
Eurasian Journal of Science & Engineering                                                                            

ISSN 2414-5629 (Print), ISSN 2414-5602 (Online) 
EAJSE 

 

Volume 6, Issue 1; June, 2020 

 

161 

Seismic Vulnerability Assessment of Reinforced Concrete Building 

Structures in Erbil City, Capital City of Kurdistan Region of Iraq 

Zina A. Abduljaleel1 & Bahman O. Taha2 & Abdulhammed A. Yaseen3 

1Department of Technical Civil Engineering, Technical College of Engineering, Erbil Polytechnic 

University, Iraq  
2Department of Technical Civil Engineering, Technical College of Engineering, Erbil Polytechnic 

University, Iraq 
3Department of Civil Engineering, College of Engineering, University of Duhok, Iraq 

Correspondence: Bahman O. Taha, Erbil Polytechnic University, Iraq. 

Email: bahman.taha@epu.edu.iq 

Doi: 10.23918/eajse.v6i1p161 

Abstract: Rapid developments in Erbil city along with repeated seismic activity have caused concern 

about the safety of reference building structures. The reference buildings might be at risk since 

constructed with a misunderstanding about the seismicity and without seismic code regulations. 

Consequently, seismic vulnerability assessment of reference building structures has been conducted 

which is representing contemporary buildings including commercial, hotel, and residential building, by 

employing detailed archetypes in finite-based modelling. Inelastic pushover and over 800 incremental 

dynamic analyses are performed to evaluate seismic vulnerability for the selected reference structures so 

that the actual response analysed with studying the influences regarding the presence of infilling 

masonry panels. It was concluded that the selected reference buildings are significantly vulnerable 

under expected seismic. It was demonstrated that there is an urgent need for seismic retrofit and 

strengthening for the reference building structures to reduce their seismic losses. 

Keywords: Erbil, Incremental Dynamic Analysis, Inelastic Pushover, Vulnerability Assessment 

1. Introduction 

Erbil governorate frequently experiences small to moderate earthquakes. On July 24, 1991, the 

moderate magnitude of 5.5 earthquake struck Erbil city (IMOS, 2018). More recently, the activity of 

the Zagros fault has been increased significantly. Consequently, the recommended design Peak 

Ground Acceleration (PGA) in Erbil city is identified by value 0.25 g and 0.4 g on bedrock for return 

periods of 475 and 2475, respectively (AbdulJaleel & Taha, 2019). The collapses of building 

structures during recent earthquakes, especially, in the northern and eastern of Greater Kurdistan 

(e.g. Van earthquake in 2011; Iran-Iraq border earthquake near Halabja in 2017; Elazig and Malatya 

earthquake in 2020), furthermore, rapid developments in Erbil city along with repeated seismic 

activity have caused concern about the safety of existing building structures. The analysis of 

exposure indicated that the minor types of construction in Erbil city are reinforced concrete (CSO, 

2011; KRSO, 2018) and the databases of the municipality management also indicated that the 

buildings designed only for gravity load (Presidency of Erbil Municipality, 2012). Therefore, the 

building stock inventory in Erbil city might be vulnerable and experience a high risk of damage, 

these buildings generally experience low levels of strength and ductility since they constructed with 

a misunderstanding about the seismicity and without seismic code regulations. Recent studies 

underlined the necessity of evaluating the vulnerability of pre-seismic code buildings, and the urgent 

need to decrease their seismic losses (e.g. Bruno et al. (2000) in Sicily-South of Italy, Cosenza et al. 

(2000) in Catania-South of Italy, Ismaeil (2018) in Sudan, Issa and Mwafy (2014) in UAE, and 

Occhipinti et al. (2017) in Catania-South of Italy). Poor performance of pre-seismic code buildings 

will prohibit those structures to achieve the required seismic performance target (ASCE/SEI 41-13, 
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2014; ATC, 2011). Thus, this study centers on the seismic vulnerability of contemporary reference 

RC building structures in Erbil city, by considering the actual response (e.g. presence of infill walls 

and possible irregularity in vertical and horizontal). To performing the seismic vulnerability 

assessment, the following information and data are necessary: 

1) survey of the building stock inventory; 2) selecting typical buildings to represent RC building 

stock and obtaining their plans of construction; 3) review of the seismic characteristics and 

consequently selection of real ground-motion records; and 4) modeling finite-based model and 

analyzing. 

2. Building Stock Inventory 

2.1 Database of the Existing Building Structures 

The first component for developing the earthquake loss estimation system is identifying the building 

stock databases for the study area. Erbil city has a population of approximately nine hundred 

thousand people (CSO, 2011; KRSO, 2018). According to the Central Statistical Organization (CSO, 

2011), Erbil city stock consists of approximately 156,274 buildings, while updated data 

approximately 15,300 added buildings are reported in 2014 (KRSO, 2018). According to CSO, the 

buildings classified by type; occupancy; age of the buildings; construction material; and the number 

of floors, as shown in Figure 1 a, b, and c. Eighty percent of the buildings consist of dwellings, 

whereas 20% of the buildings are used for other purposes. Seventy-nine point zero five percent of the 

buildings are conventional buildings (e.g. house and attached buildings), 0.34% of the buildings 

comprise mobile or marginal types of buildings (e.g. hut, tent, and caravan), and 20.61% of the 

buildings include other buildings (e.g. institution and shopping center). The construction rate of 

multi-story buildings (more than three floors) increased after 2000. Concrete blocks are the major 

material used in the construction of conventional and other building types. Census data has not been 

updated for ten years, therefore, municipality (Mun) documentation data also utilized. Mun data in 

Erbil city documented about 2890 buildings with a height of more than three floors, Mun data 

utilized to classify the contemporary buildings by the distribution of the buildings on the Mun; age 

after 2000; and the number of floors as shown in Figure 1 d, e, and f. Most of the buildings have 

three and four floors located in the Mun one. Most of the buildings in Mun have been utilized for 

commercial purposes and classified by risk category ASCE-II. After 2010, the construction rate of 

the buildings increased to roughly half percent and the skyscrapers have been constructed. The 

following seismic codes are established concerning the building construction year: 

1) Iraq seismic code in 1988, 2) Iraq seismic code in 1997, 3) After more than fifteen years outdated, 

the new Iraqi draft in 2016. Building stocks in Erbil city were designed primarily for gravity loads, 

nevertheless, some of the buildings were designed for seismic load related to UBC 1997. 
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Figure 1: Graphical description of the building stock a) CSO by age, b) CSO by number of floors c) 

CSO by construction material d) Mun managements e) Mun by number of floors e) Mun by age 

2.2 Selection of Existing Building Structures 

According to the Mun database, three reference RC buildings representing modern buildings of 6, 9, 

and 11 stories, were selected for the current study. Selected buildings described by the real function 

such as Commercial building (COML-06), Hotel building (HB-09), and Residential building (RB-

11). Figure 2 shows the selected buildings from Erbil city to represent reference buildings, while 

Table 1 summarizes the characteristics of the selected buildings. Moreover, selected buildings have a 

basement floor, COML-06 has three typical story height of 3.42 m, while RB-11 has the same height 

of 3 m, and HB-09 comprises eight typical story height of 3.6 m. 

Table 1: Summary of the selected buildings 
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          a) Commercial building                    b) Hotel building                    c) Residential building 

Figure 2: Selected real buildings from Erbil city to represent reference buildings 

3. Ground Motion Selection 

3.1 Selection of Compatible Ground Motions with the Seismic Characteristics in Erbil City 

Ground-motion is considered an essential component of the seismic vulnerability studies. For this 

purpose, seismic characteristics in Erbil city were reviewed by focusing on geology and tectonic 

setting, seismicity, and the previous hazard assessment (AbdulJaleel & Taha, 2019). As a result, 

Abduljaleel and Taha (2019) demonstrate in their review article that the, tectonically, positioned at 

the north corner of the Arabian plate and classified by an outer platform of Western Zagros Fold-

Thrust Belt. Geologically, classified by soil site class D. In addition, seismicity is characterized by 

strike-slip (Normal) fault, most of the earthquakes exhibit at the shallow crustal, and the maximum 

expected earthquake magnitude in Erbil city identified between Mw 6 and 7.5. Design PGA 

identified with a range of 0.4 g for a 2% probability of exceedance in 50 years (2475 years return 

period), in a term of 5% damped at bedrock condition. Spectral acceleration also proposed with 1 g 

and 0.53 g at Ss and S1. Consequently, ten appropriate real ground-motion records are selected by 

employing a web-based PEER ground-motion database and introducing four sets of ground-motion 

selection and modification methods, records are selected based on the important criteria including; 

Erbil seismic condition; defined target spectra; largest record repetitions; and different events 

(Abduljaleel & Taha, 2020). ----- 

Table 2 shows a summary of the selected real records. Figure 3 compares the response spectra of the 
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input ground-motion records. 

Table 2: Summary of earthquake records (Abduljaleel & Taha, 2020) 

 

 

Figure 3: Response spectra of earthquake records along with their mean and response spectrum for 

Erbil city (Abduljaleel & Taha, 2020) 
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3.2 Selection of Ground-Motion Intensity Measures (IM) and Damage Measures 

The possible option of ground motion IM is important for evaluating structural responses in a term of 

damage descriptors. Several IM were used in previous studies; Buratti (2012), Elenas (2013), Pejovic 

and Jankovic (2015), and Yaseen (2015) employed peak ground acceleration (PGA), peak ground 

velocity (PGV), peak ground displacement (PGD), spectral acceleration (Sa), spectral velocity (Sv), 

and spectral displacement (Sd). 

Particularly, PGA is the most popular IM which is appropriate for very stiff structures, PGV is 

helpful IM because the damage of several buildings is connected with energy that relies on the 

velocity, PGD is the maximum displacement of very flexible structures directly related to PGD. 

Other parameters frequency content (Sa, Sv, and Sd) and earthquake duration are also affected 

structure behavior. 

Despite challenging to choose a single scaling technique for structures with numerous dynamic 

properties, scaling ground-motions utilizing PGAs covers the seismic forces instantly to the input 

accelerations. Therefore, this basic approach argued by design codes, various studies (e.g. Ji et al. 

(2007) Mwafy (2012) Hassan (2014) Issa (2014)) , and consequently the current study, proves to 

scale PGA. 

4. Structural Modeling and Analysis 

4.1 Description of the Archetype for Reference Building Structures 

Structural elements obtained from original structural drawing plans are described below. Figure 4 

depicts the generic structural plan with cross-sections of the vertical elements for the selected 

building including COML-06, HB-09, and RB-11, while table 3 summarizes the schedule of the 

horizontal elements. 

4.2 Finite Element Based Modeling 

Finite based software ETABS (https://www.csiamerica.com/products/etabs) utilized for this study to 

create a 3D model to idealize selected reference structures and run all the required analysis. Two 

different cases of finite 3D modeling analysis; bare and infilled frames are developed for reference 

building structures. Consequently, the members and sections modeled as follows: 

1. Frame modeling 

Beams and columns members modeled as frame element; section designer utilized to obtain 

required dimensions and reinforcements. 

2. Slab modeling 

Slabs are defined as area elements having the properties of shell element with the required 

thickness; slabs modeled as rigid diaphragm elements. 

3. Shear/basement wall modeling 

Shear walls and basement walls modeled as shell elements; section designer utilized to obtain 

required dimensions and reinforcements. 

The elastic behavior of the frame and shell elements is defined by the frame and shell sections 

assigned to the elements. Concrete compressive strength f'c, ranges between 21 to 28 Mpa and the 

reinforcing steel grade is A615 Gr60 and Gr40 with Young's modules E, 200000 Mpa, and yield-
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strength of ranges between 414 and 420 Mpa are used for modeling. 

In ETABS (CSI Computers & Structures, 2017), nonlinear analysis can be performed using hinges. 

Hinges are assigned at the location of the maximum possibility of the force, for example, the 

maximum moment at the ends of beams and columns; with distance 0.1 and 0.9 lengths as a 

theoretical length adopted by code of practice. Each hinge is modeled as a discrete point hinge and 

represents concentrated post-yield behavior, hinges only affect the behavior of the structure in 

nonlinear static and nonlinear time history analysis. 

Furthermore, for each degree of freedom axial and shear specified by force-displacement behavior, 

while bending and torsion characterized by plastic moment rotation behavior. Besides, there are three 

types of hinge properties in ETABS namely, user-defined nonlinear hinge properties, default hinge 

properties, and automated hinge properties. Automated hinge properties are calculated automatically 

from the frame element material and section properties, according to ACI 318-14 criteria (ACI, 

2014); the material properties assigned to the frame and shell element are used to predict the plastic 

behavior of the hinges. 

For this reason, the following types of automatic hinges are available in ETABS: 

• Concrete beams in flexure (M) hinges can be generated using ASCE41-17 and using items 

from table 10-7.  

• Concrete column in flexure (P-M-M) hinges can be generated using ASCE41-17 and using 

items from table 10-8 and 10-9. 

• Concrete walls in flexure (P-M) fiber hinges can be generated. 

Definitely, Takeda and Kinematic 's models were respectively employed to characterize the 

hysteretic behavior of concrete and steel materials. 

Mander and Simple parametric definitions were also applied to describe stress-strain curves of 

concrete and steel materials, respectively. 
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Figure 4: Generic structural plan (left) and cross-sections of the vertical members (right) for selected 

buildings COML-06 (top); HB-09 (middle); and RB-11 (bottom) 
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Table 3: Cross-section of Beams for selected buildings 

 

4. Modeling equivalent strut 

Usually, in the RC framed structure system, the frames are infilled with stiff construction 

systems, for example, brick or concrete block masonry. Masonry infilled RC frames have been 

popular forms of construction around the world, as well as, according to the survey of the 

building stock inventory, these characteristics of building structures are one of the most 

popular structural systems in Erbil city. Besides, the experiences in past earthquakes have 

observed that the presence of masonry infill walls changes the seismic response of frame 

building, these buildings are also more vulnerable due to vertical irregularity of the infill wall, 

leading to the failure of the building under the soft-story mechanism (e.g. Sharma et al. (2016) 

and Varum et al.(2018); Gorkha earthquake in Nepal). Therefore, for seismic vulnerability 

assessment of existing buildings, it is necessary considering the effect of infill walls. Infill 

walls modeled as an equivalent strut "compression only", unreinforced masonry block with a 

unit weight of 600 kg/m3, the strength is 10 Mpa. Thickness of infill walls in outer girder with 

150mm (RB) and 200mm (HB and COML), while partitioning walls presence of half-thickness 

with about 100mm in interior frames. According to the literature, various studies were 

modeled Infill walls as single equivalent masonry strut, the theoretical width of the diagonal 

strut calculated, as represented in table 4. 
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Table 4: Strut width calculated by various authors 

 

4.3 Building Performance Levels 

Seismic performance principles of structures, which are described to the level of damage, have 

sustained centered attention. The following performance levels are considered in the seismic 

provisions (ASCE/SEI 41-13, 2014; ATC, 1996; FEMA-356, 2000): 

1. Collapse Prevention (CP): allows for a small margin of safety against collapse during a severe 

earthquake. 

2. Life Safety (LS): indicates significant damage to the building lateral force-resisting system but 

maintains a large margin against collapse. 

3. Immediate Occupancy (IO): Where relatively minor damage may occur to the building, and 

the lateral force-resisting elements retain their initial strength and much of their original 

ductility.  

Other performance levels have been also recommended by seismic provisions such as the operation 

performance (OP) criterion (ASCE/SEI 41-13, 2014). Inter-story drift ratio (IDR) is usually 

considered as the primary performance criterion as it is related to performance levels (ASCE/SEI 41-

13, 2014), several previous studies have utilized IDR to evaluate the structural damage, 

recommended values from previous studies summarized in table 5. 
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Table 5: Review of IDRs for different limit states and structural systems 

 

4.4 Possible Irregularity of Structural Models 

Several real building structures are particularly irregular. Therefore, the selected models were 

investigated using linear static analysis so that possible irregularities of the models were verified 

according to the definitions of ASCE seismic code (ASCE/SEI 7-16, 2017); definitions expressed in 

table 6. The following results were obtained: 

1. COML-06, HB-09, and RB-11 structural models (e.g. bare and infilled frame) undergo the 

torsional irregularity. 

2. COML-06 and RB-11 structural models encounter the reentrant corner irregularity. 

3. Infill walls increase the mass of models and increase the possibility of irregularity in stiffness 

too, it was substantially observed from COML-06, and remarked some change in RB-11, 

whereas slightly indicated in HB-09. 
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Table 6: Vertical and horizontal irregularity criteria adopted by ASCE (ASCE/SEI 7-16, 2017) 

 

4.5 Performance Assessment of Reference Structures 

3D finite models were subjected to the following analyses were carried out by using the finite based 

software (ETABS) program: 

4.5.1 Free Vibration Analysis 

Eigenvalue analysis is crucial as a predecessor to dynamic analysis since the understanding of the 

natural frequencies and mode shapes help to present comprehensive knowledge into the dynamic 

response. In free vibration analysis, the stiffness and mass distribution of the structure is required to 

run the analysis without the application of loads, this leads to the building structures is oscillating 

without any external dynamic excitation (Chopra, 2012). Eigenvalue analysis conducted by Eigen 

modal case, considering the P-delta effect, and 90% participating modal mass as specified by ASCE 

(ASCE/SEI 7-16, 2017). Figure 5 a, b portray the first three modes of vibration for models and figure 

5 c shows the first three periods for the reference buildings with and without considering infill 

stiffness, the variation between the bare and infilled frame is confirmed by increasing stiffness in the 

infilled frame and shorten periods. 

 

Figure 5:  First three mode shapes of a) bare frame b) infilled frame c) periods, hatched pattern for 

infilled frame 
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4.5.2 Nonlinear Static Analysis (Inelastic Pushover Analysis) 

Nonlinear Static Analysis (NLSA) is used to evaluate the lateral capacity of a structure in the 

inelastic domain. This analysis comprises applying the distributed gravity load to the structure and 

then applying an increasing lateral load. A predetermined lateral load pattern such as uniform or 

inverted triangular loads is distributed throughout the building height. The analysis is conducted until 

a predetermined limit state or a target displacement of the structure is obtained while controlling the 

top displacement. With the incremental increase in the magnitude of lateral loading, probable weak 

areas along with failure modes of the structure can be detected. Besides, NLSA allows avoiding 

complex, even if rigorous, non-linear time-history analyses. Such an advantage is much more 

obvious by challenges associated with selection and scaling of seismic input; definition of 

evolutionary hysteretic models; interpretation of analysis results; and time of analysis. NLSA has 

been developed and verified by various authors (e.g. Gupta & Kunnath (2000), Mwafy and Elnashai 

(2001) Chopra and Goel (2002), Aydinoglua (2003), Antoniou & Pinho (2004), Hassan and Mwafy 

(2014), Issa and Mwafy (2014), and Khalifa and Mwafy (2015)). 

Conventional pushover Capacity Spectrum Method (CSM) is conducted to the selected reference 

buildings to estimate the lateral strength and deformation capacity, the capacity spectrum method is 

employed to evaluate the seismic performance of the selected structures by intersecting the structure 

capacity spectrum with the response spectrum of the earthquake, according to the format of ASCE 

(ASCE/SEI 41-13, 2014), which was developed by Freeman (1975). Displacement controlled 

nonlinear analysis is conducted for the structural models by considering the important steps: 

1. Suitable modeling of the building; assigning sectional reference properties. 

2. Assigning gravitation loads. 

3. Assigning automated hinge properties at both ends of each element beams and columns, fiber 

hinge is also assigned for shear walls/basement walls. 

4. In the infilled model, the infill walls assigned as compression members. 

5. Load case defines including; nonlinear static predefined lateral load patterns (e.g. dead load 

and 25% live load) representing the initial conditions for applying acceleration, then 

acceleration load case define at the X-direction (Push X), and acceleration load case also 

define at Y-direction (Push Y), by considering P-delta effects. 

Nonlinear static analysis is used to verify the structural performance including the following 

purposes: 1) To evaluate the performance point, 2) To evaluate the distribution of inter-story drift, 

and 3) To evaluate the expected plastic hinges.  

Performance points represented by the intersection of the capacity curve and demand curve. The 

lateral capacity of the structure estimated by plotting the total base shear versus top displacement and 

demand curves estimated by spectrum source obtained according to ASCE “PGA = 0.4 g for 2475 

years return period” (ASCE/SEI 41-13, 2014). Figure 6 represents the capacity curve (black color), 

demand curve (orange color), performance point of the reference structures, and drift profiles. The 

detailed situation of hinges regarding the different stages of the performance level represented in 

table 7.— 
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Table 7:  Hinges situation at the performance level in the selected buildings 

 

According to the results of nonlinear static analysis, the following points have been discussed in the 

selected buildings: 

1. Mapping of plastic hinges (see figure 6) showed that the level of plastic hinges reached the 

collapse prevention (CP) level with small limited of safety, that is showed significantly poor 

performance, which was reflected in the number of plastic hinges, particularly in the vertical 

elements, this leads to weak-column strong-beam and not in an agreement with strong -column 

weak-beam code concept. 

2. Infill walls increase the base shear, decreasing the inter-story drift ratio, whereas, increase 

depicting the plastic hinges that entered the CP level, leading to the formation of the story 

mechanism. 

3. The inadequacy seismic performance of the selected case buildings is significantly associated 

with the possible irregularity results, particularly, for the infilled frame, which leads to soft-

story and observed from the ground floor of COML-06 building. 
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4. Inter-story drift ratios (IDR) at the collapse prevention (CP) is 1.24%, 0.67%, and 1.6% for 

COML-06, HB-09, and RB-11 bare frame building, respectively, whereas, the IDRs at the CP 

is 1.16%, 1.27%, and 0.36% for COML-06, HB-09, and RB-11 infilled frame building, 

respectively. It is clear from Table 5 that the CP level ranging from 2.5% to 4% is frequently 

used in the previous studies to define RC frame building, whereas ranging from 2% to 2.5% is 

frequently used for RC wall building, this leads to that the building height and structural 

system have a significant impact on the IDR. 
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Figure 6: Capacity curves for the bare (left), infilled (right) frame, and drift profiles (end right) for 

buildings. 

4.5.3 Incremental Dynamic Analysis (Fast Nonlinear Analysis) 

Nonlinear Dynamic Analysis (NLDA) can generate results with high precision and relatively 

minimum uncertainty by utilizing the combination of ground motion acceleration. NLDA is the most 
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precise and reliable approach of seismic analysis which needs high-speed computer processing and 

appropriate software for convenient modeling of structural elements. By analogy with passing from a 

single static analysis to the incremental static pushover, one enters at the extension of a single time-

history analysis into an incremental one, where ground-motion “the seismic loading” is scaled. 

Incremental dynamic analysis (IDA) comprises performing a series of nonlinear dynamic analyses in 

which the intensity of ground-motion selected for the collapse examination is incrementally 

increased until the global collapse capacity of the structure is attained. IDA also comprises plotting a 

measure of the ground motion intensity (PGA) against a response parameter such as the peak inter-

story drift ratio. When the slope of the IDA curve ranges from linear to nonlinear, the yield stage is 

considered to be attained. The collapse capacity of the structure is considered to be attained when the 

IDA curve converts significantly flat or the nonlinear slope becomes smaller than 20% of the elastic 

slope (Vamvatsikos & Cornell, 2002). IDA is a comprehensive dynamic analysis method where the 

structure progresses gradually from elastic to inelastic state by incrementally increasing the hazard 

level.  

Collapse acceleration in a unit of g is essentially performed to the description of the results of 

incremental dynamic analysis in several previous studies and the present work, Cosenza et al. (2000) 

evaluated the collapse acceleration with scaling one ground-motion record, whereas Bruno et al. 

(2000) employed the maximum results of three records to evaluate the incipient collapse conditions, 

whilst Tiwari and Kasnale (2017) and Rakshe and Kalwane (2018) evaluated the seismic 

performance based on the median collapse acceleration of nine ground-motion records, the authors 

also asserted the inadequacy of the structural model for the cases have less collapse acceleration (g) 

than the original unscaled ground-motion record. 

The scaling levels are selected to force the structure throughout the entire range of behavior, from the 

elastic to the inelastic range and finally to collapse. To effectively utilize the incremental dynamic 

collapse acceleration, different scaling factors are used by previous studies; Mwafy (2012) and his 

students Hassan (2014), Issa (2014), and Khalifa (2015) suggested based on the seismic scenarios 

and building characteristic. Therefore, the selected input ground motions in the current study are 

scaled starting from a PGA of 0.05 g and ending with a PGA of 1.2g or up to collapse. 

Nonlinear dynamic analyses are carried out as time history Nonlinear Modal “Fast Nonlinear 

Analysis” using modal Ritz by considering P-Δ effects and damping ratio for all modes equal to 5%, 

where the initial condition is defined as ramp nonlinear time history including dead load and 25% 

live load. The IDA curve is plotted considering the effect of the number of time histories, a 

generalized IDA curve gives susceptibility prediction for a selected structural model under 

earthquake excitation, as illustrated in figure 7. Collapse acceleration (g) is also derived from the 

IDA curve for reference buildings, as depicted in Table 8. 

For possible failure mechanism assessment, it was proposed that the structural model cannot sustain 

survive the seismic event in case the scaled PGA at the collapse is less than the original unscaled 

ground-motion record and the selected buildings cannot sustain any ground-motion record greater 

than the median collapse acceleration. As a result, the vulnerability assessment for selected reference 

building structures as follows: 

1. Commercial (COML-06) building structure: Bare frame cannot sustain all selected records 

except record #730, whereas infilled frame cannot sustain all selected records except record 

#730 and #761, based on the median value evaluation bare frame cannot sustain the ground-
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motion records (time history) larger than 0.35g, while infilled frame cannot sustain ground-

motion records larger than 0.31g (see Table 8). The increasing vulnerability in the infilled 

frame model leads to the presence of infill walls and soft-story mechanism at the ground floor 

and the first floor, the deficiency of the models is also confirmed by the effect of horizontal 

and vertical irregularities in the model. 

2. Hotel (HB-09) building structure: Bare frame cannot sustain all selected records exclude 

record #730, #761, and #1082, whereas infilled frame cannot sustain record #126, #183, 

#1602, #5827, and #6893, depending on the median value evaluation bare frame cannot sustain 

the ground-motion records (time history) larger than 0.37g, while infilled frame cannot sustain 

ground-motion records larger than 0.36g (see Table 8). The deficiency of the model under the 

seismic load is confirmed by the effect of horizontal and vertical irregularities in the model. 

3. Residential (RB-11) building structure: Bare frame can sustain only record #730, #761, 

whereas infilled frame cannot sustain all selected records, considering the median value 

evaluation bare frame cannot sustain the ground-motion records larger than 0.3g, while the 

infilled frame cannot sustain ground-motion records larger than 0.17g (see Table 8). The 

increasing vulnerability in the infilled frame model due to progressing soft story mechanism at 

the ground floor by conducting the nonlinear dynamic analysis, as somewhat confirmed by 

linear static analysis, the vulnerability of the models is also confirmed by the effect of 

horizontal and vertical irregularities in the model. 

4.5.4 Comparison between Inelastic Pushover and Incremental Dynamic Analysis 

Capacity curve only performed by conducting a pushover analysis so that the performance point 

evaluated by the intersection of the demand curve with the capacity curve as shown in figure 6. 

Whereas, collapse acceleration evaluated by using an incremental dynamic analysis (IDA) curve as 

shown in figure 7. For the comparison purpose, the results of the max inter-story drift ratio (IDR) at 

the CP limit state calculated by pushover analysis is 1.24%, 0.67%, 1.65%, (1.16%, 1.27%, 0.36%) 

for COML-06, HB-09, RB-11 bare (and infilled) frame building. However, the average IDR obtained 

from the collapse IDA curve is 1.28%, 1.39%, 1.6%, (0.67%, 1.01%, 0.48%) for COML-06, HB-09, 

RB-11 bare (and infilled) frame building. As a result, the IDR results for the infilled frame have less 

value compared to the bare frame also adopted by previous studies (see Table 5). This is in 

agreement with incremental dynamic analysis results, this proves that the incremental dynamic 

analysis is more reliable compared with pushover analysis. 
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Figure 7: Incremental dynamic analysis curve for selected reference building structures 

Table 8: Collapse acceleration for selected reference building structures 
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5. Conclusions 

The central objective of this study is to investigate the seismic vulnerability of the existing inventory 

in Erbil city in response to the future anticipated earthquake. The selected building structures 

subjected to a sequence of Eigenvalue analyses, NLSA, and IDA to assess their dynamic 

characteristics, lateral capacities, and seismic performance. The following conclusions are 

summarized below: 

1. It was observed that the Eigenvalue results validate the numerical models and assist value in 

the results obtained from the present study. Besides, the discrepancies between the dynamic 

characteristics obtained from the bare and infilled frame, these differences were justified by 

increasing stiffness in the infilled frame and shorten periods. 

2. The important results of the pushover for the selected reference buildings indicated that the 

demand curve intersects the capacity curve with limited reserve of strength and deformation 

capacity, this means that the selected reference structures have poor performance under the 

earthquake, and more vulnerable for seismic excitation. 

3. The expected PGA value was identified by 0.4g for 2475 years return period. Consequently, 

the seismic strength for selected reference building structures concluded as follows by 

performing the incremental dynamic analysis: 

• Commercial (COML-06) building structure: It was indicated that the capacity of the bare 

frame COML-06 building structure with the dynamic analysis is ineffective, the strength is 

0.35g. Whereas, the presence of infilling masonry walls increases the vulnerability 

corresponding to collapse condition is in the order of 0.30g.  

• Hotel (HB-09) building structure: It was specified that the capacity of the HB-09 building 

structure with the dynamic analysis is ineffective, the strength is roughly about 0.35g. The 

bare and infilled frame almost has the same effect. 

• Residential (RB-11) building structure: It was marked that the capacity of the bare frame 

RB-11 building structure with the dynamic analysis is ineffective, the corresponding to 

collapse conditions does not exceed 0.3g. Whereas, the presence of infilling masonry walls 

increases the vulnerability into roughly twice. 

4. Significantly, infill walls have influenced on the performance evaluation, it was noted that the 

infilled frame is more vulnerable for the seismic than the bare frame, due to stiffness 

irregularity in the vertical direction. 

5. It was noted that the infilled frames have fewer drift ratios than the bare frame. 

6. Mapping of plastic hinges showed that the first indication was observed in the vertical 

member, this leads to weak-column strong-beam and not in an agreement with a strong-

column week-beam code concept. 

7. It was concluded that the results obtained by the incremental dynamic analysis approach are 

more accurate than the static pushover analysis. 

8. The results indicated the urgent need for seismic retrofit for the selected reference building 

structures to reduce their seismic losses. 
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