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Abstract

:

The performance-based seismic design pretends to take care of the lives of the occupants and reduce the cost of damage caused by earthquakes. Several ways of estimating damage and economic losses have been developed, but most of them lack objectivity and have great dispersion in the results. In the last decade, the advancement of technology has allowed the appearance of new methodologies, such as the one developed by the Pacific Earthquake Engineering Research Center (PEER methodology). However, the information regarding application and scope is scarce. In the present investigation, the economic seismic performance for a steel building was determined by applying the PEER methodology with different levels of seismic intensity. A multi-family residential model of special moment frames (SMF) was used, and the structure was designed by means of modal analysis. Spectral, incremental dynamic non-linear analysis was performed where the structural response was determined, with the help of the PACT software. The seismic performance, expressed as the repair costs, repair times, deaths, and injuries, was defined. The results obtained indicate that buildings designed with traditional structural standards can be demolished after the action of an earthquake because the repair costs exceed 40% of the replacement cost. Rare and very rare seismic events can cause the total suspension of the service and a considerable number of deaths and injuries.
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1. Introduction


Earthquakes are among the most destructive natural disasters, and their incidence is greater when they occur in densely populated urban areas. Earthquakes cause substantial economic losses due to the collapse of structures, repairs of structural elements, non-structural elements, prolonged downtime of the building, and numerous deaths [1,2,3,4]. Non-structural elements are essential for building functionality and represent a significant investment. It is crucial for civil engineers to accurately estimate the cost of earthquake damage before it occurs [5,6].



The objective of a traditional seismic design is to save lives and prevent collapse, and as such, traditional codes and standards do not address the damage control aspects necessary to limit the risks associated with an earthquake and prevent significant economic losses. Recent seismic events have demonstrated that excessive residual drifts following an earthquake can lead to high repair costs, temporary service interruption due to required repairs, or even the total destruction of buildings. For this reason, most codes set limits on this parameter. Research conducted on non-structural elements and contents has shown that the damage they can suffer is related to floor accelerations, a parameter not typically considered in traditional codes [7,8,9].



Among the old methods of estimating damage, there are procedures based on the Mercalli scale, which relate the perceived visible damage in the structure to ground acceleration or soil type and a damage factor [10,11]. There are also maps of ground motion that relate Mercalli intensity to economic losses or losses of human life [12,13]. One of the limitations of these old methods is their subjectivity and the significant dispersion in results.



Since the 1990s, performance-based seismic design, also known as consequence-based design, has emerged. It aims to achieve a reasonable match between the expected consequences and estimated consequences in design [14]. This new approach to structural design sets objectives and damage levels for each level of seismic intensity [5,15,16,17]. In 2012, the Federal Emergency Management Agency (FEMA) published a series of products, including an objective methodology for the probabilistic estimation of economic losses [15]. This methodology involves four steps: estimating seismic hazard through ground intensities or seismic hazard curves; assessing the structural response to ground motion using non-linear analysis; expressing the structural response in terms of drifts and accelerations; and estimating the damage level in structural and non-structural elements and contents using fragility functions.



Fragility functions are used in seismic engineering to calculate the probabilities of different damage states based on seismic responses. Initially developed for nuclear power plants, fragility functions have gradually been implemented for buildings, bridges, structural and non-structural elements, and contents [5,16,17,18].



The seismic fragility of structures can be studied with empirical and analytical models; empirical fragility curves are built from the collected damage data, while analytical models are treated in a probabilistic manner. In the PEER methodology, the estimation of fragility is carried out using probabilistic seismic fragility analysis (PSFA) [19]. The probabilistic models constitute a special case of analysis. The research carried out by Xu-Yang Cao [20] estimates the fragility in the PSFA field for reinforced concrete frames subjected to non-stationary stochastic ground movements with various states of damage without reaching collapse. In this research, classical parametric probabilistic models such as least squares regression (LSR) and maximum likelihood estimation (MLE) are applied, while non-parametric models are simultaneously developed, such as the kernel density estimation (KDE) and Monte Carlo simulation (MCS). The results obtained indicate that the effectiveness, precision, and applicability of each model depends on several factors, such as computational resources, damage levels, seismic intensity, and the number of samples.



The final step is estimating the level of loss, which is expressed probabilistically as a performance function. This procedure, known as the Pacific Earthquake Engineering Research Center (PEER) methodology [21,22], is designed to be flexible and cater to user needs rather than being prescriptive. It results in earthquake-resistant designs that not only focus on human life [23].



The PEER methodology has been incorporated into the freely available PACT software, which collects and stores basic construction information such as the building area, structural system, non-structural systems and components, and structural response parameters including story drifts ratios, accelerations, and residual lateral drifts [24]. Previous studies have used this methodology and software to compare the seismic performance between different structural systems, compare the performance before and after reinforcement, and conduct individual building and regional studies at the city level [7,23,25,26]. The use of this methodology provides estimates of economic losses and other performance parameters such as the number of deaths, which many countries are adopting as indicators of seismic resilience [15,27,28]. These indicators also serve as a common language for decision-making and the transfer of required information between engineers and employers or stockholders.



Achieving the appropriate seismic performance of a building requires coordination between structural, non-structural, and content performance, thus achieving overall seismic performance. In this context, estimating damage and calculating economic losses before earthquakes occur remains a fundamental concern due to the limited information available on the application, scope, and limitations of new methodologies.



This research presents the application of the PEER methodology to calculate the economic seismic performance of a structural steel building, as part of the application PACT software, which is used to create an economic model that includes both structural and non-structural elements. The results are expressed through performance functions in terms of repair costs, repair time, and the number of deaths and injuries. The study demonstrates that economic losses are significant even for conventional levels of seismic intensity, for which the structures are designed. In fact, buildings can be demolished after an earthquake due to the high costs of repair. Furthermore, it is evident that the damage suffered by structural elements is related to story drifts ratios, while the damage to non-structural elements is related to story drifts ratios and floor accelerations.




2. Methodology


For the determination of economic seismic performance, a regular six-story building was used, with a structural system resistant to seismic loads consisting of steel special moment frames with cruciform columns and hot-rolled I-beams. The design of the structural elements was performed using modal spectral analysis consistent with the site-specific recommendations of NEC-15 [29]. Subsequently, incremental non-linear dynamic analyses were conducted to determine the accelerations, story drifts ratios, and residual drifts for each floor under different levels of seismic demand. With the assistance of the PACT software, an economic model was developed, including general building data, structural response, population, repair costs, fragility functions for structural and non-structural elements, and contents. Performance functions were then used to estimate the economic seismic performance in terms of repair costs, repair time, and the number of fatalities and injuries.



The modern approach to calculating economic seismic performance or estimating the economic losses resulting from a seismic event of a certain intensity is based on four steps: estimating seismic hazard; estimating structural response; estimating the level of damage in structural and non-structural elements and contents; and estimating the level of loss. The results are expressed probabilistically as a performance function, and this process is referred to as the PEER methodology. The calculation is performed using Equation (1) [30].


  λ   D V   = ʃ ʃ ʃ G ( D V | D M ) | d G ( D M | E D P ) | | d G ( E D P | I M ) | | d λ ( I M ) |  



(1)




where IM represents the measures of seismic intensity (design spectrum acceleration), EDP represents the engineering demand or structural response parameters (drifts, accelerations), DM represents the measures of damage (discrete damage states), DV represents the decision variable (economic losses), G(DV/DM) is a conditional complementary cumulative distribution function, and λ is a consequence function [31,32].



For the analysis of the building, a dead load of 6.26 KN/    m   2     was considered for the lower floors and 3.06 KN/    m   2     for the roof, and a live load of 2 KN/    m   2     was considered for all inhabited floors and 0.7 KN/    m   2     for the roof, based on the recommendations of the NEC-15 non-seismic loads chapter [1,2,3,4,33].



Considering the building’s use, an importance factor of   I = 1   was adopted. The building was considered regular in both plan and elevation     ϕ   P   = 1 ,     ϕ   E   = 1  , the seismic response reduction coefficient used was R = 6, as recommended by the same standard in the seismic hazard chapter [29], and the reactive load W was considered as the sum of the dead load and 25% of the live load, resulting in the basal shear being 16% of the reactive load.


  V = 0.16   W  



(2)







2.1. Design of Structural Elements


Modal spectral analysis was performed to determine the demands resulting from the combination of vertical loads and seismic loads. This ensured that the structural elements had sufficient strength and stiffness, satisfying the limit states of strength, serviceability, and dynamic behavior, as recommended by NEC, AISC, and standards [34,35,36,37]. The structural elements were designed with the ETABS software from a three-dimensional model with bar-type elements, and ASTM A36 steel was used while considering probable yield factors and probable stress, as described in the AISC 341-10 standard [35].



Reduced beam section (RBS) connections were used for the beam-column connections following the recommendations of AISC [36]. The design carried out complied with the recommendations of the standards for new steel buildings. The arrangement and dimensions of the structural elements can be seen in Figure 1 and Figure 2 and Table 1.




2.2. Incremental Dynamic Non-linear Analysis


Material non-linearity in the beams and columns was represented through a concentrated plasticity model, following Table 9-6 of the ASCE 41-13 standard [38], and the location of the plastic hinge (Sh) was assigned considering the result of the RBS connection. To evaluate the building, four levels of seismic intensity were used, representing a frequent, occasional, rare, and very rare earthquake [29]. Eleven seismic records were selected from the Pacific Earthquake Engineering Research Center database [39] (See Table 2), and the criteria for the selection of records were based on compatibility with the target spectrum for the city of Puyo, the reverse mode of failure, and a shear wave velocity (Vs30) of less than 180 m/s. The records prior to the analysis were corrected with a cubic baseline correction and trimmed using the intensity area method in a range between 5% and 95%. Figure 3 shows one of the processed seismic records. Finally, the seismic records were scaled to four levels of seismic intensity (0.46 g, 0.723 g, 0.975 g, and 1.887 g) which were expressed as a fraction of gravity (See Figure 4), using the spectral matching methodology in the frequency domain. This ensured that the seismic records matched the target response spectra for each intensity level.



Non-linear dynamic analysis was performed using the direct integration method with a damping ratio of 5% relative to critical damping, The damping of a building depends on several factors, among which are the height of the building, material, structural system, and level of damage in an earthquake. However, for analysis purposes, several standards recommend using a damping of less than or equal to 3 or 5% [29,38,40].



The analysis considered rigid prequalified connections and seismically compact sections with a high ductility and energy dissipation capacity, following the seismic provisions for structural steel buildings suggested by the American Institute of Steel Construction (AISC) [35,36]. The time step intervals ranged from 0.01 to 0.02 s, depending on the number of data points in each seismic record.




2.3. Economic Model


The PACT software, provided by the Federal Emergency Management Agency (FEMA), was used to develop the economic model and subsequently calculate the economic seismic performance and loss estimation. The data considered were as follows:



2.3.1. General Information of the Building


The building has a total area of 2688 m2 distributed over six equal floors. The costs and repair times were determined considering the Ecuadorian market. The maximum number of workers per square foot used to calculate the repair time was 0.001 (1 worker per 1000 square feet), following the recommendations of volume 2 of FEMA P 58 [41].



Taking into account the Ecuadorian market, a budget was made where the replacement cost of the building (construction cost plus demolition) was estimated to be 687.35 USD/m2, the repair cost of the building structure was estimated to be 507.67 USD/m2, and the repair time was estimated to be 1095 days.



The threshold for total loss was set at 0.40, as suggested by volume 1 of FEMA P 58 [15], which states that when the repair cost exceeds 40%, many homeowners prefer to demolish the existing building and replace it with a new one.



The PACT software, which employs the Monte Carlo method, was used to determine the probability of occurrence of the consequences. In the software, 500 realizations were defined to obtain more stable data for repair cost and repair time [42].




2.3.2. Population Model


To represent the population of the building, a residential model was used, which enabled us to estimate the potential number of victims in the building [15]. The peak number of occupants per 100 square feet was 3.1 with a dispersion of 0.2. From Monday to Friday, the peak occurred between 0:00–5 AM and 20:00–23:00 PM (see Figure 5), while on Saturdays and Sundays, the peak occurred between 0:00–8 AM and 22:00–23:00 PM.




2.3.3. Fragility Functions


To estimate the expected economic losses due to structural damage in non-structural elements and components, fragility functions were used, which indicate the probability of damage that an element may suffer, given a structural response parameter [43,44]. The parameters assigned were story drifts ratios and floor accelerations (see Figure 6).



From the PACT program database [24], elements with their respective fragility curves were selected, as defined in FEMA P-58 [41], and each element is assigned a code, as shown in Table 3 and Figure 7.



The quantities of structural elements were estimated based on plans, while non-structural elements were estimated according to Table F5 of FEMA P-58 Volume 1 [15]. This table provides values at 10th, 50th, and 90th percentiles, and these quantities are based on the information obtained from the analysis of 3000 buildings.



These tables were programmed in the FEMA P58 Volume 3.3 Normative Quantity Estimation Tool by entering the floor area and occupancy of each floor into a spreadsheet, so that the quantities for the building were obtained.





2.4. Collapse Fragility Curve of the Building


The collapse fragility curve indicates the probability of the structure collapsing at a given level of seismic intensity (see Figure 8) [45,46,47]. The structural collapse was detected with the maximum lateral deformation for which the analysis model presented numerical instability, as recommended in volume 1 of FEMA P-58 [15].



Using the “Collapse Fragility Tool”, the collapse fragility was defined by using the four levels of seismic intensity defined earlier. Twenty-two analyses were performed for each intensity level, obtaining the number of collapses for each level.



To construct the collapse fragility curve, an average acceleration Sa of 0.935 g was obtained using a dispersion of 0.6 for well-configured regular buildings, as recommended by [15,41]. A potential collapse mode was assumed, assuming the total collapse on all floors in the first mode, with a 90% probability of fatality and 10% probability of survival with injuries. Subsequently, the potential casualties for each intensity level were assessed.





3. Analysis and Discussion of Results


With the story drifts ratios and floor accelerations obtained from the non-linear dynamic analysis for each level of seismic intensity, for the two main directions of the building, 500 realizations were made with a dispersion of 0.6 in the PACT program. The economic performance functions were obtained for the four levels of seismic intensity: frequent seismic event, occasional seismic event, rare seismic event, and very rare seismic event.



3.1. Repair Costs


The repair cost was determined by the fragility functions of each structural and non-structural component used, which are associated with story drifts ratios or floor accelerations [41].



Figure 9 shows the economic performance function of the building for the four intensity levels, which expresses the probability of having a certain value of repair cost or economic loss expressed as a fraction of the replacement cost of the building.



It can be observed that if design intensity 1 occurs, there is a probability of less than 86% that the repair cost will be 1, meaning that the repair cost is equal to the replacement cost of the building, which is $1,841,408.93 USD. If design intensity 2 occurs, there is a probability of less than 56% that the repair cost will be 100% of the replacement cost. For design intensity 3, there is a probability of less than 42% that the repair cost will be 100% of the replacement cost. Finally, for design intensity 4, there is a probability of less than 6% that the repair cost will be 100% of the replacement cost.



Similarly, taking design intensity 4 as an example, there is a probability of more than 94% that the repair costs will be equal to the replacement cost.



In many cases, average economic losses are analyzed, which correspond to a probability of 50%. Figure 10 shows the repair costs generated by each level of seismic intensity expressed as a fraction of the replacement cost for a probability of 50%. As the seismic intensity increases, the repair costs increase from 11% for intensity level 1 to 34% for intensity level 2. As the seismic intensity further increases, the floor accelerations and story drifts ratios increase, resulting in a higher number of damaged elements for intensity levels 3 and 4. It was determined that structural collapse occurred, and the repair cost is equal to the total estimated cost initially estimated for the building replacement. The increase in the repair cost caused by the increase in seismic intensity is composed of two parts: the first part is due to the repair cost of the structure, which is ambiguously described in the design philosophy of conventional codes, and the second part corresponds to the costs of non-structural elements, which are not considered by conventional codes and have been estimated using the PEER methodology [29,41,42].




3.2. Repair Time


In Figure 11, the building performance function can be observed, which expresses the probability of having a specific value for the repair time, expressed in days. It can be observed that for design intensity 1, there is a probability lower than 86% that the repair time will be 1095 days, which is the estimated total time for repair and demolition. If design intensity 2 occurs, there is a probability lower than 66% that the repair time will be 1095 days. For design intensity 3, there is a probability lower than 45%, and similarly, if design intensity 4 occurs, there is a probability lower than 12% that the repair time will be 1095 days. Similarly, taking design intensity 4 as an example, it can be indicated that there is a probability higher than 88% that the repair time will be 1095 days.



In Figure 12, the average repair times generated by each seismic intensity level can be observed, and are expressed in days for a 50% probability. As the seismic intensity increases, the repair times rise from 10 days for design intensity level 1 to 28 days for design intensity level 2. For intensity levels 3 and 4, the repair times increase up to 1095 days due to structural collapse. These repair times are considered with all activities working in parallel. For design intensity levels 1 and 2, where there is no collapse, the suspension of service does not represent a significant cost compared to the project cost, as it is a residential building. However, for design intensity levels 3 and 4, the building practically ceases to function and represents a total loss. Repair time is a parameter not included in conventional standards [29,37,40,48].




3.3. Number of Deaths and Injuries


Using the collapse fragility curve and the population model of the structure, the probable number of deaths and injuries was determined for each seismic intensity level (see Figure 13). In the first two intensity levels, no deaths were found. In intensity levels 3 and 4, 13 and 40 deaths, respectively, occurred due to structural collapse at these intensity levels.



The number of injuries occurred from the second level of seismic intensity onwards, with one injury for intensity level 2, two injuries for intensity level 3, and four injuries for intensity level 4. It can be observed that as the seismic intensity increases, the number of victims also increases. Additionally, it was determined that most victims were caused by the detachment of the false ceiling. The number of deaths and injuries is a factor that can lead to the structure being deemed unsafe [41].



The structural design of the building was carried out using the design base earthquake represented by seismic intensity level 3. Based on the results obtained in terms of costs and repair times, it is identified that the conventional design methodology for special moment frames in high-seismicity zones does not adequately meet the expectations of modern society. Economic losses for a rare earthquake (475-year return period) and a very rare earthquake (2500-year return period) can be close to or exceed 40% of the building replacement cost, resulting in the total loss of the project and the need for demolition. Similarly, the results of deaths and injuries for different levels of seismic intensity show that the life-saving philosophy expressed in conventional design standards is not achieved, as this philosophy only focuses on the structure itself and does not consider the influence of non-structural elements and contents that can also cause severe health damage and death to the occupants, similar to the results obtained in other research studies [25,49,50].





4. Conclusions


Using incremental dynamic non-linear analysis, the structural response in terms of floor accelerations and story drifts ratios was analyzed for a six-story steel building. By employing the PEER methodology with the assistance of the PACT program, an economic model was created, allowing us to determine the seismic performance and economic implications of the building for four levels of seismic intensity.



Worldwide Ecuador is considered a country with high seismic risk, but in the literature, no research has been found that considers the seismic hazard of Ecuador with the PEER methodology. The present investigation exposes relevant information on indicators of seismic resilience (repair costs, time repair, number of deaths and injuries) that will serve as scientific support to improve design standards and traditional construction practices in several countries around the world.



The results of the number of deaths and injuries indicate that the conventional design methodology and philosophy are not sufficient to meet the objective of saving the lives of the occupants, given that for medium and high seismic intensities represented by rare and very rare earthquakes, several deaths were registered. In the same way, for low intensities (occasional earthquake) and high intensities, there were few injuries registered. The results of the repair costs indicate that the conventional methodology does not provide an adequate procedure to minimize the risk of economic losses either, since for medium and high seismic intensities, the repair costs were close to or exceeded 40% of the replacement cost, which suggests that buildings designed according to traditional structural standards may be demolished after an earthquake due to the high repair costs.



Economic loss costs consist of the direct costs of repair plus the costs for loss of functionality over time. The results expressed in repair time showed that for medium and high seismic intensities, the repair time is equal to the replacement time of the structure, which suggests that the traditional design standards currently used in most countries do not comply with seismic resilience.



The methodology used allowed for the evaluation of the probability of structural and non-structural components being damaged due to seismic action. It was determined that damage to structural elements is related to story drifts ratios, while damage to non-structural elements is related to both story drifts ratios and floor accelerations. This reflects the need for current building codes to include limits on floor acceleration values, not only on story drifts ratios, as has been done so far. This approach achieves better seismic performance and improved design of non-structural elements. Likewise, it was evident that as the seismic intensity increases, economic losses increase due to the damage suffered by the elements.



The studies carried out in this research correspond to a specific type of structural system. For future investigations, it is recommended to analyze different structural systems and different levels of damping and non-structural elements and contents.



Based on the results of this research, it has been identified that the PEER methodology and PACT software present some limitations. For instance, economic seismic behavior is calculated with consequences that occur inside the building and does not consider external agents, such as damage to the access roads that can cause the loss of the functionality of the building. Earthquakes can also cause fires, spills of dangerous substances, and other effects that are not contemplated in the methodology.
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Figure 1. Floor view of the building. Where A–G are the horizontal axes and 1–5 are the vertical axes. 
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Figure 2. Sections of structural elements. 
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Figure 3. Cropped Accelerogram Coalinga326, X component, Acceleration (g) vs. Time (s). 
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Figure 4. Seismic intensity levels. 
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Figure 5. Residential population model on Monday-Friday (adapted from [24]). 
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Figure 6. Story drifts ratio for one direction. 
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Figure 7. Steel beam-column connection fragility function (Adapted from [24]). 
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Figure 8. Collapse fragility curve. 
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Figure 9. Repair costs for four intensity levels. 
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Figure 10. Repair costs at 50% probability for four intensity levels. 
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Figure 11. Total repair time for four intensity levels. 
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Figure 12. Repair time for four intensity levels. 
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Figure 13. Number of injuries and deaths for all intensity levels. 
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Table 1. Structural elements used.
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Dimensions (mm)




	
Type

	
Location

	
tf1

	
tw1

	
h1

	
bf1

	
tf2

	
tw2

	
h2

	
bf2






	
Column cross 600 × 500

	
1st floor, 2nd floor, 3rd floor

	
30.0

	
15.5

	
600.0

	
300.0

	
28.0

	
14.5

	
500.0

	
300.0




	
Column cross 500 × 400

	
4th floor, 5th floor, 6th floor

	
24.0

	
13.5

	
400.0

	
300.0

	
28.0

	
14.5

	
500.0

	
300.0




	
Beam IPE 360

	
1st floor, 2nd floor, 3rd floor

	
12.7

	
8.0

	
360.0

	
170.0

	

	

	

	




	
Beam IPE 330

	
4th floor, 5th floor

	
11.5

	
7.5

	
330.0

	
160.0

	

	

	

	




	
Beam IPE 300

	
6th Floor

	
10.7

	
7.1

	
300.0

	
150.0

	

	

	

	











 





Table 2. Seismic records.






Table 2. Seismic records.





	Earthquake
	Year
	Season
	Magnitude (Mw)
	Fault Type
	Vs30 (m/s)





	“Coalinga-01”
	1983
	“Parkfield—Cholame 2WA”
	6.36
	Reverse
	173.02



	“Coalinga-01”
	1983
	“Parkfield—Fault Zone 1”
	6.36
	Reverse
	178.27



	“Northridge-01”
	1994
	“Carson—Water St”
	6.69
	Reverse
	160.58



	“Chi-Chi_ Taiwan-03”
	1999
	“CHY047”
	6.20
	Reverse
	169.52



	“Niigata_ Japan”
	2004
	“NIG011”
	6.63
	Reverse
	149.97



	“Niigata_ Japan”
	2004
	“NIG013”
	6.63
	Reverse
	174.55



	“Chuetsu-oki_ Japan”
	2007
	“NIG010”
	6.80
	Reverse
	173.09



	“Chuetsu-oki_ Japan”
	2007
	“NIG013”
	6.80
	Reverse
	174.55



	“Iwate_ Japan”
	2008
	“AKT016”
	6.90
	Reverse
	158.16



	“Iwate_ Japan”
	2008
	“MYG006”
	6.90
	Reverse
	146.72



	“Iwate_ Japan”
	2008
	“MYG007”
	6.90
	Reverse
	166.75










 





Table 3. Elements with defined fragility functions.






Table 3. Elements with defined fragility functions.





	Element
	Type
	Code





	Steel beam-column connection one direction
	Structural element
	B1035.001



	Steel beam-column connection in both directions
	Structural element
	B1035.011



	Interior plaster wall
	Non-structural element
	C1011.001a



	Exterior wall of panels
	Non-structural element
	B2011.001b



	Plaster ceiling
	Non-structural element
	C3032.001a



	Steel drinking water pipe
	Non-structural element
	D2021.011a
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