simple-lumped model that can capture key aspects of the dynamic behavior 

of RC high-rise structures including inelasticity, second-order geometric nonlinearity, 

and frame wall interactions. The selection of appropriate parameters was made 

possible using genetic algorithms, an implicit goal-seeking technique. The advantage 

of this lumped model is that it provides an efficient computational model for 

conducting dynamic response history analysis, from which fragility relationships 

could be derived. To develop the fragility relationships, more than two thousand 

dynamic response history analyses were conducted. Their study also considered 

uncertainty in structural material values as well as seismic demand. Thirty natural and 

twenty artificial strong motion records were selected for the analyses that would 

produce an appropriate range in structural response parameter due to variation in 

magnitude, distance and site condition. Fragility curves were developed for three 

damage states, serviceability, damage control, and collapse prevention. A schematic 

Figure of the proposed framework is depicted below. 
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Figure 7: Fragility Assessment Model [49]. 

 

Rota et al. [50] derived empirical fragility curves for approximately 163,000 

buildings which were surveyed after Italian earthquakes for the past 30 years. The 

authors considered the following factors when classifying building: 1) the type of 

vertical and horizontal bearing structure, since it is the most important factor affecting 

the seismic response of a building; 2) the number of stories of the building, as this 

factor is also directly related to the seismic behavior of the structure; and finally 3) the 

period of construction. The latter parameter is a crucial factor influencing the 

vulnerability evaluation, since it determines constructive details and design criteria 

enforced in a given area. The authors also recognized that many other aspects 

influence the overall performance of a building during an earthquake, such as 

torsional irregularity and site planning. However the authors chose not to include such 

aspects in the classification since finer subdivisions would require correspondingly 

more vulnerability functions to be defined. Furthermore, the authors identified five 

levels of damage states and used the PGA as the intensity measure since Italian hazard 

maps are described in terms of PGA and thus PGA fragility curves were needed in 

order to develop risk scenarios. The buildings in this study were classified according 

to three parameters: 1) the type of vertical bearing structure, 2) the number of stories, 

and 3) the year of construction. After combining the relevant data, fragility curves for 
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the five limit states were directly derived by fitting the experimental points with a 

lognormal distribution using appropriate weights in order to account for the reliability 

of each point. 

Miura et al. [51] estimated building damage due to a scenario earthquake in 

Metro Manila, Philippines based on seismic performance of buildings evaluated by 

local experts' judgments. The buildings under consideration in this study were 

categorized according to: structural types, number of stories, and design vintage. 

Structural types are further subdivided into three types: concrete hollow block 

buildings, reinforced concrete moment frame buildings, and reinforced concrete shear 

wall buildings. While other types of systems exist in Manila (steel/wood buildings), 

the authors chose to disregard them since they form around 20% of the general 

building stock of the region. The range of stories is classified into three categories: 

low-rise (1-3 stories), mid-rise (4-7 stories), and high-rise (8+ stories). Design vintage 

relates the building to its construction year and is also further divided into three sub-

categories: sub-type 1 includes building constructed after 1992; sub-type 2 includes 

building constructed between 1972 and 1992, and finally sub-type 3 includes 

buildings constructed before 1971. The choice of these years corresponds with the 

establishment of the national structural code of the Philippines, where it was first 

implemented in 1972, and revised during 1981, 1986, 1992, and 2001. For the damage 

estimation, building capacity and fragility curves are plotted from information 

gathered by questionnaires given to experts of structural and local engineers in Metro 

Manila. The questionnaires are composed of questions for six parameters: anticipated 

natural vibration period of each building type, seismic mass of the building, design 

strength, strength at yield and ultimate point, and ductility. The buildings in Manila 

were classified by the authors according to structural type, number of stories, and 

design vintage. The responses of the experts are integrated by the Delphi method in 

order to produce capacity curve, which consists of spectral displacement and 

acceleration at yield and ultimate capacity, for each building category. The Delphi 

method is based on a structured process for collecting and distilling knowledge from a 

group of experts by means of a series of questionnaires interspersed with opinion 

feedback. Fragility curves were then developed from the results of the questionnaires. 

In order to validate the capacities derived from the Delphi method, they are compared 

with results of pushover analysis for typical buildings in Metro Manila. The pushover 
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analysis was performed to a representative two-story RC building and a representative 

ten-story RC building. Finally, capacity curves using the Delphi method and pushover 

analysis were compared. 

Gencturk et al. [25] presented a new method for fragility analysis of 

population buildings. Their procedure mainly revolves around four key steps: 1) 

determining the capacity of the buildings through pushover curves, either analytically 

derived or based on expert-opinion, 2) determining earthquake demand (in this case, 

acceleration time histories), 3) assessing the structures through the CSM method, and 

4) generating fragility curves. The authors applied these steps to a wide range of 

buildings and the fragility were presented in two forms; conventional and HAZUS 

compatible.  

Maniyar et al. [52] presented a methodology for obtaining seismic yield and 

collapse capacities for typical non-seismic RC frames buildings. The sample 

building's structural system consisted of RC frames that support brick walls and slabs. 

This type of structure was targeted in this study since it represents a significant stock 

of urban residential buildings in developing countries. A hysteretic model of the 

reference structure that considers stiffness degradation, ductility-based strength decay, 

hysteretic energy-based strength decay and pinching was analyzed using the computer 

package IDARC-2D [53]. In order to analyze the model, twenty ground motion 

records representative of large magnitude and medium distance earthquakes were 

used to capture ground motion variability and to provide adequate accuracy in the 

estimation of seismic demands. After creating the model and selecting the appropriate 

ground motion records, IDA was performed. The authors adopted the maximum 

interstory drift ratio as the main performance criterion, while PGA and spectral 

acceleration were used as the intensity measures. The capacity of the structure was 

achieved by scaling the ground motions from low values of intensity measures to 

higher values. The IDA was carried out until dynamic instability occurs. Using the 

results of IDA, IDA curves were plotted for different seismic events. Also, the curves 

were utilized to determine the performance levels used in generating fragility curves. 

The basic performance levels considered in this study were yielding and collapsing. 

Finally, the authors constructed fragility curves and hazard survival curves. The 

fragility curves were derived in terms of the intensity measures; whereas the hazard 

survival curves were plotted by changing the horizontal axis of the fragility curve 
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from the IM to the return period in years. The hazard survival curves were plotted for 

three levels: Serviceability Earthquake (SE), Design Basis Earthquake (DBE), and 

Maximum Considered Earthquake (MCE). The authors concluded that spectral 

acceleration is a better intensity measure than the PGA for predicting the yielding and 

collapse damage states. Also, they state that the hazard survival curve show clearly 

the vulnerability of this type of structures against the abovementioned hazard levels.   

Askan and Yucemen [54] presented three different methods for predicting 

potential seismic damage to low and mid-rise RC buildings in Turkey. The first 

method developed "best estimate" damage probability matrices by combining expert 

opinion and the damage statistics compiled from recent earthquakes that took place in 

Turkey. The second method involved a reliability based model, which treats the 

earthquake force and seismic resistance as variables. The final method consisted of a 

discriminant analysis technique that is used to carry out a statistical analysis on the 

damage compiled during recent earthquakes. The results of each method are obtained 

as damage ratio and fragility functions. The authors mention that comparison of the 

results indicate that the seismic damage estimates of the methods are consistent 

among themselves. 

While numerous projects have been conducted in different parts of the world 

to come up with a loss assessment process, very few studies have been undertaken in 

the Middle East. In an attempt to meet this vital need, Mwafy [55] proposed a 

framework for developing a vital component of loss assessment systems, fragility 

relationships. The framework mainly focuses on deriving analytical fragility curves 

for modern high-rise buildings in the UAE. High-rise buildings were targeted in this 

study since they represent a high level of financial investments and population 

densities. Another factor which motivated this study is the increased rate of seismic 

activity in the region, mainly due to long-distance events from Southern Iran along 

with earthquakes from local seismic faults. The procedure of deriving fragility 

relationships were summarized by the author in six steps: 1) selection and design of 

reference structures; 2) analytical modeling and analysis procedure; 3) uncertainty 

modeling; 4) input ground motions; 5) fragility relationship and scaling approach; and 

finally 6) performance criteria. Six high-rise RC reference structures, varying in 

height from 10 to 60 stories, were selected and designed according to the building 

codes and construction practice adopted in the UAE. Inelastic Pushover Analyses 
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(IPA) and Incremental Dynamic Collapse Analyses (IDCAs) were performed on the 

reference structures using ZEUS-NL [46]. Also, the author only accounted for 

uncertainties in seismic hazard and structural characteristics (building height and 

period) in this study. In order to perform the IDCAs, two sets of natural and artificial 

earthquake record sets are selected. The selected records represent two seismic 

scenarios: severe distant earthquakes and moderate close events. To derive the 

fragility functions using IDCAs, the six analytical models of the reference structures 

were combined with the aforementioned ground motion sets. In this study, the input 

ground motions are scaled using their PGA, which is selected as the measure of 

ground motion intensity. Each ground motion is scaled to different intensity levels 

until the satisfaction of the performance levels are reached. Following the ASCE/SEI 

41-06 [56] approach, three performance levels that are adopted in this study: 

Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP). In order 

to determine when a performance level is exceeded, the author has utilized the 

interstory drift ratio (IDR) as the main performance criterion.  Finally, a large number 

of inelastic response history analyses were performed on the reference models to 

derive the fragility relationships for different limit states. The main findings of this 

study indicate that modern high-rise buildings in the UAE are vulnerable to the severe 

distant seismic scenario anticipated in the earthquake-prone areas of the UAE. 

Moreover, limit states were exceeded at higher ground motions intensities for taller 

buildings, which suggest that earthquakes have higher impact on low-rise buildings. 

Using the proposed method by FEMA-P695 [27], Comeau et al. [57] 

developed seismic force modification factors for cold-formed steel strap braced walls 

to be used in conjunction with the National Building Code of Canada. The study was 

motivated by the lack of seismic code provisions for cold formed steel (CFS) framing 

systems. In order to justify the applicability of such systems, the authors carried out 

nonlinear dynamic analyses of multi-story CFS framed structures using a 

methodology adopted from FEMA-P695. Buildings that ranged in height from 6m to 

20m and located in three different cities were used as reference structures in this 

study. Two-dimensional models were constructed and utilized for the nonlinear 

dynamic time history analyses in order to obtain the dynamic properties of the 

reference structures. The authors also used 45 earthquake records for the nonlinear 

analyses, which were comprised of simulated, recorded and single closely matched 
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records. In addition, scaling factors were applied to the input ground motions such 

that the spectral acceleration of the ground motion and the uniform hazard spectra 

were approximately equal to the average fundamental period of the models. Dynamic 

analyses were then performed for each model using the records scaled to the 

respective uniform hazard spectra, which was considered the baseline maximum 

credible earthquake and thus assigned a scaling factor of 1.0. Afterward, each of the 

records was scaled incrementally from 0.2 to 6. The maximum inter-story drift was 

used as the damage measure for each analysis. Using the result of incremental 

dynamic analyses, the authors constructed IDA curves, which represent the maximum 

drift of a building at a particular scaling factor. IDA plots are combined with IDA 

results in order to develop fragility curves, which are displayed \n Figure 8. The 

curves represent the probability of collapse of failure due to the ground motions 

included in the dynamic analyses.  

 

 

Figure 8: Sample Fragility Curve Developed by [57] using the FEMA Methodology. 

Jeong et al. [58] evaluated the seismic performance of medium rise code-

designed multi-story RC buildings using analytically-derived fragility relationships. 

The study was motivated by the urgent need to investigate the seismic safety of code-

compliant buildings at different performance levels; since such buildings have 

reported human and economic losses due to recent earthquakes.  In order to meet this 

need, the authors focused on formulating fragility relationships for a wide range of 
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code-compliant RC buildings. Twelve representative buildings were selected and 

designed as per appropriate building codes. The structural properties of the structures 

are varied to represent the common type of RC buildings. In addition, the fiber-based 

finite element program ZEUS-NL [46] was used to develop analytical models of the 

structures and perform analyses. The analyses consisted of inelastic response-history 

analyses (RHAs) for each reference building using sixty natural records. The records 

were carefully selected to represent three ground conditions: rock, stiff soil and soft 

soil. Moreover, each input ground motion was scaled to twelve different intensity 

levels to obtain response statistics necessary for deriving fragility curves. The authors 

utilized the interstory drift ratio as the main measure of structural demand, and 

implemented three performance levels according to ASCE/SEI 41-06 [56] (IO, LS 

and CP). The last step was performing a large number of inelastic dynamic analyses 

to derive the fragility functions. The main findings of the study state that the majority 

of reference structures satisfied the LS performance level; which implies that RC 

frame buildings designed to modern seismic codes are expected to have satisfactory 

seismic performances from a conventional seismic design viewpoint.  In addition, no 

clear trend was identified in comparing the limit state probabilities of buildings 

designed to different ductility levels. The final output of this study was the derivation 

of a simple relationship for quantifying the limit state probabilities of medium rise RC 

buildings designed to modern seismic codes. 

2.4 Loss Estimates 

Chan et al. [59] proposed an innovative and approximate method to estimate 

earthquake losses using local GDP and population data instead of the detailed 

building inventory required in previous studies. The method combines seismic hazard, 

GDP, population data published earthquake loss data, and the relationship between 

GDP and known seismic loss, to estimate earthquake loss from the following 

equations: 

𝐿 =  ∑𝑃(𝐼)𝐹(𝐼,𝐺𝐷𝑃)𝐺𝐷𝑃        (3) 

where L is the economic loss, P(I) is the probability of an earthquake of 

intensity I, and F(I,GDP) is a measure of the area's vulnerability to earthquake damage 

for a given GDP value and earthquake of intensity I. The GDP is used as a 

macroeconomic indicator to represent the total exposure of an area in the earthquake 
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loss estimation. F(I,GDP) is determined from the relationship between reported losses 

from earthquakes to the computed GDP of the affected area.  

Wyss and Al-Homoud [60] estimated the associated seismic risk with scenario 

earthquakes in the UAE. The study considered different earthquake sources, including 

local (such as the Dibba Line) and regional (such as Makran) sources. The scenario 

earthquakes were modeled as point sources and their location and sizes were assumed 

based on the history of the study area. The potential number of causalities was then 

estimated using the computer code QUAKELOSS. The damage estimates ranged 

from minor to very serious, according to the scenario and seismic source considered. 

However, the authors state that their estimations might be underestimated as several 

factors that may influence the results, such as local site amplification factors, were not 

accounted for. 

Graf [61] presented a comprehensive summary on seismic risk assessment. 

The author suggested ATC-13, as the seismic loss estimation standard. ATC-13 

relates damages to different structural damage states to yield estimates for the 

expected losses, human or economic. It defines damage probability matrices that can 

be used in loss estimation. These matrices are given for different types of losses: 

human losses in terms of death, serious injuries and minor injuries, or structural 

damage factors that can be used to estimate the structural damage and the 

corresponding economic loss. 
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Chapter 3: Input Ground Motions 

3.1 Introduction 

The dynamic behavior of a structure during an earthquake depends heavily on 

the characteristics of the applied ground motion. Ground motion parameters that are 

of interest include peak ground acceleration, peak ground velocity, peak ground 

displacement, duration, frequency, and Arias intensity. Thus, input ground motions 

are a key ingredient of seismic risk studies as it greatly affects the output of fragility 

curves. In addition, many previous studies have shown that input ground motions 

have a major impact on uncertainties in vulnerability studies [62]. There are three 

types of ground motion records: real records, which are recorded from seismic 

monitoring stations; synthetic records, which are generated using seismological 

models with pre-determined ground motion parameters; and artificial records, which 

are generated to match a target spectrum. Ideally, when performing a seismic risk 

study, it is preferable to use real ground motion retrieved from local and regional 

sources of the area of interest.  

3.2 Dubai Earthquake Records 

3.2.1  Dubai Seismic Network. No historical reports exist that indicate the 

precedence of massively destructive earthquakes in the UAE; however this could be a 

result of the lack of catalogue completeness with respect to earthquakes with a 

magnitude greater than 5 [63]. However, the effects of the 2002 Masafi earthquake 

and the recent increase in high-rise construction attracted attention towards the nature 

of local seismic activity in the UAE. In addition, the UAE is located next to Iran, 

which is one of the most active seismic regions in the world. The historical seismicity 

of the region is shown in Figure 9. The aforementioned factors motivated numerous 

attempts to gather information regarding local and regional earthquakes. In order to 

provide support to governmental organizations and to raise public awareness to the 

threats of earthquakes, Dubai Municipality installed the first earthquake monitoring 

network in the UAE in April 2006. The seismic monitoring network consists of a 

central processing unit located in the Survey Department in Dubai Municipality, 

which receives data from four seismic stations. The stations are located in Hatta, 

Nazwa, Al-Faqqa and Al-Ashush, as displayed in Figure 10. The network is 
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completely based on TCP/IP communication which allows for real-time and accurate 

acquisition of ground motions. The network also exchanges data with the National 

Center of Metrology and Seismology of Abu Dhabi, the Earthquake Monitoring 

Center of Oman and the National Seismic Network of Kuwait. The real time data 

exchange between the network located in Dubai and the neighboring stations 

increases the chances of detecting smaller earthquakes in the region. 

 

 

Dubai 

 

Figure 9: Seismicity Map of the UAE (1973-2009, depth in km) Adopted from [21]. 
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Figure 10: Dubai Seismic Stations [63]. 

 

3.2.2 Local and regional records. During the period of 2006-2011, the Dubai 

Seismic Network recorded thousands of regional and local events, including events 

originating from the Masafi area and Iran. For the purpose of this research, a total of 

30 regional records and 13 local records were retrieved from the seismic network in 

order to perform incremental dynamic analysis. The network records earthquakes in 

raw data format however they were converted to acceleration time-series format, 

courtesy of the Geodesy and Hydrographic Survey section of Dubai Municipality. 

Each earthquake was retrieved as four separate ground motion acceleration time-

series as recorded by the four stations; and the records contained ground acceleration 

data in the horizontal and vertical directions. Finally, the records were displayed as 
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acceleration, velocity and displacement time histories using the computer software 

SeismoSignal [64]. SeismoSignal provides an efficient method to display different 

formats of accelerograms and displays the acceleration, velocity, and displacement 

time series. The program also reports the response spectra for different damping 

values and ground motion parameters for each accelerogram.    

The regional and local records were processed using SeismoSignal in order to 

perform incremental dynamic analysis for the representative buildings in Dubai. 

Unfortunately however, the records exhibited very small ground motion parameters 

(mainly PGA, PGV and energy content) such that scaling them to very high values 

would distort them into physically unrealistic forms. Figures 11 and 12 show the 

output of SeismoSignal of one of the local records, while Table 3 summarizes the 

ground motion parameters for that record. (Appendix A displays information about 

each local and regional record retrieved from the seismic network). The table and 

Figures clearly indicate the small ground motion parameters of the record. Therefore, 

it was essential to search for a different source of input ground motion in order to 

perform vulnerability analysis for buildings in Dubai.  

 

 

Figure 11: Acceleration Time History for a Local Earthquake Recorded by Dubai Seismic 
Network, PGA = 0.042 cm/s2, Moment Magnitude = 4.5, Focal Depth = 10 km. 
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Figure 12: Elastic Response Spectrum for the Local Earthquake at 5% Damping. 

 

Table 3: Sample of the Ground Motion Parameters for the Local Earthquake. 

Station 

Name 
Component 

PGA 

(cm/sec2) 

PGV 

(cm/sec) 
PGD (cm) 

Vmax/Amax 

(sec) 

Hatta East-West 0.04191425 0.004583778 0.000473726 0.109360853 

Hatta North-South 0.01959281 0.002612156 0.000485591 0.133322155 

Hatta Vertical 0.02256506 0.001498344 0.0004733 0.066401066 

Nazwa East-West 0.01821762 0.002093441 0.00037402 0.114912965 

Nazwa North-South 0.0123744 0.000973469 0.000179034 0.078667978 

Nazwa Vertical 0.01087621 0.000919723 0.000194211 0.084562814 

Ashush East-West 0.01215709 0.001124475 0.000296114 0.092495377 

Ashush North-South 0.01144523 0.001116074 0.000364851 0.097514289 

Ashush Vertical 0.008801664 0.000829413 0.000494785 0.094233651 

Faqqa East-West 0.02250568 0.001906485 0.000245897 0.084711287 

Faqqa North-South 0.01964051 0.001438542 0.000225803 0.073243619 

Faqqa Vertical 0.01182463 0.001046218 0.000178523 0.088477885 

 

3.3 FEMA-P695 earthquake records. Due to the scarcity of strong-motion 

recordings for Dubai, a suite of strong ground motion records provided by FEMA-

P695 was used to carry out the nonlinear dynamic analysis in this study [27]. Mainly, 

the record set recommended by FEMA-P695 were chosen because they satisfy a 

number of conflicting objectives: 1) The record set is compliant with the requirements 

of the ASCE/SEI 7-05 code, 2) they represent very strong ground motions which are 
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equivalent to the MCE intensity, 3) the record set contains a large and sufficient 

number of records such that they describe the median value and record-to-record 

variability of collapse capacity, 4) the records are applicable to collapse evaluation of 

a variety of structural systems (i.e.: the records do not depend on building-specific 

properties of the structure), 5) the records are not dependent on site characteristics and 

can be used for the evaluation of structures located at different sites. The FEMA-P695 

document provides two sets of records for collapse assessment using nonlinear 

dynamic analysis, a Far-Field (FF) record set and a Near-Field (NF) record set. In this 

study, a total of 44 real records (Far-Field record set) are used to carry out IDAs. The 

Far-Field record set consists of 22 component pairs of horizontal ground motions 

from sites located greater than or equal to 10km from fault rupture, as displayed in 

Table 4. The records were retrieved from the PEER strong ground motion database. 

These records were recorded on sites classified as either C or D and are considered 

representative of the hazard due to shallow crustal earthquakes along the west coast of 

the United States [57]. For the purpose of the concerned region of this study (the 

UAE), these records were scaled to match a response spectrum for Dubai. Several 

seismic hazard studies in Dubai [1], [5], [8] have recommended spectral acceleration 

values (short and long period) to be used in seismic design, which are displayed in 

Table 5. As these recommendations provide diverse values, the values reported by 

Sigbjornsson and Elnashai [5] are adopted in this study since, from a structural 

engineering point of view, they represent the most conservative design considerations. 
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Table 4: Summary of the Far-Field Record set as Provided by FEMA-P695. 

ID M Year Name Fault Type E. Distance PGA (g) PGV (cm/s) 

1 6.7 1994 Northridge Thrust 13.3 0.52 63 

2 6.7 1994 Northridge Thrust 26.5 0.48 45 

3 7.1 1999 Duzce, Turkey Strike-slip 41.3 0.82 62 

4 7.1 1999 Hector Mine Strike-slip 26.5 0.34 42 

5 6.5 1979 Imperial Valley Strike-slip 33.7 0.35 33 

6 6.5 1979 Imperial Valley Strike-slip 29.4 0.38 42 

7 6.9 1995 Kobe, Japan Strike-slip 8.7 0.51 37 

8 6.9 1995 Kobe, Japan Strike-slip 46 0.24 38 

9 7.5 1999 Kocaeli, Turkey Strike-slip 98.2 0.36 59 

10 7.5 1999 Kocaeli, Turkey Strike-slip 53.7 0.22 40 

11 7.3 1992 Landers Strike-slip 86 0.24 52 

12 7.3 1992 Landers Strike-slip 82.1 0.42 42 

13 6.9 1989 Loma Prieta Strike-slip 9.8 0.53 35 

14 6.9 1989 Loma Prieta Strike-slip 31.4 0.56 45 

15 7.4 1990 Manjil, Iran Strike-slip 40.4 0.51 54 

16 6.5 1987 Superstition Hills Strike-slip 35.8 0.36 46 

17 6.5 1987 Superstition Hills Strike-slip 11.2 0.45 36 

18 7 1992 Cape Mendocino Thrust 22.7 0.55 44 

19 7.6 1999 Chi-Chi, Taiwan Thrust 32 0.44 115 

20 7.6 1999 Chi-Chi, Taiwan Thrust 77.5 0.51 39 

21 6.6 1971 San Fernando Thrust 39.5 0.21 19 

22 6.5 1976 Friuli, Italy Thrust 20.2 0.35 31 

 

 

Table 5: Spectral Acceleration Values for Dubai. 

Study S1 Ss 

Sigbjornnson & Elnashai (2006) 0.5879g 0.7091g 

Peiris et al. (2006) 0.102g 0.186g 

Aldama-Bustos et al. (2009) 0.064g 0.184g 
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3.4 Scaling of Input Ground Motion Records 

Since Dubai lies in a low-to-moderate seismic zone, the lack of sufficient 

strong motion records frequently leads to the use of artificial records [65]- [66]. While 

artificial records may represent a convenient tool, their shortcoming, such as the 

variation with the real ground motion records in terms of number of cycles, are widely 

recognized and thus their use is not recommended. In order to overcome such 

shortcomings, the use of real earthquake records from higher seismic zones and 

scaling them to reduce their values or match a target spectrum is greatly encouraged. 

Even though in some sense, the resulting records can be considered "artificial", the 

records can still retain most of the characteristics of real earthquake records. 

Generally speaking, the earthquake records are scaled to fit a target spectral 

acceleration associated with a given period.  Several studies have been performed to 

develop ground motion scaling records; some of these methods include: geometric-

mean scaling of pairs of ground motions, spectrum matching of ground motions, first-

mode-period scaling to a target spectral acceleration, and scaling of ground motions 

per the distribution of spectral demands [67].  

Referring to the spectral acceleration values provided by Sigbjornnson and 

Elnashai, a response spectrum using the procedure of the IBC 2009 [68] is constructed 

and presented in Figure 13. Site class D is assumed and accordingly, site coefficients 

Fa and Fv are taken as 1.232 and 1.5, respectively. Furthermore, the design spectral 

accelerations SDS and SD1 are calculated to be 0.58 and 0.59, respectively.  As a result, 

seismic design category for the structures was assigned as D. The 44 records used in 

this study are scaled to fit the above-mentioned response spectrum in order to perform 

time history analyses. Spectrum matching of ground motions is utilized in this study. 

The scaling procedure was performed using the computer code RSPMATCH 2009, 

developed by Abrahamson [69] and later modified by Hancock et al. [66]. The 

computer code performs spectral matching using wavelets that avert the need to apply 

a baseline correction. The program also allows accelerograms to be matched to the 

pseudo-acceleration or displacement spectral ordinates as well as the spectrum of 

absolute acceleration, and additionally allows the matching to be performed 

simultaneously to a given spectrum at several damping ratios. As shown in Figure 14, 

the scaling procedure displayed acceptable results as the response spectra of the 
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individual records were in good accordance with the target spectrum. Moreover, the 

results were compliant with section 16.1.3.2 of the ASCE7-05 standard [70]. 

 

Figure 13: Target Spectrum 

 

Figure 14: Comparison Between the Response Spectra of the Scaled Records Against the Target 
Spectrum 
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Chapter 4: Selection and Modeling of Representative Buildings 

4.1 Introduction 

Providing a detailed description of the building stock at risk is a critical step in 

seismic risk assessments.  Compiling an inventory database of the building stock for a 

city like Dubai (Figure 15) poses a major challenge in performing a loss estimation 

procedure. This is mainly due to the large amount of data needed if an accurate 

database is desired. In a developing environment such as Dubai, where detailed 

surveys are scarce and the inventory is constantly changing, collecting reliable 

information regarding the building stock becomes a difficult task.  Consequently, in 

this research as well as previous studies [42]- [71], data regarding the distribution of 

the building stock was collected using official local surveys, high-resolution satellite 

images, GIS data of existing construction and urban development, and confirmatory 

field visits. 

In this research, five reference structures were chosen according to the 

HAZUS classification system to be representative of the building stock in Dubai. 

Thus buildings were classified according to height, usage and structural system. 

Building distribution and assignment in this study was based on sector usage and 

population density due to the limited resources. Although some governmental 

institutions maintain partial inventory databases, they do not include all the required 

information needed to accurately categorize the buildings in Dubai and their 

distribution. In addition, only two sectors were considered, residential and 

commercial. Also, special buildings and emergency response facilities such as 

schools, hospitals, police stations, and iconic towers are not considered; although a 

complete risk assessment study for the city would require the considerations of such 

buildings. 
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Figure 15: Aerial Photo of Dubai  

(Source: http://www.burjdubaiskyscraper.com/2007/burj_dubai_location.jpg) 

4.2 Building Inventory Classification 

According to Dubai Municipality, Dubai is comprised of 221 areas or 

neighborhoods, which are divided into three sectors: residential, commercial and 

industrial. The classification of sectors is shown in Figure 16. Data regarding the 

sector usage was retrieved from Dubai Municipality [28]. As displayed in Figure 16, 

the bigger segment of Dubai consists of the residential sector, which makes up 42% of 

the areas. The commercial sector forms 21%, while the industrial sector only forms 

7% of the areas, which justifies the exclusion of the industrial sector from this study. 

30% of the areas in Dubai are yet to be defined in terms of usage and thus such area 

were labeled as "unidentified". Through site visits and satellite images, it was 

observed that most of these areas consist of deserts, ranches and oil fields; therefore 

the unidentified regions were not included in this study. Finally, Figure 17 shows a 

GIS-based map that was constructed using the commercial software ArcMap 9.3 [72] 

that displays the sector usage of the neighborhoods of Dubai. The right-hand side of 

the map displays Hatta, which is under the jurisdiction of Dubai however not 

geologically attached to the city.  

Buildings in the industrial sector are comprised of steel warehouses with 

unreinforced masonry walls and low rise concrete frame buildings (labor 

http://www.burjdubaiskyscraper.com/2007/burj_dubai_location.jpg
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accommodations). The residential sector mainly consists of low-rise frame and low-

rise shear wall buildings (villas); however there are few mid-rise wall buildings 

(shopping malls, schools and hospitals). Finally, the commercial sector consists of 

mid-rise shear wall buildings and high-rise wall and frame buildings (apartment and 

office buildings). This research focuses on the residential and commercial buildings, 

which include villas, office and residential buildings. The main structural systems that 

are used in the UAE for such buildings are RC concrete frame buildings with flat 

slabs and RC shear wall buildings with flat slabs. In order to categorize the buildings 

in Dubai, the building classification system that was adopted in this thesis followed 

the classification system of HAZUS [19]. Imbedded in HAZUS is a database which 

contains detailed classification for buildings according to their height, use and 

structural system type (Table 1). According to the HAZUS classification system, 

concrete buildings with 1 to 3 stories are classified as low-rise, while buildings with 4 

to 7 stories are classified as medium. Finally, high-rise buildings are buildings with 8 

stories and above. Two structural systems are also considered in this study, concrete 

frame buildings and concrete shear wall buildings. 

 

Figure 16: Pie Chart Showing the Percentage of Sectors in Dubai.
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Figure 17: GIS-Based Map Displaying the Sector Usage in Dubai
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4.3 Representative Buildings Modeling and Description 

For the purpose of this research, five reference structures were selected to 

represent residential and commercial buildings in the UAE. Three buildings were 

analyzed and designed to reflect the current state of practice and design in Dubai, and 

two buildings are actual existing buildings whose design and drawings were retrieved 

from Dubai Municipality. The five representative buildings are as follows: 

• Low-rise Concrete Frame (2 stories) (C1) 

• Low-rise Concrete Wall (2 stories) (C2) 

• Mid-rise Concrete Wall (6 stories) (C3) 

• High-rise Concrete Wall (12 stories) (C4) 

• High-rise Concrete Frame (16 stories) (C5)  

The existing buildings that were used in this study are the low-rise frame 

building and the low-rise concrete wall building (C1 & C2). The structural system of 

the C1 building consists of ordinary, non-moment resisting concrete frames that 

support a 20 cm thick concrete flat slab. The building contains beams along each 

column’s axis. The plan of the low-rise frame buildings consists of three bays spaced 

at 6.5m, 5m and 6.5m in the longitudinal direction and three bays spaced at 5m, 5.5m 

and 5m in the transverse direction as shown in Figure 18. The floor to floor height is 

4m.The low-rise shear wall building consists of the same configuration however it 

includes a shear wall as shown in Figure 19. Both buildings are designed to resist a 

gravity load consisting of the self-weight of the structure, a superimposed load of 2.5 

kN/m2 and a live load of 2 kN/m2. The frame building resists both lateral and gravity 

loads by the gravity system, while the low-rise wall building resists lateral loads using 

a concrete shear wall. The plan and elevation of buildings C1 and C2 are 

demonstrated in Figures 18-20. 
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Figure 18: Structural Plan of Building C1. 

 

Figure 19: Strcutural Plan of Building C2. 
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Figure 20: Elevation for Buildings C1 and C2. 

 

The design of mid-rise and high-rise shear wall buildings (C3 & C4) was 

carried out using the commercial software package ETABS [73]. All concrete 

elements were designed according to the ACI 318 code [74]. The buildings were 

designed to resist lateral loads according to the 2009 edition of the International 

Building Code [68] for seismic forces and ASCE/SEI 7-05 [70] for wind loads. 

Accordingly, mapped spectral acceleration values Ss and S1were set to be 0.71 and 

0.59 respectively as recommended by Sigbjornnson and Elnashai [5]. The reference 

structures were designed on site class D with a long transition period TL equal to 8. 

The importance factor according to the code is 1 since the reference structures 

represent residential and commercial buildings. And finally, the response 

modification factor R was designated as 5 for the shear wall buildings. Design for the 

wind forces was carried out using a basic wind speed of 45 m/s and an exposure 
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story height is 3.9m. The configuration of buildings C3 and C4 is symmetrical, 

consisting of five bays spaced at 6.1 meters as shown in Figure 21. The shear walls 

are located at the perimeter and there is an opening in the middle of the slab for 

elevators and a stair case. All columns and walls are designed to limit the drift to 2%. 

Yield strength of reinforcing steel used in the design of the reference structures is 460 

MPa, while the compressive strength of concrete is 40 MPa.  The elevation of 

buildings C3 and C4 are displayed in Figures 22 and 23. 

. The high-rise frame reference structure used in this research (C5) was 

retrieved from another study performed by AlHamaydeh et al. [75]. The study 

developed seismic design factors for reinforced concrete moment resisting frames in 

Dubai. The building consists of a parameter SMRF tied by beams along the perimeter, 

and the plan is symmetrical with four bays spaced at 6 meters in each directions as 

displayed in Figure 24. Typical story height is 3.2m. All representative buildings have 

a symmetrical layout since the main aim of this study is to evaluate a group of 

buildings rather than a specific building undergoing torsional effects. Tables 6-8 

summarize the structural properties of the buildings. 
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Figure 21: Structural Plan of Buildings C3 and C4. 
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Figure 22: Elevation of Building C3 
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Figure 23: Elevation of Building C4. 
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Figure 24: Structural Plan of the Building C5 [75]. 
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Figure 25: Elevation of Building C5 [75]
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Table 6: Structural Elements for the Low-rise Frame and Wall Buildings. 

Floors Column 
Type 

Column size 
(cm2) 

Reinforcement 
(mm2) 

Beam 
Type 

Beam size 
(cm2) Reinforcement S. Wall size 

(cm2) 
As 
(%) 

2 Edge 20X40 1,206 B1 20X50 603 (T&B) 180X20 1.40% Interior 20X60 1,608 B2 20X60 603 (T&B) 

1 Edge 20X40 1,206 B1 20X50 603 (T&B) 180X20 1.40% Interior 20X60 1,608 B2 20X60 603 (T&B) 
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Table 7: Structural Elements for the High-rise and Mid-rise Shear Wall Buildings. 

Floors Column Type Column size (cm2) Reinforcement (mm2) S. Wall size (cm2) As (%) 

10
-1

1-
12

 Corner 70X70 16,096 680X25 2.2 
Edge 70X70 16,096 680X25 2.2 

Opening 70X70 16,096 680X25 2.2 
Interior 70X70 16,096 680X25 2.2 

7-
8-

9 

Corner 76X76 13,104 730X40 2.8 
Edge 76X76 13,104 730X40 2.8 

Opening 76X76 13,104 730X40 2.8 
Interior 76X76 16,096 730X40 2.8 

4-
5-

6 

Corner 82X82 12,072 730X40 2.8 
Edge 82X82 12,072 730X40 2.8 

Opening 82X82 13,104 730X40 2.8 
Interior 82X82 16,096 730X40 2.8 

1-
2-

3 

Corner 87X87 12,072 730X40 2.8 
Edge 87X87 12,072 730X40 2.8 

Opening 87X87 13,104 730X40 2.8 
Interior 87X87 16,096 730X40 2.8 
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Table 8: Structural Elements for the High-rise and Mid-rise Shear Wall Buildings. 

Floors Column Type Column size (cm2) Reinforcement (mm2) Beam size (cm2) Reinforcement (mm2) 

1st - 10th Corner 54X54 9,032 40X60 1135 
Interior 82X44 8,194 40X80 1419 

11th - 
16th 

Corner 54X54 2,848 40X60 1135 
Interior 60X40 2,271 40X80 1419 
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4.4 Building Distribution and Assignment 

In order to complete the building inventory for Dubai, different representive 

buildings were assigned to each area of Dubai. Assigning reference structures to each 

area was based on the sector usage. Since the residential sector contains mainly villas, 

buildings C1 and C2 were assigned to it . It was assumed however that each 

residential sector consisted of 80% C1 buildings and 20% C2 buildings. This division 

was based on the fact that the majority of villas in the UAE are compromised of 

framed structures [28]. Only villas with elevators have a shear wall and they were 

estimated to make up 20% of the residential building stock. On the other hand, 

buildings C3, C4 and C5 were assigned to the commercial sector. The percentages at 

which the reference structures were assigned are 30%, 60% and 10% respectively. 

While it is common practice for high-rise buildings in Dubai to have a shear wall, few 

old tall buildings in Dubai were made up of moment-resisting frames, which explains 

why such a small percentage was assigned to this type of building [28]. Alternatively, 

mid-rise and high-rise building distribution in the commercial sector was estimated 

from satellite images and site visits. Figure 26 displays the distribution of the 

representative buildings in this study. It is worth mentioning that no reference 

structures were assigned to the industrial and the unidentified sectors , as they are not 

included in this research.   

In this study, actual buildings' distribution was based on three factors: 

population density, satellite images and site visits. To obtain the number of buildings 

in the residential sector, the population density was divided by 10; as it was assumed 

that each villa houses 10 members. On the other hand, it was assumed that buildings 

in the commercial sector contained four apartments per floor which housed 4 

residents, therefore, it was assumed that each building contained the following 

number of residents: 

Population per building = [(4 apartments) X (4 residents) X (Number of floors)] 

Finally, to obtain the number of buildings per commercial sector, the 

population density was divided by the number of residents per building. Since three 

buildings are assigned to the commercial sector (C3,C4 and C5), each building was 

multiplied by its assumed percentage before calculating the total number of buildings. 
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The population density for each area was retrieved from the Statistical 

Yearbook of Dubai [76], published by the Dubai Statistics Center.  Refering  to the 

yearbook, the “unidentified” areas in  Dubai contain 0 population, which resassures 

that those areas are in fact uninhabited desert. Using the procedures listed above, GIS-

based maps were constructred that display the population density, building 

distribution, and reference structure assignment of each area. Appendix B also 

displays a detailed description of the sector information for the city of Dubai. 
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Figure 26: GIS Based Map Displaying the Assignment of Representative Buildings. 
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Figure 27: GIS Based Map Displaying the Population Density of Dubai Per Sector.
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Figure 28: GIS Based Map Displaying the Distribution of Buildings in Dubai.
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Chapter 5: Fragility Analysis 

5.1 Introduction 

Fragility curves are lognormal functions that relate the probability of 

exceeding a damage state to a given intensity measure [21]. The damage state can be 

defined using different parameters such as global drift ratio, interstory drift ratio or 

story shear force; while the intensity measure refers to the spectral response, such as 

PGA or PGV. These curves take into account the variability and uncertainty 

associated with capacity curve properties, damage states and ground shaking. 

 To assess the vulnerability of buildings in Dubai, nonlinear models of the 

reference structures were created using the IDARC software [53] and subjected to the 

suite of the input ground motions. Fragility curves were derived in this study using the 

technique proposed by the FEMA publication FEMA-P695 [27]. The maximum 

interstory drift ratio was considered to be the controlling damage state measure, while 

the intensity measure was taken as the PGA rather than Spectral Acceleration (Sa). 

The PGA was selected as an intensity measure for this study since it is more practical 

given that this research is concerned with assessing the structural vulnerability of a 

group of representative buildings rather than a single building. Using the Sa as an 

intensity measure would require scaling the suite of ground motions to match the 

fundamental period of each representative building. Finally, the limit states 

recommended by ASCE/SEI 41-06 [56] were adopted as the performance levels. 

5.2 Performance Level Evaluation 

When performing fragility analysis, establishing performance criteria is 

essential. Most recent studies and design guidelines have used the interstory drift ratio 

for the damage evaluation of structures. Different studies adopt different performance 

levels to quantify damage, while design guidelines provide a detailed description of 

the expected structural damage at each performance level. For instance, Kircil and 

Polat [48] developed fragility curves for mid-rise frame buildings in Turkey using two 

levels only: yielding and collapse. Ji et al [49] adopted three performance levels: 

serviceability, damage control, and collapse prevention to develop a framework for 

fragility analysis of concrete high-rise buildings. In addition, Ghobarah [77] proposed 

five limit states associated with ductile concrete wall structures. The proposed limit 
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states are: no damage, light repairable damage, irreparable damage or yield point, 

severe damage or life safety, and collapse. On the other hand, HAZUS [19] describes 

four limit states: slight, moderate, extensive, and complete. In HAZUS, slight 

structural damage for concrete shear wall buildings is described as, "diagonal hairline 

cracks on most concrete shear wall surfaces; minor concrete spalling at few 

locations". Similarly, the NEHRP provisions [78] describe four primary performance 

levels: Life Safety (LS), Immediate Occupancy (IO), and finally, Operational (OP) as 

displayed in Figure 29. ASCE/SEI 41-06 [56] implements three performance levels 

for concrete shear wall buildings and concrete frame buildings, these performance 

levels are IO, LS and CP.  

This study utilizes the performance levels suggested by ASCE/SEI 41-06. 

Namely, three limit states are utilized herein for the derivation of fragility curves: 

Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP). Since 

two types of structural systems are considered in this study (RC frames and RC 

walls), the ASCE/SEI 41-06 provides separate limit state values for each system as 

shown in Table 9. 

 

Figure 29: Performance Levels as Described by NEHRP [79]. 
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Table 9: Building Performance Levels Adopted from ASCE/SEI 41-06 [56]. 

Structural System 
ASCE/SEI Limits 

Collapse Prevention Life Safety Immediate Occupancy 

Concrete Frames 4% 2% 1% 

Concrete Walls 2% 1% 0.5% 

 

5.3 Modeling 

5.3.1 Nonlinear computer modeling and analysis procedure. Buildings 

exhibit nonlinear behavior during earthquakes; hence linear static or dynamic analysis 

does not accurately represent the actual structural response [75]. In order to carry out 

nonlinear incremental dynamic analysis, a specific program is required to model 

nonlinear behavior and hysteretic parameters. Nonlinear dynamic analyses of the 

representative buildings were performed using IDARC-2D [53]. IDARC-2D is a 

platform for nonlinear structural analysis in which various aspects of concrete 

behavior could be modeled. The finite-element based program was developed at the 

State University of New York at Buffalo and has been meticulously verified against 

experimental results and various past earthquake events and observations. IDARC is 

specialized in modeling frame structures with rigid or semi-rigid connections made of 

beams, columns, shear walls, connecting beams, edge elements, infill masonry panels, 

inelastic discrete springs and damping braces. The analysis methods provided by 

IDARC include nonlinear static analysis, nonlinear dynamic analysis, and quasi-static 

analysis. While the program is highly specialized, it is limited to two dimensions. 

However, two dimensional analyses is acceptable for this study given that the 

reference structures are symmetric and since the main aim of this study is to evaluate 

a group of buildings rather than a specific building undergoing torsional effects [75].  

The reference structures were modeled as a series of plane frames consisting 

of column, beam and shear wall elements. The program assumes that the floor 

diaphragms behave as a rigid horizontal link, therefore only one horizontal degree of 

freedom is required per floor [53]. In addition, different structural element models are 

integrated in the global stiffness matrix. The program takes into account flexural and 

shear deformations when modeling wall, beam and column elements. Moreover, by 

modeling a linear elastic spring, axial deformations are included for column and wall 



78 
 

elements only. On the other hand, the three parameter Park model, which is displayed 

in Figure 30, is used to model the components of flexural and shear deformations. The 

hysteretic model accommodates stiffness degradation, ductility-based strength decay, 

hysteretic energy-based strength degradation, and pinching due to slipping or crack 

closing. Recommended values that represent the severity of the hysteretic parameters 

provided by the program were used in the analyses of the reference buildings.  

IDARC allows a wide range of levels of severity, mainly: severe, moderate, mild and 

none. Since experimental results of the cyclic force-deformation properties of the 

structural components are not available, all hysteretic parameters for the purpose of 

this study were selected based on results of deformation controlled pushover analyses. 

In addition to hysteretic rules modeling, second order P-Delta effects were 

included in the analyses even though several studies have previously shown that P-

Delta effects are usually not dominant [75] when performing time-history analysis. 

Also, a damping ratio of 5% of critical is assumed in the nonlinear analysis. All lateral 

load resisting elements are assumed to be fixed at the base, while gravity load 

resisting elements are assumed to be hinged. Gravity loads are applied as vertical, 

cumulative point loads on each vertical element, while the mass is represented by 

nodal weights and they are non-cumulative for each floor. IDARC also accommodates 

modeling the effect of the rigid zones at the beam-column joints. Half the beam or 

slab thickness defines the rigid zone length for column elements, while half the width 

of the supporting column defines the rigid zone length for beam elements. Material 

properties that are used in the analyses, other than yield strength of the reinforcing 

bars and unconfined compressive strength for the concrete, are generated by the 

program using the following equations: 

• Initial Young’s Modulus of concrete (EC) =𝟓𝟕√𝑭𝑪 × 𝟏𝟎𝟎𝟎  (𝒌𝒔𝒊); where 

FC is the unconfined compressive strength of the concrete. 

• Strain at maximum strength of concrete (%) (EPS0) = 0.2%. 

• Stress at tension cracking (FT) = 0.12 × FC. 

• Ultimate strength of reinforcing steel (FS) = 1.4×FS; where FS is the yield 

strength of the reinforcing steel. 

• Modulus of elasticity (ES) = 29,000 (ksi). 

• Modulus of strain hardening (ESH) = (ES/60) (ksi). 



79 
 

• Strain at start of hardening (EPSH) = 3.0%. 

Using the above stated modeling assumptions, nonlinear time-history analyses 

were performed for each of the representative buildings using each record of the far-

field set as input ground motion. IDARC performs nonlinear dynamic analyses using 

a method that combines the pseudo-force method and the Newmark-Beta integration. 

The program reports the dynamic characteristics of the structure under analysis, as 

well as presenting the sequence of the yielding and cracking of structural elements. In 

addition, IDARC displays the maximum response of the structure using numerous 

parameters. The fundamental periods of the reference structure, as well as sample 

outputs of the program are displayed in the following tables and Figures.   

 

 

Figure 30: Trilinear Hysteretic Model [53]. 
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    Table 10: Fundamental Period of the Reference Structures 

Building Type Number of Stories Fundamental Period (sec) 

C1 2 0.75 

C2 2 0.52 

C3 6 0.95 

C4 12 2.1 

C5 16 2.8 

 

Table 11: Sample of the Dynamic Characteristics Output of Building C3. 

Mode 
Frequency 

(Hz) 

Period 

(sec) 

Participation 

Factor 

Modal Wt. 

(kips) 

Relative M. 

Wt. (%) 

1 1.05 0.95 3.62 5080.22 66 

2 5.58 0.18 2.10 1703.45 22 

3 13.16 0.076 1.23 584.47 8 

4 21.276 0.047 0.76 223.67 3 

5 28.29 0.035 0.41 67.87 0.9 

6 33.01 0.030 0.19 14.30 0.1 

 

Table 12: Sample Nonlinear Analysis Output of Building C3. 

Story 
No. 

Story 
Shear 

Drift 
Ratio 
(%) 

Story 
Drift 

Displacement 
(in) 

Velocity 
(in/s) 

Acceleration 
(in/s2) 

6 474.39 0.89 1.39 7.1 30.7 163.47 
5 636.68 0.88 1.37 5.71 23.13 127.11 
4 742.36 0.85 1.32 4.35 18.1 181.45 
3 918.5 0.8 1.24 3.06 13.2 169.9 
2 1214.43 0.7 1.1 1.84 8.88 182.33 
1 1550.13 0.48 0.75 0.75 4.52 240.25 
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Figure 31: Elevation of the C3 Building as Modeled in IDARC. 
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Figure 32: Sequence of Component Yielding/Cracking as Reported by the Program. 
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Figure 33: Final State of the Frame. 
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5.3.2 Hysteretic parameters modeling. Structures undergoing cyclic loadings 

resulting from earthquakes experience oscillatory motion with reversal of deformation 

[80]. A loss in stiffness occurs in the structure as the loading is applied and then 

removed or reversed, which is a form of hysteretic behavior. Hysteretic behavior of 

structures depends mainly on the structural system and materials. Evaluating the 

hysteretic behavior however may be achieved using rigorous laboratory testing or 

more recently through mathematical models. Nonlinear analytical modeling of 

structures undergoing severe ground shaking requires the models to reasonably 

represent the cyclic behavior of structural components [81]. As such, one of the core 

aspects of IDARC is the ability to model hysteretic behavior of structural elements. 

IDARC includes three models to demonstrate the nonlinear behavior of reinforced 

concrete structures: the polygonal hysteretic model, the nonlinear elastic-cyclic 

model, and the smooth hysteretic model [53]. In this research, hysteretic modeling 

was performed using the Tri-linear Park model as displayed in Figure 30, which is a 

type of the polygonal hysteretic model. Such models are based on piecewise linear 

behavior, and are most often motivated by actual behavioral stages of an element or 

structure, such as initial or elastic behavior, cracking and yielding. The Park model 

incorporates stiffness degradation, ductility-based strength deterioration, hysteretic 

energy based-strength decay, and pinching due to slipping or crack closing. 

Experimental results of the cyclic force-deformation properties of components typical 

to the structure being analyzed provide the best means of specifying the degrading 

behavior. However given that such experimental results are not available, coefficients 

representing the severity of the hysteretic parameters suggested by the IDARC 

manual were used in the analyses of the reference buildings. The manual suggests 

parameters representing four levels of severity: severe, moderate, mild and none. The 

determination of the various effects of each severity was determined using 

deformation-controlled pushover analyses.  

Nonlinear static or pushover analysis involves subjecting the structure under 

analysis to monotonically increasing lateral loads representing inertia forces in an 

earthquake until a target displacement is exceeded [56]. Thus, the relationship 

between the base shear and roof displacement is obtained, which is referred to as the 

back bone curve of a structure. Combining the back bone curve of a structure with 

pushover analyses is an efficient mean in predicting the capacity of a structure before 
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performing complex nonlinear dynamic and damage analyses [53]. In addition, the 

analysis can identify possible sequences of component yielding, the potential ductility 

capacity, the maximum base shear capacity and the maximum roof displacement. The 

maximum base shear is defined by FEMA-P695 as the highest base shear on the 

capacity curve. On the other hand, the ultimate displacement (δu) is defined as the 

roof displacement that corresponds to the point at which 20% strength loss has 

occurred (i.e.: 0.8Vmax). Figure 34 shows an idealized pushover curve with the 

definitions of maximum shear and displacement. 

 

 

Figure 34: Idealized Pushover Curve [27]. 

 

 In IDARC, pushover analysis can be carried out using force control or 

displacement control. In force-controlled analysis, the structure is subjected to a 

distribution of incremental lateral forces with a specified profile while the incremental 

displacements are calculated. In displacement-controlled analysis, the structure is 

subjected to a displacement profile, and the lateral forces needed to generate that 
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deformation are calculated. For displacement control, the user must specify the target 

maximum deformation profile of the structure. The deformation profile is 

incrementally applied to the structure after being divided by a number of steps that is 

specified by the user. In order to determine the effects of the hysteretic parameters, 

several displacement-controlled push over analyses were performed on representative 

structures C2, C3 and C4. IDARC provides different coefficients for each severity as 

displayed in Table 13. Three effects were investigated: severe, moderate and mild. No 

degradation was considered impractical and unrealistic and thus was not investigated. 

Each structure was subjected to a displacement at each story using an inverted triangle 

profile until the ultimate displacement and ultimate base shear were reached as per the 

definition shown in Figure 34. Moreover, P-delta effects were also included in the 

pushover analyses. Finally, IDARC accommodates modeling spread plasticity or 

concentrated plasticity. For the purpose of this research, all analyses (time-history 

analysis and pushover) were carried out using concentrated plasticity. Spread 

plasticity is more computationally demanding and numerically sensitive, and the 

advantage of using such an approach would be apparent if a specific component is 

being investigated rather than the whole structure. Since the overall behavior of the 

structure does not vary significantly when spread plasticity is used versus 

concentrated plasticity, concentrated plasticity was used in this research.  
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Table 13: Hysteretic Parameter Values as Provided by IDARC, Adopted from [53]. 

Parameter Recommended Value Effect 

Stiffness degrading parameter (α) 

4.0 Severe 

10.0 Moderate 

15.0 Mild 

200.0 None 

Strength degrading parameter (ductility-

based) (β1) 

0.60 Severe 

0.30 Moderate 

0.15 Mild 

0.01 None 

Strength degrading parameter (energy-

controlled) (β2) 

0.6 Severe 

0.15 Moderate 

0.08 Mild 

0.01 None 

Slip or crack-closing parameter (γ) 

0.05 Severe 

0.25 Moderate 

0.4 Mild 

1.0 None 
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Figure 35: Pushover Analysis for the C4 Building. 

 

Figure 35 shows the results of the pushover analysis for the C4 building using 

different hysteretic parameters. All models were subjected to an inverted triangle 

distribution of displacement along the building height which was equal to about 4% of 

the overall height. All pushover models behave linearly at low displacements however 

at about 0.05% displacement the structure start to exhibit nonlinear behavior. The 

severe degradation model reached a maximum base shear coefficient of 0.25, while 

the moderate degradation model reached maximum base shear coefficient of 0.26, 

finally, the mild degradation model reaches a base shear coefficient of 0.3. In 

addition, as per FEMA-P695 definitions, the ultimate roof displacement (δu) for each 

models were as follows: 1.03% (severe), 2.686% (moderate), and 4% (mild).  
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Figure 36: Pushover Analysis for the C3 Building. 

 

The pushover analysis for the C3 building is displayed in Figure 36. Similar to 

building C4, the overall applied displacement along the building height was about 4% 

of the total building height. Also, the models behave linearly at low displacements 

and start behaving nonlinearly at higher displacements. The base shear coefficient of 

the severe degradation model was 0.28, while the moderate and mild coefficients were 

0.33 and 0.31 respectively. On the other hand, the ultimate roof displacements were 

1.445%, 3.2%, and 4.9% respectively.  



90 
 

 

Figure 37: Pushover Analysis for the C2 Building. 

 

The capacity curve for the C2 building is shown in Figure 37. Since the 

building is short wall building, it had to be pushed with a displacement equal to 12% 

of the overall height in order to achieve the ultimate roof displacement as described 

by the FEMA-P695 document. In addition, the severe degradation model reaches a 

maximum displacement of 12.3% before failing; therefore this particular model does 

not satisfy the ultimate displacement as defined by FEMA-P695. This is attributed 

however to the high severity of degradation rather than the design of the building, as 

at very high deflections the model becomes unstable due to such degradation. 

Consequently, the severe degradation model reached a maximum value of base shear 

coefficient of 1.53. On the other hand, the moderate and mild models reach maximum 

coefficients at 0.177 and 0.197 respectively. The associated ultimate roof 

displacements for the moderate and mild models were 12.1% and 12%, respectively. 

From Figures 32 and 33, it is clear that as the severity of the degradation is increased, 

the maximum base shear and the ultimate displacement are decreased. Moreover, 

referring to the Figures, the models with severe degradation have a steeper post-peak 

force slope as opposed to the mild and moderate degradation models, which has a 
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relatively flatter slope. After observing the different behaviors of each mode, 

moderate behavior was selected as the hysteretic parameter used in performing all 

analyses required for this research since such conditions display the most probable 

behavior due to the relatively new construction of the UAE and the absence of test 

results.  

5.3.3 Uncertainty modeling. Fragility analysis is probabilistic since many of 

its components are uncertain. Uncertainties in fragility and risk analyses are divided 

into two components: aleatory uncertainties, or randomness, that stem from variability 

in data, and epistemic uncertainty, which stems from basic lack of knowledge about 

the considered fundamental phenomena [82]. Uncertainties in fragility analyses 

include structural system, dynamic characteristics (height and period), analytical 

modeling, uncertainties in seismic loading, analysis methods, variability in material 

properties, performance criteria, and input ground motions [62]. It must be noted that, 

sources of uncertainties are numerous and providing accurate estimations is virtually 

impossible. In order to describe uncertainties in risk studies, the general approach 

involves statistical and probabilistic methods, such as conducting Monte Carlo 

simulation. Unfortunately, such analyses are very demanding particularly when 

performing seismic risk analysis for a region. Therefore, it is more practical to focus 

on the dominant uncertainty factors, and estimate the impact of other minor factors 

based on previous studies. Determining the major factors can be very subjective 

however; several studies [49]- [55]- [83]- [84], have considered uncertainties in 

structural properties (geometry and material) as well as uncertainties in ground 

motions. Other studies have considered uncertainties in analytical structural modeling 

[85]. It is also worth mentioning that the above-mentioned studies concluded that 

variability in material properties have minor impact on the structural response when 

compared with the variability of ground motions.  

Uncertainties in this study are evaluated using the approach that is 

recommended by FEMA-P695 [27]. The document identifies four sources of system 

collapse uncertainty: 1) test data (TD), 2) design requirement (DR), 3) modeling 

related collapse, and 4) record-to-record (RTR). In addition, FEMA-P695 classifies 

uncertainty sources as either: superior, good, fair, or poor. There is an exception to 

this statement however as the document assigns a fixed value of 0.4 for the record-to-

record uncertainty if the far-field records set is used in the analyses.  
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The total uncertainty is a combination of the RTR, MDL, DR, and TD 

uncertainties. The collapse fragility of reference structures is defined by a random 

variable, SCT. The random variable is assumed to be equivalent to the product of the 

median value of the collapse ground motion intensity, ŜCT, and another random 

variable, λTOT: 

SCT = ŜCTλTOT 

where ŜCT is obtained from nonlinear dynamic analyses, and λTOT is assumed 

to be lognormally distributed  with a median value of unity and a lognormal standard 

of  βTOT. λTOT, which is the lognormal random variable, is the product of four random 

variables as: 

λTOT = λRTRλDRλTDλMDL 

where λRTR, λDR, λTD, and λMDL are assumed to be independent and lognormally 

distributed with median values of unity, and lognormal standard deviation parameters 

βRTR, βDR, βTD, and βMDL, respectively. As the four components are assumed to be 

statistically independent, βTOT, the parameter that represents the lognormal standard 

deviation and the total system collapse uncertainty, is defined by equation 7-5 of 

FEMA as: 

  𝛽𝑇𝑂𝑇 = �𝛽𝑅𝑇𝑅2 +  𝛽𝐷𝑅2 + 𝛽𝑇𝐷2 + 𝛽𝑀𝐷𝐿2                          

Where;  βTOT = total system collapse uncertainty (0.95 – 0.275) 

βRTR = record-to-record collapse uncertainty (0.4 – 0.2) 

βDR = design requirements collapse uncertainty (0.5 –0.1)  

  βMDL = modeling-related collapse uncertainty (0.5 – 0.1) 

  βTD = test data-related collapse uncertainty (0.5 – 0.1) 

In addition, it should be noted that the term 𝛽 in this report refers to the 

uncertainty parameters as per the definition of the FEMA-P695 document; and should 

not be confused with the statistical definition of 𝛽, which refers to the reliability 

index. 
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The design requirement uncertainty is evaluated quantitatively using two 

criteria: the “completeness and robustness” properties and “confidence in design 

requirements”. Completeness and robustness of design requirements are related to 

how accurate the design requirement evaluates aspects that may lead to unexpected 

failure modes. Confidence in the basis of the design requirements refers to how well 

modeling assumptions, such as design equations, material properties and stiffness 

parameters, actually represent the behavior of the models. As displayed in Table 14, 

Table 3-1 from the document, each criterion is evaluated from high to low. The final 

rating of the uncertainty parameter, βDR, is classified as either: superior, good, fair or 

poor.    

 

Table 14: Quality Rating of Design Requirement (Table 3-1 FEMA-P695 [27]). 

Completeness and Robustness Confidence in Basis of Design 

Requirements 

High Medium Low 

High. Extensive safeguards against 

unanticipated failure modes. All 

important design and quality 

assurance issues are addressed. 

Superior 

βDR = 0.1 

Good 

βDR = 0.2 

Fair 

βDR = 0.35 

Medium. Reasonable safeguards 

against unanticipated failure modes. 

Most of the important design and 

quality assurance issues are 

addressed. 

Good 

βDR = 0.2 

Fair 

βDR = 0.35 

Poor 

βDR = 0.5 

Low. Questionable safeguards 

against unanticipated failure modes. 

Many important design and quality 

assurance issues are not addressed. 

Fair 

βDR = 0.35 

Poor 

βDR = 0.5 
 

 

Test data uncertainty, βTD, are rated from superior to low as displayed in Table 

15, Table 3-2 from FEMA-P695. The quality rating for test data depends on two 

factors: the extensiveness and robustness of the testing program, and confidence and 

accuracy in the results of different test. Extensiveness and robustness for the test data 
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uncertainty are related to how well the developed testing program considers 

applicable testing issues. Alternatively, the confidence in test results is defined by the 

degree of reliability of the results obtained from the testing program. Similar to the 

design requirement, each criterion is evaluated from high to low. 

 

Table 15: Quality Rating of Test Data from an Experimental Investigation Program (Table 3-2 FEMA-P695 
[27]) 

Completeness and Robustness Confidence in Test Results 

High Medium Low 

High. Material, component, 

connection, assembly, and system 

behavior well understood and 

accounted for. All, or nearly all, 

important testing issues are 

addressed.  

Superior 

βTD = 0.1 

Good 

βTD = 0.2 

Fair 

βTD = 0.35 

Medium. Material, component, 

connection, assembly, and system 

behavior generally understood and 

accounted for. Most important 

testing issues are addressed. 

Good 

βTD = 0.2 

Fair 

βTD = 0.35 

Poor 

βTD = 0.5 

Low. Material, component, 

connection, assembly, and system 

behavior fairly understood and 

accounted for. Several important 

testing issues not addressed. 

Fair 

βTD = 0.35 

Poor 

βTD = 0.5 
 

 

Modeling-related collapse uncertainty is classified based on “representation of 

collapse characteristics” and the “accuracy and robustness of models”. Representation 

of collapse characteristics is based on how well structural models of reference 

buildings represent the full range of structural response characteristics and structural 

collapse behavior. The accuracy and robustness of models are rated based on the 

extent nonlinear behavior is included in the reference models. Finally, the modeling-

related collapse uncertainty βMDL, is rated superior, good, fair or poor. 
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Table 16: Quality Rating of Index Archetype Models (Table 5-3 FEMA-P695 [27]). 

Representation of Collapse 

Characteristics 

Accuracy and Robustness of Models 

High Medium Low 

High. Index models capture the full 

range of the archetype design space 

and structural behavioral effects that 

contribute to collapse.   

Superior 

βMDL = 0.1 

Good 

βMDL = 0.2 

Fair 

βMDL = 0.35 

Medium. Index models are generally 

comprehensive and representative of 

the design space and behavioral 

effects that contribute to collapse.   

Good 

βMDL = 0.2 

Fair 

βMDL = 0.35 

Poor 

βMDL = 0.5 

Low. Significant aspects of the 

design space and/or collapse 

behavior are not captured in the 

index models.   

Fair 

βMDL = 0.35 

Poor 

βMDL = 0.5 
 

 

The record-to-record uncertainty βRTR, is caused by the inconsistency in the 

response of different structures to different ground shaking. Unlike the previously 

mentioned uncertainty sources, the document assigns a fixed value of 0.4 for the 

record-to-record uncertainty if the far field record set is used in the analysis.  

The design requirement related uncertainty, βDR, was selected as “poor” for 

buildings C1 and C2. Referring to Table 3-1 of FEMA-P695 [27], the completeness 

and robustness of the design requirement for the C1 and C2 buildings was selected as 

“low” since such buildings are not typically designed nor detailed to resist lateral 

loads. Confidence in the basis of the design requirements however was selected as 

“medium” since the buildings are designed, as per Dubai Municipality requirements, 

using international building codes. The design related uncertainty for the C3 building 

was classified as “fair”. The completeness and robustness and confidence is basis of 

design requirements for the C3 building were both selected as “medium” due to the 

current design practice in Dubai as medium and high-rise buildings are designed to 

resist wind loads as per the ASCE 7-05 [70] however design for seismic forces is 

done as per the UBC 97 code [86]. Still, additional safeguard is provided for high-rise 
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buildings and extra attention is given towards connection detail, therefore design 

related uncertainty is chosen as “good” for the C4 and C5 reference structures. The 

test data related uncertainty, βTD, was selected as “good” for all reference buildings 

since materials, components, assembly and system behavior are well understood and 

accounted for (Table 3-2, FEMA-P695). On the other hand, completeness and 

robustness of the test data was selected as “medium” since not all of the testing issues 

listed in FEMA-P695 are addressed locally in Dubai. Finally, the modeling related 

collapse uncertainty βMDL was chosen as “good” with “medium” confidence in the 

representation of collapse characteristics. This selection was based on the fact that the 

nonlinear analyses performed using IDARC were able to model the nonlinear collapse 

of the reference structures.  Model robustness was selected as medium since the 

model accounts for the formation of plastic hinges and cracks in all elements and thus 

the full structural behavior of the reference building can be captured. Unfortunately, 

since IDARC is limited to 2D models, a “medium” confidence level is placed here. A 

“high” confidence level is reserved for only the most complete and extensive 3D 

models. A summary of the values of each uncertainty parameter for each reference 

building is presented in Table 17. 
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Table 17: Uncertainty Parameters for the Reference Structures. 

Building βDR βTD βMDL βTOT 

C1 

Completeness Confidence Rating Completeness Confidence Rating C. Properties* Confidence Rating 

0.70 
Low Medium 

Poor 

(0.5) 
High Medium 

Good 

(0.2) 
High Medium Good (0.2) 

C2 

Completeness Confidence Rating Completeness Confidence Rating C. Properties* Confidence Rating 

0.70 
Low Medium 

Poor 

(0.5) 
High Medium 

Good 

(0.2) 
High Medium Good (0.2) 

C3 

Completeness Confidence Rating Completeness Confidence Rating C. Properties* Confidence Rating 

0.6 
Medium Medium 

Fair 

(0.35) 
High Medium 

Good 

(0.2) 
High Medium Good (0.2) 

C4 

Completeness Confidence Rating Completeness Confidence Rating C. Properties* Confidence Rating 

0.53 
High Medium 

Good 

(0.2) 
High Medium 

Good 

(0.2) 
High Medium Good (0.2) 

C5 

Completeness Confidence Rating Completeness Confidence Rating C. Properties* Confidence Rating 

0.53 
High Medium 

Good 

(0.2) 
High Medium 

Good 

(0.2) 
High Medium Good (0.2) 

* C. Properties = Representation of Collapse Characteristics 
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5.3.4 Effects of uncertainty modeling. In order to monitor the effects of the 

total system collapse uncertainty on the fragility curves, the fragility curve of building 

C3 is constructed using four different collapse uncertainties, corresponding to 

superior, good, fair and poor conditions. While the procedure of constructing fragility 

curves is discussed in detail in Section 5.6, fragility curves are defined by a median 

and a standard deviation. The total uncertainty is inversely proportional to the 

standard deviation and thus corresponds to the slope of the curve. The fragility curves 

are displayed in Figure 38. The values of the different uncertainties are calculated 

based on equation 7-5 of FEMA-P695 and are shown in the following table. 

Table 18: Different Values of Total System Collapse Uncertainty.  

Condition βDR βMDL βTD βRTR βTOT 

Superior 0.1 0.1 0.1 0.4 0.44 

Good 0.2 0.2 0.2 0.4 0.53 

Fair 0.35 0.35 0.35 0.4 0.73 

Poor 0.5 0.5 0.5 0.4 0.95 
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Figure 38: Fragility Curves for Building C3 Using Different Uncertainty Parameters. 

 

As Figure 38 illustrates, the steepness of the curve increases as the uncertainty 

decreases. At scaling factors lower than the ACMR (the SF that corresponds to 50% 

of collapse probability), the collapse probability is higher for the curves that are 

constructed with worse conditions (i.e.: with higher uncertainties). For instance, at the 

MCE level, the collapse probability for the “poor” fragility curves is 0.22, while the 

“fair”, “good” and “superior” correspond to a collapse probability of 0.15, 0.08, and 

0.04 respectively. However the situation changes at higher scaling factors where the 

collapse probability of the “superior” curve is higher than the other curves with lower 

uncertainty values. It can be concluded therefore that uncertainty modeling has a 

significant impact on the fragility curves and values of uncertainty parameters should 

be chosen with caution to reflect the design, modeling and testing conditions of the 

reference structures. For the purpose of this research, every attempt has been made to 

select the most appropriate values of uncertainties that reflect the design, testing 

procedures, and modeling practices in Dubai. 
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5.4 Structural Performance at the MCE level 

To get an indication of the expected level of damage at the Maximum 

Considered Earthquake (MCE) level, nonlinear time history analysis was first 

performed on the reference structures using the matched ground motion records to the 

target response spectrum. The matched ground motion records were considered as the 

baseline for the IDA and thus were assigned a Scaling Factor (SF) of 1. To investigate 

the performance of the reference structures at that level, the interstory drift ratio of 

each building was obtained and plotted against the story height. Figure 39 displays the 

variation of the drift ratio along the story height for the C1 building. The building drift 

performance can be studied through the mean values of the response to the input 

ground motions. It is also common practice to inspect the performance of the structure 

through the mean plus standard deviation, if a higher importance factor is placed on a 

special building. The drift decreases with story height which is consistent with frames 

behavior. The mean drift for the C1 building reaches a maximum drift at the lower 

floor equal to 1.05% of the story height, which is well below the CP limit state for 

frames. This implies that building C1 performs well under seismic loads. In addition, 

as displayed in Figure 39, the standard deviation varies about 13% along the mean of 

the response, which corresponds to 1.17% drift. 

 

Figure 39: Drift Ratio Versus Story height for Building C1. 
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Figure 40: Drift Ratio Versus Story height for Building C2. 

 

Figure 40 displays the performance of building C2 at the MCE level. The 

behavior of the building follows the behavior of a cantilevered shear wall, given that 

the drifts increase with story height. At the roof, the mean drift reaches the maximum 

at 0.7% of the story height, which is below the CP limit state for concrete shear walls 

indicating good performance during seismic events. The standard deviation on the 

other hand varies about 16% along the mean, corresponding to a drift equal to 0.9% of 

the story height.  
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Figure 41: Drift Ratio Versus Story height for Building C3. 

 

The variations of the drift ratio along the story height for the C3 building is 

shown in Figure 41. The increase of drift with story height displays consistency with 

cantilevered shear wall behavior. At the lower floors, the increase is nonlinear 

however it becomes more constant and linear closer to the roof. The maximum 

average drift was reached at the roof and it was about 1.1% which indicates desirable 

performance during earthquakes given that the drift is below the CP limit. The spread 

of the response to the individual records is more noticeable in this building since the 

standard deviation varies around 21% along the mean (1.3% drift). 
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Figure 42: Drift Ratio Versus Story height for Building C4. 

 

Figure 42 demonstrates the drift ratio versus the story height for building C4. 

Similar to buildings C2 and C3, the drift increases with story height. The average drift 

reaches a maximum at 1.2%, while the standard deviation varies about 19% along the 

mean (1.42%). The mean and mean plus standard deviation are less than the CP limit 

state for walls; therefore the building performs well under seismic loads. 
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Figure 43: Drift Ratio Versus Story height for Building C5. 

 

The drift ratio versus the story height for the C5 building is presented in 

Figure 43. This building exhibited the most flexible behavior when compared to the 

other representative buildings. However, this is expected given that perimeter frame 

buildings are extremely flexible. Perimeter frame systems typically exhibit large drifts 

closer to the base that decrease as the height increases. Referring to Figure 35, the 

drifts are very low at the higher floors and they increase as the height decreases. 

However, the drifts decrease very sharply at the middle of the building and start to 

increase again near the lower third of the building. This indicates that the building is 

being excited at the second mode since the profile of the drifts is similar to the second 

mode of vibration. Observing the output of the time history analysis, the period of the 

building at the second mode is 1.1 seconds. The period is relatively long and is 

therefore very sensitive to the high energy content of the far field record set, which 

explains the node at the 9th and 10th floors. The average of the drift reaches a 

maximum at 3.8% at the lower floors, while the standard deviation varies about 33% 

along the mean to reach a maximum of 4.8%. While the average maximum drift is 

within the CP limit for the concrete frames, if the mean plus standard deviation of the 
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drift is taken as the damage measure, then the building would have exceeded the 

ASCE/SEI 41-06 CP limit state.  

Figures 39-43 indicate that as the building height increases, the maximum drift 

increases. In addition, lower drifts were observed in the shear wall buildings, 

especially in building C2 where the maximum drift was 0.7%. On the other hand, the 

largest drift was observed in building C5, where the maximum drift was 3.8% which 

is just below the CP limit state. In addition, the mean plus standard deviation of the 

drifts for all the reference structures were within the CP limit except building C5, 

where the mean plus standard deviation was equal to 4.8% which exceeds the CP 

limit state for frames. Additional analyses were performed to observe the performance 

at the MCE level; Appendix C displays how the acceleration and the velocity vary 

along the height of the buildings.  

For the purpose of this research, a set of maps that display the distribution of 

risk among the sectors of the Dubai was constructed. These maps, which are 

displayed in Figures 44-46, mainly demonstrate how the probability of exceeding a 

limit state varies per sector at the MCE level. Since different representative buildings 

have been assigned to each sector, the probability of exceedance per sector was 

calculated as the product of the exceedance probability of each representative building 

and the percentage by which that building has been assigned to the sector. According 

to the maps, the risk in the commercial sector is higher than the residential sector, 

since the commercial sector is mainly comprised of mid and high-rise buildings. 
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Figure 44: Probability of Exceeding the IO Limit State.
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Figure 45: Probability of Exceeding the LS Limit State.
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Figure 46: Probability of Exceeding the CP Limit State
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5.5 IDA Plots Development 

In order to develop IDA plots, incremental dynamic analyses were performed 

for each reference building using the 44 ground motion records. IDA involves 

performing a series of nonlinear dynamic analyses in which the intensity of a selected 

ground motion is incrementally increased until the global collapse of the structure is 

reached. In this study, the ground motion records were scaled using their PGA and the 

maximum drift ratio for all buildings was assumed to be the damage measure used in 

evaluating the performance of the building. Each record was scaled from 0to 5.0 using 

an increment of 0.2, and then nonlinear time history analyses were performed on the 

representative buildings until collapse was reached. Finally, results of the IDA were 

used to develop IDA plots, which are displayed in Figures 47-51. An IDA curve 

represents the maximum drift of a building at a particular scaling factor, which can be 

used to deduce the collapse probability of a structure, as the flattening of an IDA 

curve indicates total failure.  

 

 

Figure 47: IDA Curve for Building C1. 
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The IDA curve for building C1 is displayed in Figure 47. The profile of the 

curve resembles a capacity curve. At low drifts and up to the MCE level, the curve is 

linear; however as the scaling factor increases, the variability of the response becomes 

more apparent. The curve starts to flatten at about a scaling factor of 4. Three more 

parameters are displayed in the Figure, SMT, ŜCT, and Adjusted Collapse Margin Ratio 

(ACMR). SMT is the assumed scaling factor at the MCE level, which corresponds to 

one and it is common for all buildings. ŜCT is the median of the SF, and it indicates the 

SF at which 50% of the input ground motions have caused collapse. On the other 

hand, the ACMR is the mean of the adjusted fragility curve at the CP limit state. The 

aforementioned parameters are discussed in more detail in the following section. At 

the MCE level, the maximum drifts are within 1.5% of the story height for the C1 

building, while the ACMR and ŜCT correspond to 2.56 and 1.93 respectively. 

 

 

Figure 48: IDA Curve for Building C2. 

 

Figure 48 illustrates the IDA curve for the C2 building.  This building 

exhibited the best behavior out of all the reference structures since collapse occurs at a 
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SF of 4.5. The ACMR and ŜCT however correspond to 2.54 and 1.78 respectively. 

Finally at the MCE level, it can be observed that the drifts are within 1%.  

 

 

Figure 49: IDA Curve for Building C3. 

 

 The IDA curve for the C3 building is presented in Figure 49. Total collapse of 

the building is more noticeable here given that the curve flattens completely at a 

scaling factor of 3, at which the maximum reached drift is about 6%. At a scaling 

factor of 1.45, half the records cause collapse which corresponds to the ŜCT, while the 

ACMR corresponds to 2.1. At the MCE level, the maximum observed drifts are about 

1.5%. 
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Figure 50: IDA Curve for Building C4. 

 

 The IDA curve for the C4 building is displayed in Figure 50. Similar to the 

C3 building, the building fails at a scaling factor of 3 at which the maximum drifts are 

equal to 4%. The drifts at the MCE level are about 1.5%, while the ŜCT and the 

ACMR are 1.35 and 2.18 respectively. 
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Figure 51: IDA Curve for Building C5. 

 

Figure 51 shows the IDA curve for building C5. The failure occurs in this 

building at a scaling factor of 2.8, with maximum drifts of about 8%. The Figure also 

displays that the ŜCT and SMT are 1.01 and 1 respectively, meaning that roughly 50% 

of the input ground motions cause collapse at the MCE level. The ACMR for the C5 

building is 1.65, which is the lowest when compared to the other reference structures. 

From the IDA curve it can be concluded that as the building height decreases, the ŜCT 

decreases, since building C5 had the lowest ŜCT at 1.01, while building C1 had the 

highest ŜCT at 1.93.  

5.6 Fragility Curves Development 

Fragility curves are developed using results of the IDA. Table 19 shows the 

results of the fragility analysis of building C3 for the CP limit state, while Figure 52 

displays the fragility curve at the CP limit state.  After the maximum drift values have 

been attained from the IDA at each scaling level, the frequency at which the limit 

state have been exceeded is obtained. For example, at a scaling factor of 1.4, the CP 

performance state has been exceeded or attained by 18 records; thus the analytical 
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probability of collapse is simply 18/44 = 0.409. Therefore the analytical curve in 

Figure 52 consists of data points that correspond to the number of ground motion 

records at a particular scaling factor which cause the reference structure to fail divided 

by the total number of records. Failure is assumed to occur when the drift ratio 

exceeds the CP limit state or when the IDA curve flattens. The initial analytical points 

were plotted against the SF and a lognormal distribution was fit through the curve. 

The log-normal fitted curve is defined by the natural logarithm of the median of the 

SF and the standard deviation of the data points [57]. According to FEMA-P95, the 

SF median is defined as the median collapse intensity ŜCT, which corresponds to the 

intensity at which half the records cause collapse. The standard deviation describes 

the variation of the results and defines the slope of the fragility curve. In order to 

derive the adjusted fragility curve, the collapse margin ratio (CMR) is calculated as 

the ratio of ŜCT to the scaling factor assumed for the MCE (SMT = 1.0). The collapse 

margin ratio could be thought of as the amount SMT must increase to achieve building 

collapse by 50% of the ground motion.  Two more factors need to be applied to the 

curves in order to account for uncertainty, the Spectral Shape Factor (SSF) and the 

total collapse uncertainty, βTOT. The SSF offsets the mean scaling factor (ŜCT/ SMT) 

and becomes the Adjusted Collapse Margin Ratio (ACMR), which is the mean of the 

adjusted fragility curve; while the total collapse uncertainty is inversely proportional 

to the lognormal standard deviation of the adjusted fragility curve. The SSF is a 

function of the seismic design category, the period-based ductility parameter of the 

system μT, and the fundamental period of the considered structure. Values for SSF are 

provided in Table 20 which is adopted from Tables 7-1a and Table 7-2b in FEMA-

P695. The ductility parameter for each reference structure was calculated as the ratio 

of ultimate deflection ∆ult, to the effective yield deflection ∆y, which are explained 

previously in Figure 34 and obtained through pushover analyses. An SDC of D was 

used for all the representative buildings. Once all these factors are calculated, the 

fragility curve is adjusted as shown in Figure 52. The same procedure is then repeated 

for each limit state and each representative structure. Table 21 summarizes the 

adjustment coefficients as per FEMA-P695 procedure. In addition, a summary of the 

structural performance of the representative buildings at the MCE level is displayed in 

Table 22. 
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Table 19: Fragility Analysis Results of the Mid-rise Shear Wall Building for the CP Limit State. 

PGA CP 
(2%) Probability Probability (log-

normal) Difference Adjusted 

0 0 0 0 0 0 
0.2 0 0.000 0.00000 0.00000 0.0 
0.4 0 0.000 0.00000 0.00000 0.0 
0.6 0 0.000 0.00000 0.00000 0.0 
0.8 0 0.000 0.00008 0.00008 0.1 
1.0 1 0.023 0.00905 0.01368 0.1 
1.2 5 0.114 0.11363 0.00000 0.2 
1.4 18 0.409 0.40909 0.00000 0.2 
1.6 26 0.591 0.73134 0.14044 0.3 
1.8 41 0.932 0.91368 0.01813 0.4 
2.0 44 1.000 0.97892 0.02108 0.5 
2.2 44 1.000 0.99581 0.00419 0.5 
2.4 44 1.000 0.99928 0.00072 0.6 
2.6 44 1.000 0.99989 0.00011 0.6 
2.8 44 1.000 0.99998 0.00002 0.7 
3.0 44 1.000 1.00000 0.00000 0.7 
3.2 44 1.000 1.00000 0.00000 0.8 
3.4 44 1.000 1.00000 0.00000 0.8 
3.6 44 1.000 1.00000 0.00000 0.8 
3.8 44 1.000 1.00000 0.00000 0.8 
4.0 44 1.000 1.00000 0.00000 0.9 
4.2 44 1.000 1.00000 0.00000 0.9 
4.4 44 1.000 1.00000 0.00000 0.9 
4.6 44 1.000 1.00000 0.00000 0.9 
4.8 44 1.000 1.00000 0.00000 0.9 
5.0 44 1.000 1.00000 0.00000 0.9 
μ 1.45168  ∑ Difference 0.19845  
σ 0.15769     
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Table 20: SSF Factors for Models Designed Using SDCD (Table 7-1b of FEMA-P695 [27]) 

T (sec.) 
Period-Based Ductility, μT 

1.0 1.1 1.5 2 3 4 6 ≥8 

≤0.5 1.00 1.05 1.1 1.13 1.18 1.22 1.28 1.33 

0.6 1.00 1.05 1.11 1.14 1.2 1.24 1.3 1.36 

0.7 1.00 1.06 1.11 1.15 1.21 1.25 1.32 1.38 

0.8 1.00 1.06 1.12 1.16 1.22 1.27 1.35 1.41 

0.9 1.00 1.06 1.13 1.17 1.24 1.29 1.37 1.44 

1.0 1.00 1.07 1.13 1.18 1.25 1.31 1.39 1.46 

1.1 1.00 1.07 1.14 1.19 1.27 1.32 1.41 1.49 

1.2 1.00 1.07 1.15 1.2 1.28 1.34 1.44 1.52 

1.3 1.00 1.08 1.16 1.21 1.29 1.36 1.46 1.55 

1.4 1.00 1.08 1.16 1.22 1.31 1.38 1.49 1.58 

≥1.5 1.00 1.08 1.17 1.23 1.32 1.4 1.51 1.61 

 

Table 21: Adjustment Parameters as Per FEMA-P695 [79]. 

Parameter C1 C2 C3 C4 C5 

ŜCT 1.93 1.78 1.45 1.36 1.01 

SMT 1 1 1 1 1 

μT 5.8 >8 >8 >8 >8 

SSF 1.33 1.3733 1.45 1.61 1.61 

βTOT 0.7 0.7 0.6 0.53 0.53 

CMR 1.93 1.78 1.45 1.36 1.01 

ACMR 2.57 2.45 2.1 2.19 1.6 
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Table 22: Structural Performance at the MCE Level. 

Building 

Type 

IO 

Prob. 

PSD 

(IO)* 

LS 

Prob. 

PSD 

(LS)* 

CP 

Prob. 

PSD 

(CP)* 
ACMR βTOT 

C1 0.3 0.09 0.2 0.12 0.1 0.08 2.57 0.7 

C2 0.4 0.12 0.2 0.12 0.1 0.08 2.45 0.7 

C3 0.6 0.18 0.3 0.18 0.1 0.08 2.1 0.6 

C4 0.8 0.24 0.3 0.18 0.1 0.08 2.19 0.53 

C5 0.7 0.21 0.5 0.3 0.2 0.16 1.6 0.53 

* PSD: Probabilistic Structural Damage = Probability of exceeding a damage state at MCE X Building 
Damage (%).   

 

 

Figure 52: Analytical, Log-normal and Adjusted Fragility Curves for Building C3 (CP Limit State). 

* The analytical, log-normal and adjusted fragility curves of the other representative buildings are      
displayed in Appendix D. 
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Figure 53: Fragility Curve for Building C3. 

 

The adjusted fragility curves of building C3 is displayed in Figure 53. The 

steepness of the curve increases as the limit state shifts from CP to IO. Three 

intensities of hazard are examined to obtain the level of damage: the design level, 

which corresponds to two-thirds of the MCE, the MCE level, and twice the MCE 

level. While a hazard level that is twice the MCE is slightly exaggerated, it is still 

conceivable in an extreme event and therefore it is practical to investigate the 

expected damage at such intensity. At the design level, the probabilities of exceeding 

the IO, LS and CP states were 0.4, 0.14, and 0.04 respectively. On the other hand, the 

associated probabilities of exceedance at the MCE level were 0.64, 0.3 and 0.1 for the 

IO, LS and CP limit states. Finally, at twice the MCE, there’s a 0.93 probability of 

exceeding the IO limit state, while the probability of exceeding the LS and CP states 

are 0.73 and 0.46 respectively. The performance of the building is considered 

desirable given the low probabilities of exceeding the CP limit state at both the design 

level and the MCE level.  
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Figure 54: Fragility Curves for Building C1. 

 

Figure 54 illustrates the fragility curves for building C1. The building 

exhibited low probabilities of exceedance at the design level where the probabilities 

of exceeding the IO, LS and CP limit states were 0.2, 0.08, and 0.03 respectively. At 

the MCE level, the IO limit state increases to 0.35, while the LS and CP limit state 

increase to 0.18 and 0.09. Lastly, the expected damage for the limit states was 0.7, 

0.5, and 0.35 at twice the MCE level. The fragility analysis for this building indicates 

very good behavior during earthquakes, given that the probabilities of exceeding the 

CP limit state are very low at the design and the MCE levels. 
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Figure 55: Fragility Curves for Building C2. 

 

Figure 55 shows the fragility curves for building C2. Similar to building C1, 

the probabilities of exceedance at the design level were very low. The probability of 

exceeding the IO limit state was 0.22, while the probability of exceeding the LS limit 

state was 0.1. Finally, the probability of exceeding the CP limit state was 0.03. At the 

MCE level, the probabilities of exceeding the IO, LS and CP limit state were 0.45, 

0.23 and 0.1 respectively. The probabilities of exceedance for the last level of hazard, 

twice the MCE, were as follows: 0.8 for the IO state, 0.59 for the LS state, and 0.39 

for the CP state. The low probabilities of exceeding the CP limit state at the three 

hazard level demonstrate that building C2 performed well under seismic loads.   
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Figure 56: Fragility Curves for Building C4. 

 

The fragility curves for building C4 are presented in Figure 56. At the design 

level, the probabilities of exceeding the IO and LS limit state were 0.55 and 0.1, 

respectively, but the probability decreases very sharply to 0.007 at the CP state. As 

indicated by the Figure, there is a very significant variation of slope among the three 

states. The slope of the CP curve is very steep when compared to the IO curve, which 

explains the very distinct difference between the risk levels for each limit state. On 

the other hand, the probabilities at the MCE level were 0.8, 0.31, and 0.07, 

correspondingly. Finally, the probability of exceedance at twice the MCE level for the 

IO limit state is 0.98, while the exceedance probability for the LS and CP state at that 

level were 0.8 and 0.4, respectively. The steepness of the CP curve also indicates that 

a significant increase in the hazard is required to increase the associated risk. This 

however is very desirable, since the CP limit state is the most critical performance 

state.  
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Figure 57: Fragility Curves for Building C5. 

 

Figure 57 demonstrates the fragility curves for building C5. As displayed in 

the Figure, the variation of the slopes of the IO and LS curve decreases significantly 

as the scaling factor increases. The probability of exceeding the IO, LS and CP state is 

0.4, 0.18, and 0.08, respectively. As the intensity increases to reach the MCE state, the 

probability of exceeding the IO and LS limit state increase to 0.69 and 0.45, while the 

exceedance probability of the CP state increases to 0.17. At the last investigated 

hazard level, twice the MCE, the probabilities of exceeding the IO, LS and CP states 

are 0.95, 0.88, and 0.65. While the probability of exceeding the CP state at the design 

and MCE level are considered acceptable, building C5 exhibited the highest 

exceedance probabilities when compared to the other reference structures.  

In this study, the fragility analysis indicates that the probability of exceeding 

the IO and LS limit state increases as the building height increases. At those damage 

states, the slopes of buildings C3, C4, and C5 are flat when compared to the slopes of 

building C1 and C2 and therefore a minor increase in the intensity would cause a high 

increase in the probability. This is attributed to the high lateral stiffness of short 

buildings. For the CP limit state, the best performance was observed in building C4. 
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While all buildings displayed desirable behavior at the CP state, building C4 

displayed the lowest exceedance probability at the three hazard levels of interest. On 

the other hand, the highest exceedance probability at the CP state was shown in 

building C5. Also, the CP curve of the building is flat when compared to the CP 

curves of other reference structures. This can be reiterated by examining other 

parameters such as the ACMR. The ACMR for building C5 was equivalent to 1.65, 

which is the lowest when compared to other buildings. However, the comparatively 

lower value of ACRM does not necessarily translate to a high level of risk for the C5 

building. This means that at a scaling factor of 1.65, there is a 0.5 probability of 

exceeding the CP limit state. Given that the design level is two-thirds of the MCE, an 

ACMR of 1.65 can be also considered appropriate. Further discussion of the results of 

fragility analysis can be found elsewhere [87]. 
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Chapter 6: Loss Estimation 

6.1 Introduction 

After developing fragility curves for representative buildings in Dubai, the 

final step of this research was to estimate the losses due to probable seismic hazard. 

Earthquake loss estimation is a function of three variables: seismic hazard, inventory 

data for buildings and/or population density, and finally, fragility curves. In this study, 

losses were estimated at the MCE level (scaling factor = 1) and presented using 

seismic risk maps. Two types of losses were estimated, human and economic losses. 

Human losses are defined by the deaths and injuries of the population, while 

economic losses for buildings define costs for repair and replacement of the building 

inventory. 

6.2 Economic Losses 

To estimate the economic losses associated with the seismic hazard, the 

building damage percentages that are provided by the SEAOC blue book [88] are 

used in this study. Table 23 shows the structural performance levels and damage 

ratios provided by the blue book. Again, since three limit states are used in this study, 

some of the performance levels are merged to estimate the levels. The final building 

damage percentages are shown in Table 24. 

 

Table 23: Structural Performance Levels and Damage Percentages as Provided by the SEAOC Blue Book 
[87]. 

Structural Performance level Qualitative Description Damage percentage 

SP1 Operational 0 

SP2 Occupiable 30% 

SP3 Life Safe 60% 

SP4 Near Collapse 80% 

SP4 Collapsed 100% 
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Table 24: Final Building Damage Percentages. 

Damage State Building Damage (%) 

1 Immediate Occupancy 30 

2 Life Safety 60 

3 Collapse Prevention 80 

 

Table 25: Cost Per Unit Area of Different Buildings in UAE [88]. 

Building Type Cost per m2 Cost per m2 (AED) 

High-rise Office Building $1,810 6648 

Medium-rise commercial building. $ 1,270 4665 

Medium Quality Villa $ 1,190 4371 

 

Economic losses were estimated per square meter, and the total replacement 

cost of all the representative buildings was obtained from the Bruce Shaw handbook 

[89]. The Bruce Shaw handbook provides estimates for different types of buildings in 

the UAE, as shown in Table 25. Since each representative building was assigned to a 

different sector, the costs of structural repairs of each sector were obtained by using 

the following formula: 

Economic loss/sector (per m2) =  [(Probability of exceeding a limit state at MCE 

level) X (Building damage % for that limit 

state) X (Cost per m2 of the representative 

building) X (Percentage of representative 

building in that sector)] 
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Figure 58: Economic Losses for the IO Limit State.
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Figure 59: Economic Losses for the LS Limit State.
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Figure 60: Economic Losses for the CP Limit State.
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In this study, the cost of structural repairs was estimated per square meter 

rather than total economic loss per area. Therefore, if an estimate for a building 

replacement cost is desired, the total building area should be multiplied by the 

calculated loss rate. Referring to Figures 58 – 60, the sectors of Dubai are displayed in 

graduated colors that correspond to different cost of structural repairs.  There is a 

minor variation among the sectors of Dubai in terms of cost of structural repairs, 

however, this is mainly due to the methodology of assigning buildings to the 

residential and commercial sector, where only two groups of buildings are assigned to 

each sector (C1 & C2 for the residential sector; and C3,C4 & C5 for the commercial 

sector). The maps also indicate that higher costs of structural repairs are estimated in 

the commercial sector, which was predicted given the higher replacement cost of 

those buildings. 

6.3 Human Losses 

Human losses were estimated in this research using the rates provided by 

ATC-13 [43], which are shown in Table 26. However, since three limit states are 

evaluated in this study (IO, LS, CP), some of the limit states provided by ATC-13 

were merged. The final death and injury rates that were used in this study are 

illustrated in table 27. 

        Table 26: Human Injury and Death Rates Adopted from ATC-13 [43]. 

Damage State 

(ATC-13) 

Adopted Damage 

State  
Minor Injuries 

Serious 

Injuries 
Dead 

Slight 
Immediate 

Occupancy 

3/100,000 1/250,000 1/1000,000 

Light 3/10,000 1/25,000 1/100,000 

Moderate 3/1,000 1/2,500 1/10.000 

Heavy Life Safety 3/100 1/250 1/1,000 

Major Collapse 

Prevention 

3/10 1/25 1/100 

Destroyed 2/5 2/5 1/5 
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Table 27: Injury Rates. 

Damage State Minor Injuries Serious Injuries Dead 
1 Immediate Occupancy 0.003 0.0004 0.0001 
2 Life Safety 0.03 0.004 0.001 
3 Collapse Prevention 0.3 0.04 0.01 

 

To estimate the human losses, the population in each area was multiplied by 

each loss rate shown in Table 27. Finally, the product was multiplied by the 

probabilities of exceeding each limit state at the MCE level, which were obtained 

from the fragility analysis. Finally, results were presented in the form of maps. 

Human Losses/Sector =  [(Population) X (Probability of each limit state at 

MCE level) X (Injury rate for that limit state)] 
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Figure 61: Minor Injuries for the IO Limit State.
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Figure 62: Serious Injuries for the IO Limit State.
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Figure 63: Fatality Rates for the IO Limit State.
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Figure 64: Minor Injuries for the LS Limit State.
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Figure 65: Serious Injuries for the LS Limit State.
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Figure 66: Fatality rates for the LS Limit State.
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Figure 67: Minor Injuries for the CP Limit State.
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Figure 68: Serious Injuries for the CP Limit State.
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Figure 69: Fatality Rates for the CP Limit State.
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The human injury and fatality rates are displayed in the previous Figures. 

According to the maps, most of the injuries are concentrated in the commercial sector. 

This is mainly due to the high number of residents in the commercial sector. While 

the minor and serious injury maps display a significant number of injuries per sector, 

the maps displaying fatality rates for each limit state indicate a very small number of 

death. 
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Chapter 7: Concluding Remarks 

7.1 Summary 

In this thesis, seismic risk assessment for Dubai is performed. The city of 

Dubai is divided into sectors based on their usage. Two sectors are considered in this 

study, the residential and the commercial sector. In order to represent the building 

stock of the city, buildings are categorized according to their height, usage and 

structural system following the HAZUS [19] classification system. As a result, five 

reference structures are selected. The representative buildings, ranging in height from 

2 to 16 stories, reflect the design and construction practice of Dubai; in fact, two 

buildings are actual existing buildings. A total of 44 input ground motion far-field 

records suggested by FEMA-P695 [79] are scaled to match a target response spectrum 

adopted from a recent seismic hazard assessment study for Dubai [5]. The spectral 

matching is performed using the commercial software package RSPMATCH [66]. 

The matched ground motion records are utilized to carry out non-linear time history 

analyses. Utilizing the IDARC-2D [53] software, different hysteretic parameters are 

investigated using pseudostatic analyses in the early stages of the nonlinear analysis. 

IDA are later performed in which the reference structures are subjected to the input 

ground motions with increasing intensities until global collapse occurs.  The records 

are scaled using their PGA from 0.2 to 5 with an increment of 0.2, and the maximum 

interstory drift is selected as the damage measure. Uncertainty modeling and fragility 

curves are developed using the methodology presented by the FEMA-P695 

publication. Fragility curves in this thesis are developed adopting the ASCE 41-06 

[56] limit states. Finally, seismic risk maps are constructed that display the human and 

economic losses per sector using loss rates that are adopted from the ATC-13 report 

[43] and the SEAOC blue book [88] respectively.  
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7.2 Conclusions 

In this thesis, the seismic fragility of representative buildings in Dubai is 

evaluated by performing IDA and fragility analysis. The performance of the structures 

is first analyzed by investigating the variation of the drifts along the story height at the 

MCE level. In agreement with conventional wisdom, it is observed that lower drifts 

are exhibited by the stiffer shear wall buildings (C2, C3 and C4) as compared to the 

more flexible frame buildings (C1 and C5). Specifically, the maximum drift of the C2 

building is 0.7% of the story height while the maximum drift for C1 building is 

1.05%. The analysis also indicates desirable performance at the MCE level for all 

buildings since the mean of the drifts is found to be below the CP limit. However, if 

the mean plus standard deviation is employed as the expected damage indicator, 

building C5 exceeds the CP limit. Additionally, through IDA curves, the scaling 

factor at which 50% of the records cause total collapse for each building is acquired. 

The IDA curves demonstrate that as building height decreases, the required SF factor 

that causes total collapse decreases. Also, by inspecting the mean of the scaling factor, 

it is observed that nearly half the records cause collapse of the C5 building at the 

MCE level, which indicates a higher level of risk as compared to the other 

representative buildings. It is also observed that at the design and MCE levels, the 

probabilities of exceeding the CP limit state are low, particularly below 10% for 

buildings C1 and C4 and slightly less than 20% for building C5. While building C5 

exhibited the worst performance in terms of exceedance probabilities and maximum 

drifts, this is most likely related to the design and modeling assumptions of this 

particular building and may not be generalized to all perimeter frame structures. 

Finally, the seismic risk maps illustrate that the estimated number of fatalities at the 

MCE level were low, and that human and economic losses are higher in the 

commercial sectors. Therefore based on the assumptions and analyses performed in 

this research, it is concluded that there are no major concerns regarding the estimated 

losses and the vulnerability of the representative structures in Dubai 
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7.3 Recommendations and Future Work 

This work can be enhanced in many different aspects. Should future work 

build on this study, the author of this thesis recommends considering the following 

points: 

1) Establishing a more detailed inventory of the building stock. This can be 

achieved by providing better statistics and information regarding the 

design and distribution of existing buildings in Dubai; which could be 

acquired from local municipalities and governmental directorates. 

Furthermore, it is essential to gather more information concerning the 

undefined sectors of Dubai to get a better definition of the built up area of 

the city.  

2) Providing an accurate representation of the building stock. This can be 

attained by including special buildings such as airports, iconic towers, and 

hospitals. Moreover, it is recommended to include steel warehouses, which 

are representative of the industrial sector, in future studies.  

3) Investigating the effects of local and regional earthquakes. At the time of 

writing this thesis, there is a lack of local and regional strong ground 

motion records. However, the Dubai Seismic Network constantly records 

local activity and should strong-motion records be available, it is 

recommended to include them in the analysis. 

4) Estimating losses through more detailed means such as Monte-Carlo 

simulation.  
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Appendix A 

Local and Regional Earthquake Records 

To assess the fragility of representative buildings in Dubai, regional and local 

earthquake records were retrieved from Dubai Municipality. However, after 

processing the records, the records exhibited very low ground motion parameters and 

thus the records provided by FEMA-P695 [27] were utilized as input ground motions. 

A total of 13 local and 30 regional records were retrieved, and the ground motion 

parameters of each record are summarized in the following tables. 

 

Table 28: Summary of Local Earthquakes 

ID Mb* MS** ML*** Focal Depth (km) 

1 3.2 - 3.8 10 

2 2.6 - 3 5 

3 2.6 - 3.2 5 

4 2.5 - 3.1 2 

5 2.5 - 3 2 

6 3.6 - 3.9 10 

7 4.5 4.5 4.4 10 

8 3.5 - 4 5 

9 2.7 - 3.3 10.5 

10 2.9 - 3.5 2 

11 3.4 - 3.8 10 

12 2.7 - 2.9 8 

13 2.8 - 3.1 10 

* Mb = Body wave magnitude. 

**MS = Surface wave magnitude. 

***ML = Richter local magnitude. 
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Table 29: Summary of Regional Earthquakes 

ID Mb MS ML Focal Depth (km) 

1 4.4 4.6 5.5 10.3 

2 4.3 4.1 5.5 15 

3 4.5 4.2 5.7 17.6 

4 4.7 4.4 5.6 6.1 

5 5.4 - - 10 

6 5 5.4 - 16 

7 5.1 4.8 5.8 32.5 

8 5 4.6 5.6 57.8 

9 4.4 4.3 5.5 17.7 

10 6.1 - - 15 

11 5 - - 26.3 

12 4.5 5.7 4.8 3.4 

13 5.2 - - 10 

14 4.7 4.4 5.7 10 

15 4.5 4.8 5.3 28.3 

16 4.4 4.3 5 5 

17 4.3 - - 15.3 

18 5 5.4 6.7 16.5 

19 4.6 - 5.8 20 

20 6 6.4 7.8 10 

21 4.9 5 5.9 3.8 

22 4.4 5 5.7 40.3 

23 5.1 - - 10 

24 5.5 5.4 - 13 

25 4.6 4.3 5.4 33.6 

26 5 5.7 6.5 10.1 

27 4.5 4.4 5.4 30 

28 3.8 - 5.6 17 

29 4.6 4.6 5.5 10.1 

30 5.8 5.9 6.5 10 
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Appendix B  

 Dubai Sector Information 

Table 30: Dubai Sector Information. 

Name Population Usage Estimated No. Of 
Buildings 

Jabal Ali Third 1513 Residential 151 
Nadd Shamma 2003 Residential 200 

Al Muteena 32695 Commercial 183 
Bu Kadra 11 Residential 1 
En Khali 0 Unidentified 0 

Warsan third 9466 Residential 947 
Ras Al Khor Ind. First 690 Residential 69 

Grayteesah 0 Unidentified 0 
Hor Al Anz East 17626 Commercial 99 
Umm Al Sheif 2804 Residential 280 
Muhaisneh 2nd 163238 Commercial 914 

Al yalayis 3 0 Unidentified 0 
Warsan first 29248 Commercial 164 

Margham 478 Residential 48 
Saih Shuaib 3 0 Unidentified 0 

Al Qusais First 39927 Commercial 224 
Al Meryal 0 Unidentified 0 

Remah 0 Unidentified 0 
Al Kifaf 0 Unidentified 0 

Saih Al Salam 820 Industrial 0 
Ayal Nasir 22660 Commercial 127 

Oud Al Muteena Third 2364 Commercial 13 
Al Warqaa Second 5164 Residential 516 

Al Rigga 11224 Commercial 63 
Umm Eselay 0 Unidentified 0 

Al Satwa 39372 Commercial 220 
Al Hathmah 0 Unidentified 0 

Al Murar 34874 Commercial 195 
Al Muraqqabat 51222 Commercial 287 

Al Qusais IND. First 4302 Industrial 0 
Al Barsha First 5686 Commercial 32 

Port Saeed 8995 Commercial 50 
Naif 50779 Commercial 284 

Al Rowaiyah first 1435 Residential 144 
Al Souq Al Kabeer 45045 Commercial 252 
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Muhaisneh 5th 0 Unidentified 0 
Al Mizhar First 10191 Residential 1019 

Al Hamriyah Port 180 Industrial 0 
Al Yufrah 2 0 Unidentified 0 

Nadd Al Shuba Third 0 Unidentified 0 
Wadi AlShabak 0 Unidentified 0 

Al Qouze IND. Third 17762 Industrial 0 
Lehbab First 376 Residential 38 

Wadi Al Safa 5 0 Unidentified 0 
Al Shandagha 13 Residential 0 
Al Hamriyah  26908 Commercial 151 

Oud al Muteena First 7786 Commercial 44 
Al Safa First 7281 Residential 728 

Saih Al Dahal 0 Unidentified 0 
Al Layan 2 0 Unidentified 0 
Al Buteen 4757 Commercial 27 

Nadd Hessa 4799 Unidentified 480 
Al Barsha Second 6913 Residential 691 

Jabal Ali IND. First 109167 Industrial 0 
Al Raffa 31875 Commercial 178 

Al Qusais IND. Fifth 31 Industrial 0 
Mereiyeel 0 Unidentified 0 

Al Heniah Third 2200 Residential 220 
Umm Hurair First 3672 Residential 367 

Mirdif 28338 Residential 2834 
Al Safouh Second  3988 Commercial 22 

Marsa Dubai 23649 Commercial 132 
Al Qouze IND. Second 96344 Industrial 0 

Al wasl 18581 Residential 1858 
Al Karama 73360 Commercial 411 

Al Safouh First 2174 Commercial 12 
Wadi Al Safa 3 0 Unidentified 0 

Al Layan 1 0 Unidentified 0 
Burj Khalifa 422 Commercial 5 
Al Corniche 1221 Residential 122 

Mugatrah 0 Unidentified 0 
Al Thanyeh Third 4305 Residential 431 
Zaa'beel second 2744 Residential 274 
Corniche Deira 0 Commercial 0 
Nakhlat Jumeira 8905 Residential 891 
Wadi Al Safa 6 14157 Residential 1416 

Um Suqeim Second 11659 Residential 1166 
Nakhlat Deira 0 Commercial 0 
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Al Selal 0 Unidentified 0 
Al Kheeran Second 0 Unidentified 0 

Al yufrah1 0 Unidentified 0 
Al Bada' 34334 Commercial 192 

Umm Nahad First 0 Unidentified 0 
Mushraif 98 Residential 10 

Umm Ramool 2326 Residential 233 
Saih Shuaib 1  0 Unidentified 0 

Al Hebiah fifth 0 Unidentified 0 
Al Awir First 2345 Residential 235 

Al rowaiyah second 0 Unidentified 0 
Al Qusais IND. Second 4721 Industrial 0 
Umm Suqeim Thirds 6632 Residential 663 
Al Khwaneej Second 1829 Residential 183 

Al Qusais Second 12052 Commercial 67 
Al Hebiah fourth 0 Unidentified 0 
Al Qusais Third 10607 Commercial 59 

Alttay 10 Unidentified 0 
Ras Al Khor Ind. Second 571 Industrial 0 

Saih Shuaib 2 0 Unidentified 0 
Al Qouz Third 30226 Commercial 169 

Hor Al Anz  59134 Commercial 331 
Umm Nahad Second 0 Unidentified 0 

Al Qusais IND. Fourth 1363 Industrial 0 
Trade Center First 10738 Commercial 60 

Ras Al Khor IND. Third 14010 Industrial 0 
Al Yalayis 2 0 Unidentified 0 

Yaraah 0 Unidentified 0 
Al Lesaily 1990 Residential 199 

Al Nahda Second 7527 Residential 753 
Al Hudaiba 8748 Residential 875 

Al Awir Second 2783 Residential 278 
Al Twar Third 7473 Residential 747 

Al Garhoud 12467 Residential 1247 
Al Hebiah Second 0 Unidentified 0 

Mankhool  33432 Commercial 187 
Wadi Alamardi 1583 Residential 158 

Al Khabaisi 1815 Residential 182 
Al Barsha South Fourth 0 Unidentified 0 

Oud Metha 8954 Commercial 50 
Jumaira Third 10671 Residential 1067 

Riggat Al Buteen 3485 Commercial 20 
Hadaeq Sheikh Mohammed Bin 0 Unidentified 0 
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Rahisd 
Zaa'beel first 2736 Residential 274 

Al Thanyah First 6842 Residential 684 
Al Qusais IND. Third 532 Industrial 0 

Al Nahda First 5480 Residential 548 
Al Barsha South Fifth 0 Unidentified 0 

Jabal Ali First 38582 Commercial 216 
Al Mizhar Second 7564 Residential 756 

Al Barsha South Third 0 Unidentified 0 
Le Hemaira 0 Unidentified 0 

Muhaisanah Third 3684 Residential 368 
Warsan Second 796 Residential 80 

Al Maha 0 Unidentified 0 
Al Warqaa Third 1916 Residential 192 

Margab 853 Residential 85 
Al Manara 5746 Residential 575 

Umm Al Daman 0 Unidentified 0 
Al O'Shoush 0 Unidentified 0 

Abu Hail 27031 Commercial 151 
Nadd Al Shiba Second 1216 Residential 122 

Al Qouz Fourth 10243 Residential 1024 
Al Wajeha Bahriah 0 Unidentified 0 

Hefair 0 Unidentified 0 
Al Sabkha 4073 Residential 407 

Dubai International Airport 16 Commercial 2 
Al Qouze IND Fourth 29434 Industrial 0 

Al Baraha 19643 Commercial 110 
Al Wohoosh 0 Unidentified 0 

Me'Aisem Second 1800 Residential 180 
Nazwa 0 Unidentified 0 

AL Mamzar 5322 Residential 532 
AL Hebiah First 3717 Residential 372 
Wadi Al Safa 4 0 Unidentified 0 

Al Kheeran First 0 Unidentified 0 
Hatta 9881 Residential 988 

Al Marmoum 796 Residential 80 
Al warqaa fourth 4104 Residential 410 
Mena Jabal Ali 31318 Commercial 175 

Jabal Ali IND third 0 Industrial 0 
Aleyas 1910 Residential 191 

Al Twar Second 5304 Residential 530 
Madinat Dubai Al Melahiyeh 7900 Commercial 44 

Al Jadaf 782 Commercial 4 
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Wadi Al Safa 7 0 Unidentified 0 
Warsan Fourth 0 Unidentified 0 
Wadi Al Safa 2 0 Unidentified 0 

Dubai Investment Park First 45063 Commercial 252 
Al Thanyah Fourth 22029 Commercial 123 

Al Yalayis 5 0 Unidentified 0 
Nakhlat Jabal Ali 0 Commercial 0 

Me'aisem First 0 Unidentified 0 
Al Wuheida 20885 Commercial 117 

Jumeira Island One 0 Unidentified 0 
Umm Al Mo'meneen 0 Unidentified 0 

Muhaisna First 5682 Residential 568 
Madinat al Matar 0 Commercial 0 

Nadd Al Shiba First 1638 Residential 164 
Hessyan First 1169 Residential 117 

Al Ras 11841 Commercial 66 
Al Qouz Second 935 Residential 94 

Trade Center Second 7112 Commercial 40 
Al Warqa'a fifth 0 Unidentified 0 

Al Fagaa' 0 Unidentified 0 
Umm Nahad Third 0 Unidentified 0 

Dubai Investment Park Second 19336 Commercial 108 
Al Daghya  17712 Commercial 99 

Jumeira Second 7942 Residential 794 
Al Safa Second 5517 Residential 552 

Al Thanyah Second 137 Residential 14 
Al Twar First 11857 Residential 1186 
Al Yalayis 1 0 Unidentified 0 
Al Merkadh 3051 Residential 305 
A Kheeran 1250 Residential 125 

Al Warqa'a first 1221 Residential 122 
Jabal Ali Second 1299 Residential 130 

Al Qouze IND. First 23808 Industrial 0 
Al Jafliya 17061 Residential 1706 

Ghadeer Barashy 0 Unidentified 0 
Al Barsha Third 7499 Residential 750 
Al Thanyah fifth 463 Residential 46 

Saih Shuaib 4 0 Unidentified 0 
Umm Suqeim First 11710 Residential 1171 
Al Khwaneej First 2161 Residential 216 

Saih Shua'alah 0 Unidentified 0 
Nadd Al Hamar 10465 Commercial 59 

Al Rowaiyah third 341 Residential 34 
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Al Barsha South Second 0 Unidentified 0 
Al Barsha South First 147 Residential 15 
Muhaisanah Fourth 18763 Residential 1876 
Umm Hurair First 3512 Residential 351 

Oud al Muteena second 255 Residential 26 
Hessyan Second 0 Unidentified 0 

Umm Nahad Fourth 0 Unidentified 0 
Jumeira First 16877 Residential 1688 

Lehbab Second 341 Residential 34 
Ras Al Khor 708 Residential 71 
Al yalayis 4 0 Unidentified 0 

Nadd Al Shiba Fourth 152 Residential 15 
Al Rashidiyah 36290 Commercial 203 
Al Qouz first 16540 Commercial 93 

Jabal Ali IND. Second 10945 Industrial 0 
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Appendix C  

Structural Performance at the MCE Level 

 

Figure 70: Story Height versus Story Shear for Building C1. 

 

Figure 71: Story Height versus Acceleration for Building C1. 
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Figure 72: Story Height versus Story Shear for Building C2. 

 

Figure 73: Story Height versus Acceleration for Building C2. 
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Figure 74: Story Height versus Story Shear for Building C3. 

 

Figure 75: Story Height versus Acceleration for Building C3. 
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Figure 76: Story Height versus Story Shear for Building C4. 

 

Figure 77: Story Height versus Acceleration for Building C4. 
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Figure 78: Story Height Versus Story Shear for Building C5. 

 

Figure 79: Story Height Versus Acceleration for Building C5. 
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Appendix D 

Analytical, Lognormal and Adjusted Fragility Curves 

 

Figure 80: Analytical, Lognormal, and Adjusted Fragility Curve for Building C1. 

 

Figure 81: Analytical, Lognormal, and Adjusted Fragility Curve for Building C2. 
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Figure 82: Analytical, Lognormal, and Adjusted Fragility Curve for Building C4. 

 

Figure 83: Analytical, Lognormal, and Adjusted Fragility Curve for Building C5. 
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