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Abstract
Reinforced concrete (RC) buildings form a major share of the building stock in seismic regions, yet their earthquake performance remains strongly influenced by analysis method, modelling assumptions, hazard characterization, and fragility formulation. This review synthesizes evidence from 130 studies on seismic analysis and probabilistic risk assessment of RC buildings. The literature is examined in five main areas: seismic analysis approaches, structural modelling and simulation techniques, seismic hazard representation and ground motion selection, performance evaluation metrics, and fragility curve development with probabilistic risk assessment. The review shows a clear shift from deterministic, code-based evaluation toward nonlinear, probabilistic, and consequence-oriented frameworks. Simplified procedures remain useful for screening and class-based studies, while nonlinear dynamic methods dominate collapse-sensitive and risk-oriented assessment. The findings also show that modelling choices, site effects, hazard representation, intensity-measure selection, and uncertainty treatment can significantly alter fragility and risk estimates. Although recent studies increasingly connect structural response with damage, collapse, loss, downtime, and recovery, important gaps remain in regional calibration, realistic modelling of existing building stock, and scalable risk-assessment frameworks. Based on these findings, an integrated framework is proposed to systematically link hazard characterization, structural modelling, seismic analysis, performance evaluation, fragility development, and decision-oriented risk assessment within a coherent workflow for existing RC buildings.
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1. Introduction
Earthquakes remain one of the most destructive natural hazards for the built environment, with human losses occurring predominantly through the collapse or severe damage of buildings. A recent global fatality catalogue reported more than 8.3 million recorded earthquake deaths and noted that even moderate events can produce significant casualties in vulnerable settings, which underlines the continuing importance of improving structural seismic performance (Wyss, Speiser, and Tolis, 2023). For reinforced concrete (RC) buildings in particular, this issue is critical because RC frame and wall-frame systems constitute a major share of urban building stock in both developing and developed regions, yet their seismic performance is strongly influenced by design philosophy, detailing practice, irregularity, deterioration, and hazard environment.
The conceptual basis for modern seismic risk assessment can be traced to the development of engineering seismic risk analysis, in which earthquake hazard is expressed not as a single deterministic design value but as a relationship between ground-motion intensity and return period. Cornell (1968) argued that such a representation is more useful for engineering decision-making because it allows designers to understand how risk changes with increasing motion intensity rather than relying on vague notions such as “maximum credible” shaking. This probabilistic view later became fundamental to performance-based earthquake engineering (PBEE), where seismic assessment is no longer limited to whether a structure satisfies code-level force checks, but instead links earthquake intensity, structural response, physical damage, and decision-relevant consequences.
A major step in that transition was the PBEE framework proposed by Deierlein, Krawinkler, and Cornell (2003), which organized seismic performance assessment through four generalized variables: intensity measure, engineering demand parameter, damage measure, and decision variable. In this framework, earthquake hazard is first represented through an intensity measure, structural response is then quantified by engineering demand parameters such as drift or acceleration, these demands are translated into physical damage, and the damage is finally connected to outcomes such as repair cost, downtime, and casualty risk. 
Within RC buildings, this shift has been especially important because conventional force-based seismic design does not explicitly capture nonlinear behavior, damage progression, or post-earthquake consequences. Recent review and application studies have shown that performance-based seismic design offers a more rational basis for evaluating RC frame buildings because it allows engineers to define target performance objectives and examine damage, life safety, and resilience more directly (Rao and Surana, 2024; Khedikar et al., 2025). At the same time, current research also shows that RC vulnerability cannot be explained only by nominal design category. Structural use changes, plan or vertical mass irregularity, and three-dimensional response effects can significantly alter seismic fragility and demand concentration, even in buildings that may appear regular in simplified models (Ghanem, Lee, and Moon, 2024).
For this reason, probabilistic seismic risk evaluation has become increasingly important for RC buildings. Such evaluation does not only consider structural capacity, but also the uncertainty associated with material properties, seismic action, damage-state exceedance, and expected consequences (Vargas et al., 2014). The present review is motivated by this broader shift in the field. It examines how current research has approached seismic analysis, structural modelling, hazard representation, performance evaluation, fragility development, and probabilistic risk assessment for RC buildings, with the aim of identifying the main methodological trends, remaining limitations, and directions for future work.
In addition to reviewing existing approaches, this study provides a quantitative synthesis of 130 published studies to identify dominant methodological patterns in seismic analysis, structural modelling, hazard representation, performance evaluation, and fragility-based risk assessment of RC buildings. Based on the observed trends and limitations, an integrated framework is proposed to systematically link building characteristics, hazard definition, ground motion selection, structural modelling, analysis procedures, performance metrics, fragility development, and decision-oriented risk outputs within a coherent assessment workflow.
2. Methodology
This study adopted a structured systematic literature review approach to identify and analyze research related to seismic fragility and probabilistic seismic risk assessment of reinforced concrete (RC) buildings. The review process included four main stages: literature search, application of inclusion and exclusion criteria, multi-stage screening of studies, and structured data extraction. The reporting of the study selection process follows the PRISMA framework to ensure transparency in the identification and selection of studies (Page et al., 2021).
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Figure 1: PRISMA flow diagram of study selection process
2.1 Literature Search Strategy
A comprehensive literature search was conducted to identify relevant studies related to seismic design, fragility analysis, and probabilistic seismic risk assessment of reinforced concrete buildings. Four academic databases were used for the search:
· Google Scholar
· ScienceDirect
· MDPI
· Springer Nature Link
The search was performed using combinations of keywords associated with seismic design, structural analysis, and probabilistic seismic assessment of RC buildings. Representative search terms included:
· seismic design reinforced concrete buildings
· earthquake-resistant design RC buildings
· response spectrum analysis RC buildings
· nonlinear time history analysis RC buildings
· incremental dynamic analysis reinforced concrete buildings
· performance-based seismic design RC structures
· fragility curves reinforced concrete buildings
· seismic vulnerability assessment RC frame structures
· probabilistic seismic risk assessment buildings
Additional keywords related to collapse probability, seismic reliability, structural response, seismic resilience, and uncertainty in seismic design were also used to expand the search coverage. Keyword combinations and Boolean operators were applied during the search process, and advanced search filters were used where necessary, particularly in Google Scholar.
Only studies written in English were considered. The initial search included both international journal articles and conference papers to ensure broad coverage of relevant research.
2.2 Inclusion and Exclusion Criteria
Predefined inclusion and exclusion criteria were applied to ensure that only relevant studies were included in the review. Establishing such criteria helps maintain consistency and transparency in systematic literature reviews (Torres-Carrión et al., 2018).
Studies were included if they satisfied the following conditions:
· The study investigated seismic performance, fragility, vulnerability, or probabilistic seismic risk of reinforced concrete buildings.
· The research applied structural analysis methods such as response spectrum analysis, pushover analysis, nonlinear time history analysis, or incremental dynamic analysis.
· The study reported performance indicators such as drift limits, damage states, fragility curves, or probabilistic risk metrics.
· The article was written in English and published in international journals or conference proceedings.
Studies were excluded if they:
· Focused on non-building structures such as bridges, dams, pipelines, or lifeline systems.
· Addressed topics unrelated to seismic performance of buildings, including transportation engineering or unrelated structural problems.
· Examined only material behavior, experimental component tests, or design code discussions without analyzing building-level seismic performance.
· Did not include sufficient methodological information related to seismic fragility or risk assessment.
Following the application of these criteria during the full-text eligibility stage, 175 studies were retained for detailed evaluation. From these, a final set of 130 studies was selected for inclusion in the review based on their relevance, methodological clarity, and completeness of reported data.
2.3 Screening and Study Selection Process
The study selection process was conducted in three stages: title screening, abstract screening, and full-text eligibility assessment. A total of 300 records were initially identified from the selected databases. The distribution of these records was:
· Google Scholar: 206
· ScienceDirect: 50
· MDPI: 31
· Springer Nature Link: 13
Duplicate screening was also carried out during the initial collection of records. A small number of duplicate entries were identified and removed during this stage; however, their number was not formally recorded.
In the title screening stage, 45 papers were excluded because their titles indicated that they were unrelated to seismic fragility or probabilistic seismic risk assessment of reinforced concrete buildings. These studies mainly addressed other engineering topics, non-building structures, or hazards unrelated to earthquakes.
After title screening, 255 studies remained for abstract screening. During this stage, 25 additional studies were excluded. Most of these papers either did not perform structural analysis or did not evaluate seismic performance at the building level.
Following abstract screening, 230 articles remained for full-text eligibility assessment. After full-text review, 55 studies were excluded based on the predefined inclusion criteria. The remaining 175 studies were retained for detailed evaluation. From these, a final set of 130 studies was included in the review dataset used for analysis.
The overall selection process is illustrated using a PRISMA-style flow diagram, which summarizes the identification, screening, eligibility, and inclusion stages of the review.
2.4 Data Extraction and Classification Framework
After the final selection of studies, information from each article was manually extracted and organized using Microsoft Excel. Structured data extraction is commonly used in state-of-the-art reviews to maintain consistency in analyzing multiple studies.
For the initial dataset of 300 articles, bibliographic and screening information was recorded. The extracted variables included paper identification number, authors, publication year, title, journal or source, database source, title screening results, abstract screening results, full-text eligibility decisions, and reasons for exclusion.
Following the screening stages, 175 studies retained after full-text assessment were considered for detailed evaluation. From these, a final dataset of 130 included studies was established for systematic analysis.
For the final dataset of 130 included studies, additional attributes were extracted to enable systematic analysis of the literature. These included research objectives, structural system characteristics, analysis methods, hazard modelling approaches, performance evaluation metrics, and the use of fragility analysis or probabilistic risk assessment techniques. Key findings and identified research gaps were also recorded for each study.
The structured Excel database provided a consistent framework for organizing the literature and enabled the quantitative and qualitative analysis presented in the subsequent sections of this review.
3. Quantitative Synthesis of the Literature
This section provides a quantitative synthesis of the 130 selected studies on seismic fragility and probabilistic seismic risk assessment of reinforced concrete (RC) buildings. The focus here is on the overall profile of the literature, including publication growth, regional distribution, analysis methods, structural characteristics, hazard representation, and fragility-related trends.
3.1 Publication and regional trends

Figure 2: Publication trend of studies (2001–2026)
As shown in Figure 2, research output in this area was very limited in the early years of the dataset, with only isolated studies published between 2001 and 2011. A clearer increase began after 2012, while a much stronger rise is visible from 2015 onward. The most active publication period is concentrated in recent years, particularly from 2021 to 2026, with 2024 recording the highest number of studies in the reviewed sample. This pattern indicates that seismic fragility and probabilistic risk assessment of RC buildings has gradually evolved from a relatively specialized topic into a more established and rapidly expanding research area. The concentration of studies in the most recent period also suggests growing interest in uncertainty-based assessment, fragility modelling, and consequence-oriented seismic evaluation.

Figure 3: Regional distribution of reviewed studies
A similar concentration is observed in the regional distribution shown in Figure 3. Europe has the highest number of studies, followed by Asia. North America and multi-region studies also represent a considerable portion of the dataset, whereas Africa, Oceania, and South America remain represented by relatively few contributions. This distribution suggests that the literature is shaped mainly by regions with stronger earthquake engineering research traditions, broader access to analytical tools, and greater availability of hazard and building data. At the same time, the limited contribution from several regions points to an uneven geographical coverage of the evidence base, which may reduce the transferability of existing fragility and risk findings to underrepresented seismic contexts.
	Journal
	Number of Papers

	Engineering Structures
	15

	Earthquake Engineering & Structural Dynamics
	15

	Bulletin of Earthquake Engineering
	10

	Procedia Structural Integrity
	8

	Buildings
	6

	Structural Safety
	4

	Structure and Infrastructure Engineering
	4

	Earthquake Engineering and Engineering Vibration
	3

	Soil Dynamics and Earthquake Engineering
	3

	Structures
	3

	Other journals
	59


Table 1: Distribution of studies across journals
The journal distribution presented in Table 1 shows that the reviewed studies are concentrated in a relatively small number of major earthquake and structural engineering journals. Engineering Structures and Earthquake Engineering & Structural Dynamics each contribute 15 papers, followed by Bulletin of Earthquake Engineering with 10 papers and Procedia Structural Integrity with 8 papers. This concentration indicates that the topic has been developed primarily within specialized structural and earthquake engineering outlets, reflecting both the technical depth and the disciplinary focus of the field. The large number of papers grouped under “other journals” also suggests that, although the topic is anchored in core seismic journals, related contributions are dispersed across a wider range of engineering publications.
3.2 Analytical and structural characteristics

Figure 4: Distribution of seismic analysis methods
As shown in Figure 4, nonlinear time history analysis (NTHA) is the dominant analysis method in the reviewed literature, appearing in 68 studies. Incremental dynamic analysis (IDA) is the second most frequently used approach, with 32 studies. Static methods are reported in 17 studies, while pushover analysis appears in 7 studies. Statistical approaches account for 5 studies, and response spectrum analysis (RSA) appears only once. This distribution shows a clear preference for nonlinear and dynamic procedures, indicating that recent research increasingly favors methods capable of capturing structural nonlinearity, record-to-record variability, and damage progression more explicitly. The dominance of NTHA and IDA further suggests that fragility and risk-oriented studies tend to rely on methods that can support damage-state-based and collapse-sensitive assessment more effectively than simplified elastic procedures.

Figure 5: Distribution of structural system types
Figure 5 shows that moment-resisting frame (MRF) buildings dominate the reviewed literature by a large margin. Frame-wall systems and studies with unspecified structural systems appear in much smaller numbers, while shear wall and hybrid systems are addressed less frequently. This indicates that the literature is strongly centered on RC frame behavior, with comparatively less attention given to other structural configurations that are also important in seismic design practice. The dominance of MRF models may be related to their widespread use in existing building stocks and their suitability for fragility-based analytical modelling. However, the lower representation of wall-dominated, dual, and hybrid systems suggests that the current evidence base remains less comprehensive for structural typologies with different stiffness, strength, and deformation characteristics.

Figure 6: Distribution of building height categories
The building height categories shown in Figure 6 present a similar pattern. Mixed-height and unspecified-height categories account for a large portion of the dataset. Among the clearly defined categories, mid-rise buildings are studied most often, whereas low-rise and high-rise structures are less common. This suggests that many studies either examine several height classes together or do not clearly classify the analytical model according to building height. As a result, direct comparison between height-specific findings becomes more difficult. The stronger representation of mid-rise buildings may reflect their prevalence in urban RC construction and their practical relevance in seismic vulnerability assessment, but it also indicates that the literature is relatively less detailed for very low-rise and high-rise RC systems.
3.3 Hazard, ground motion, and design approach trends
Probabilistic design approaches dominate the reviewed literature, accounting for the vast majority of studies, while deterministic studies are much fewer and PBSD-labelled studies represent the smallest category. This distribution indicates that the field has moved strongly toward uncertainty-based seismic assessment frameworks in which variability in hazard, structural response, and damage is treated explicitly. The limited number of deterministic studies suggests that conventional code-oriented evaluation is no longer the primary basis for fragility and risk studies, although it still appears in simplified or comparative investigations.

Figure 7: Distribution of hazard representation methods
As shown in Figure 7, probabilistic seismic hazard analysis (PSHA) is the most frequently used hazard representation method, followed by code-based and “not explicit/other” categories. Scenario-based and event-based models also appear in a moderate number of studies, whereas deterministic seismic hazard analysis (DSHA) is less common. This pattern highlights the central role of probabilistic hazard characterization in fragility and risk-oriented research, where uncertainty in seismic input is treated as a fundamental part of the assessment process. At the same time, the continued presence of code-based and non-explicit hazard representations suggests that hazard modelling practices are not yet fully consistent across the literature, particularly in studies where fragility development is prioritized over hazard formalization.

Figure 8: Ground motion type used in studies
Figure 8 further supports this trend. Recorded ground motions are the most commonly used input, followed by studies in which the motion type is not clearly specified. Non-record-based motions also appear in a notable number of studies, whereas simulated or artificial and mixed-motion datasets are less frequent. The corresponding hazard-model-versus-ground-motion table shows that recorded motions are commonly used across PSHA, DSHA, and scenario-based studies, while non-record-based and unspecified motions are distributed across several hazard categories. This suggests that, although recorded motions remain the preferred basis for seismic response analysis, input selection practices are still not fully uniform across the literature. It also indicates that many studies adopt advanced analytical methods without always providing equally explicit justification for motion selection and hazard compatibility.
3.4 Risk assessment and fragility-related patterns

Figure 9: Distribution of risk assessment levels
Figure 9 shows that multi-level assessment is the most common risk evaluation framework in the literature, followed by damage-level assessment. Loss-focused and collapse-focused studies are much fewer in number. This suggests that many researchers prefer to evaluate structural performance across several damage states rather than limiting the assessment to collapse alone or to economic consequences only. Such an approach allows a broader representation of seismic performance and better supports fragility-based interpretation of structural vulnerability. At the same time, the smaller number of collapse- and loss-oriented studies indicates that full consequence-based assessment remains less developed than damage-state-based performance evaluation.
	Row Labels
	Collapse
	Damage
	Loss
	Multi-level

	IDA
	4
	5
	3
	20

	NTHA
	4
	28
	6
	30

	Pushover
	
	5
	
	2

	RSA
	
	
	
	1

	Static
	
	4
	3
	10

	Statistical
	
	2
	
	3


Table 2: Relationship between analysis method and risk assessment level
This trend is also reflected in Table 2. NTHA and IDA are most strongly associated with multi-level and damage-based assessments, whereas static and pushover approaches appear less frequently and are generally linked to simpler assessment levels. This relationship indicates that more advanced nonlinear methods are commonly selected when the objective is to evaluate performance across multiple damage states and risk levels rather than at a single limit state only. It also reinforces the broader methodological shift observed in the literature toward analysis procedures that are better suited to probabilistic and performance-based seismic evaluation.
	Type of fragility used
	No. of papers

	IDA-based analytical fragility
	31

	Pushover / capacity-spectrum analytical fragility
	18

	Cloud / NTHA-based analytical fragility
	15

	State-dependent / sequential fragility
	8

	Damage-index / damage-based fragility
	8

	Multi-parameter / multivariate fragility
	6

	Empirical fragility
	4

	Hybrid empirical-analytical fragility
	4

	Total
	94


Table 3: Summary of fragility curve development approaches
Fragility analysis is another major feature of the reviewed studies. Table 3 shows that 94 out of 130 studies developed fragility curves, while 36 did not. Among those that developed fragility functions, IDA-based analytical fragility is the most common method, followed by pushover or capacity-spectrum fragility and cloud or NTHA-based fragility. Other approaches, including state-dependent, damage-based, empirical, hybrid empirical-analytical, and multivariate fragility models, appear in smaller numbers. This confirms that analytical fragility development, particularly IDA-based fragility, remains the dominant approach in the current literature. At the same time, the relatively limited use of empirical, hybrid, and multi-parameter fragility approaches suggests that alternative frameworks are still emerging and have not yet achieved the same level of adoption as conventional analytical methods.
Overall, the reviewed literature is characterized by increasing publication activity, strong reliance on nonlinear dynamic analysis, dominance of RC moment-resisting frame models, frequent use of PSHA and recorded ground motions, and a clear emphasis on multi-level risk assessment and fragility-based evaluation. These patterns indicate that the field has become increasingly probabilistic, analysis-intensive, and performance-oriented. At the same time, the observed concentration around particular methods, structural systems, and regions also points to areas where the evidence base remains comparatively narrow, providing a basis for the more detailed thematic discussion in the next section.
4. State-of-the-Art Analysis
4.1 Seismic Analysis Approaches
A clear methodological pattern emerges from the reviewed studies: seismic analysis approaches are selected according to the intended performance question rather than by convention alone. Simplified procedures such as equivalent static analysis, response spectrum analysis (RSA), pushover analysis, and capacity-spectrum methods are mainly used for preliminary assessment, fragility screening, or large-scale typology studies, whereas nonlinear time-history analysis (NTHA) and incremental dynamic analysis (IDA) dominate when the objective is to capture collapse behavior, record-to-record variability, soil–structure interaction, sequential shaking, or probabilistic loss and risk. Rather than showing a simple replacement of static methods by dynamic methods, the literature points to a methodological hierarchy in which simpler tools remain useful for feasibility and broad coverage, while advanced nonlinear analyses are adopted for mechanism-sensitive and risk-explicit assessment.
The first theme is the continued relevance of nonlinear static approaches in typology-based, regional, and computationally efficient studies. Pushover-based methods remain widely used where researchers need to analyze many building typologies, convert capacity into fragility through LM2/RISK-UE or related procedures, or perform practical retrofit screening with limited cost (Kappos and Panagopoulos, 2010; Souki, Abdou, and Mehani, 2024; Del Gaudio et al., 2015; Vacareanu et al., 2004; Del Gaudio et al., 2017). This trend is especially strong in regional stock studies and low-to-moderate seismicity contexts, where full NTHA for hundreds of classes would be impractical. At the same time, the literature consistently shows that pushover is not reliable in all situations. Its limitations become evident when higher-mode effects, wall-dominated behavior, significant irregularity, or severe nonlinear deterioration govern the response.
Kappos and Panagopoulos (2010) developed fragility curves for more than fifty Southern European RC building typologies by combining nonlinear static analysis with limited dynamic simulations. Their work demonstrated that pushover-based capacity estimation can provide a practical basis for regional vulnerability assessment when computational resources limit full nonlinear dynamic modelling. Similarly, Souki, Abdou, and Mehani (2024) used nonlinear static procedures within the LM2 and Risk-UE frameworks to develop fragility functions for pre-code strategic RC buildings in Algeria. The study emphasized that pushover-based fragility can capture the relative vulnerability of older structures while maintaining computational feasibility for multiple building classes. Another example is Del Gaudio et al. (2015), who combined typology-based modelling with nonlinear static analysis to develop probabilistic fragility functions for Italian residential RC buildings at municipal scale.
Despite their practical advantages, these simplified methods also show clear limitations. Mwafy and Elnashai (2001) conducted a detailed comparison between pushover analysis and incremental dynamic collapse assessment for twelve RC frame buildings and found that static analysis could reasonably estimate collapse capacity for regular frame structures but became less reliable when higher-mode effects and wall participation dominated the response. A similar conclusion was reached by Inel, Cayci, and Meral (2018), who demonstrated that pushover analysis provides reasonable demand estimates only up to moderate drift levels and may underestimate seismic demand when buildings experience severe nonlinear deterioration. These studies collectively suggest that nonlinear static procedures remain valuable for screening and comparative studies but cannot reliably replace dynamic analysis in collapse-oriented research.
A second and more dominant theme is the use of NTHA as the benchmark for realistic nonlinear response evaluation. In the reviewed articles, NTHA is repeatedly chosen when researchers need to represent the effects of near-fault pulses, three-component shaking, SSI, vertical motion, irregularity, or non-structural interaction in a way that simpler methods cannot capture. This pattern appears across code-evaluation studies, soil-amplification studies, irregular-building analyses, infill-sensitive models, and repeated-earthquake investigations (Hosseini, Hashemi, and Safi, 2017; Kumar, Singh, Ghosh, and Mishra, 2025; Poudel and Chaulagain, 2024; AbdelMalek, Hassan, and Moustafa, 2023; Joseph et al., 2024; Jeon et al., 2015; Jeon, Park, and DesRoches, 2015; Meral, Cayci, and Inel, 2024; Hassan et al., 2018; Hatzivassiliou and Hatzigeorgiou, 2015; Munir et al., 2024). This pattern becomes clearer when key studies are examined.
Joseph et al. (2024) used shake-table testing plus numerical simulation and showed that an HPRC retrofit could delay a vulnerable construction-joint failure mode from 0.96 g to 1.44 g, illustrating how mechanism-specific behavior can only be understood through advanced nonlinear modelling. Similarly, Zhang et al. (2019) showed for a 42-storey RC dual system that coupling-beam rotation, rather than global drift alone, controlled collapse-prevention performance under mainshock–aftershock sequences. These papers show why NTHA has become central: it is the preferred method whenever the aim is to understand how RC buildings fail, not just whether they satisfy a simplified limit state.
For instance, Hosseini, Hashemi, and Safi (2017) investigated the seismic behavior of special RC moment frames designed according to Iranian seismic codes using nonlinear time-history simulations under three-component near-fault ground motions. Their results showed that some code-compliant structures still exceeded the Life Safety performance level under severe seismic input, highlighting the importance of nonlinear dynamic analysis for validating code-based design. Another notable study is Hassan et al. (2018), who analyzed a 40-storey RC dual-system high-rise building designed according to different international codes. The authors used ETABS for linear design and PERFORM-3D for nonlinear response-history analysis under multiple maximum-considered earthquake (MCE) ground motions. Their results showed that all designs satisfied drift limits but differed significantly in reinforcement requirements, demonstrating how nonlinear analysis can reveal differences in structural efficiency that elastic design procedures cannot capture. Sequential earthquake effects have also been examined using NTHA. Hatzivassiliou and Hatzigeorgiou (2015) analyzed repeated earthquake sequences in three- and five-storey RC buildings and found that cumulative damage significantly increased displacement demands and damage indices. Their study showed that residual drift ratios under earthquake sequences could increase by an order of magnitude compared with single-event simulations, highlighting the importance of dynamic analysis for assessing cumulative damage effects.
A third and even more specialized theme is the use of IDA as the dominant tool for fragility, collapse, and risk-based assessment. Across the literature, IDA is repeatedly employed when median collapse capacity, collapse margin, state-dependent fragility, or retrofit effectiveness must be quantified probabilistically (Gorji Azandariani et al., 2023; Elettore et al., 2026; Habib and Buratti, 2026; Alothman et al., 2023; Al Mamun and Saatcioglu, 2017; Alarcón, López, and Vielma, 2023; Jeong, Mwafy, and Elnashai, 2012; Günes and Ulucan, 2021; Tsiavos et al., 2021; Raghunandan, Liel, and Luco, 2015; Jeon et al., 2015; Zain, Kupwiwat, Kang, and Prasittisopin, 2025). The common idea across these studies is that once the question becomes collapse-oriented or risk-explicit, one undamaged-point or one-level analysis is no longer sufficient.
Yousefi and Tehrani (2026) provide a strong example: they showed that including SFSI could reduce collapse resistance margin by as much as 35%, especially on softer soils, which would be difficult to express reliably without IDA-based collapse fragility. Günes and Ulucan (2021) demonstrated that in a seismically isolated RC building, the isolators—not the superstructure—could govern collapse probability at MCER level, again highlighting the need for collapse-oriented dynamic scaling. Jeon et al. (2015) and Raghunandan, Liel, and Luco (2015) extend this further by showing that aftershock fragility is strongly conditional on mainshock damage state, meaning a single pre-event fragility curve is inadequate for sequence-based assessment.
A representative example is Jeong, Mwafy, and Elnashai (2012), who used IDA to compare the seismic fragility of mid-rise RC frame and wall-frame buildings designed under different code provisions. Their analysis demonstrated that increasing design intensity or ductility level does not necessarily reduce collapse vulnerability because stiffness changes can increase seismic demand. This finding highlights the importance of probabilistic collapse analysis rather than relying solely on deterministic design parameters. Another significant contribution is Elettore et al. (2026), who evaluated the seismic performance of FRP-retrofitted RC frames using IDA. The study showed that FRP strengthening substantially increased the median collapse capacity and reduced expected annual loss, confirming that retrofit strategies must be assessed through probabilistic dynamic methods rather than static capacity comparisons alone. IDA has also been applied to specialized structural systems. 
A fourth theme is the emergence of computationally efficient alternatives to full NTHA/IDA, especially for tall buildings, city-scale applications, and repeated probabilistic simulations. Rather than rejecting nonlinear dynamic analysis, these studies try to retain its essential mechanics while reducing analysis cost through modal decomposition, simplified nonlinear models, cloud/stripe procedures, or macro-model-based formulations (Seyedi et al., 2010; Zain et al., 2019; Blasone et al., 2022; Khatiwada et al., 2023; Jalayer and Cornell, 2009; Najam, Warnitchai, Qureshi, and Mehmood, 2019). The most important point here is not merely speed, but scalability.
For example, Zain et al. (2019) proposed the Uncoupled Modal Response History Analysis (UMRHA) method for tall buildings. Their study on a 55-storey RC tower demonstrated that the proposed method could significantly reduce computational time compared with full nonlinear response-history analysis while still producing accurate fragility estimates. Similarly, Blasone et al. (2022) introduced a simplified nonlinear modelling approach capable of capturing torsional response in irregular RC buildings using reduced degrees of freedom, making large-scale seismic assessment more feasible. Another example is Khatiwada et al. (2023), who proposed a Rapid Nonlinear Time-History Analysis procedure using macro-models for wall-type RC structures. By reducing the structural model from thousands of degrees of freedom to only a few modal coordinates, the method allows nonlinear dynamic simulations to be conducted efficiently for large building portfolios. Najam et al. (2019) similarly showed that for tall existing RC buildings, equal-displacement assumptions can become non-conservative and that a simplified multi-mode pushover procedure can reproduce overall storey response with reasonable accuracy. These studies suggest that one current frontier in seismic analysis is not “static versus dynamic” in the old sense, but the development of reduced-order nonlinear procedures that remain sufficiently accurate for fragility and risk applications.
A practical pushover-based example is given by Chaulagain et al. (2014), who estimated the actual response reduction factor for 12 irregular RC buildings in Kathmandu Valley using nonlinear static analysis. Their results showed that the assumed code value of was often unconservative, with overall calculated values ranging roughly from 1.42 to 4.66 depending on irregularity and load-path completeness. 
Overall, the reviewed studies show that seismic analysis approaches in RC-building research are selected according to the scale, objective, and decision context of the assessment. Simplified nonlinear static methods remain useful for screening, typology-based studies, and computationally efficient applications, whereas NTHA and IDA dominate when the objective is to capture realistic nonlinear response, collapse behavior, and probabilistic risk. At the same time, emerging reduced-order procedures indicate that the current direction of the field is not simply toward more complex analysis, but toward methods that can balance physical realism with scalability for fragility and risk assessment.
4.2 Structural Modelling and Simulation Techniques
Structural modelling in the reviewed literature is not a routine numerical step; it is often the main reason why different studies reach different conclusions about fragility, collapse mode, and retrofit effectiveness. A consistent methodological pattern can be identified. Studies aimed at regional typologies, urban inventories, or broad parametric populations usually adopt simplified representations such as 2D frames, shear-type systems, or equivalent SDOF/MDOF models to keep the analysis manageable, whereas studies focused on torsion, bidirectional excitation, directionality, local brittle failure, infill interaction, wall coupling, or soil–foundation flexibility generally move toward 3D nonlinear models with more explicit component representation (Kappos and Panagopoulos, 2010; Xu and Gardoni, 2016; Vargas Alzate et al., 2018; Pujades et al., 2025). A related modelling approach was investigated by Pelucco, Doan, Vincenzi, and Preti (2026), who analyzed a five-storey RC frame with sliding-joint masonry infill panels and compared linear analysis, nonlinear static analysis, and nonlinear dynamic analysis to evaluate how ductile infill solutions modify frame–infill interaction and global seismic response.
The limits of such simplification are shown by studies that specifically interrogate dimensionality. Xu and Gardoni (2016) showed that even for a symmetric three-storey RC building, conventional 2D fragility assessment can be non-conservative because it ignores the joint action of the two horizontal components and the resulting 3D drift demand. Their framework moved from a single intensity-measure fragility curve to a bivariate fragility surface conditioned on the spectral accelerations in both orthogonal directions. A similar point appears in Vargas Alzate et al. (2018), where 3D nonlinear modelling, rotating incidence angle, and material uncertainty were needed to explain why nearly identical RC buildings in Lorca exhibited very different observed damage. The paper’s bimodal damage outcomes were not a purely statistical artifact; they emerged because the same building stock behaved very differently when shaking aligned with its weaker horizontal direction. These studies show that when directionality, torsion, or bidirectional demand matters, 3D modelling is not refinement for its own sake; it changes the fragility result itself.
A second strong theme concerns the modelling of member nonlinearity. The literature shows a clear split between practical global-response models and mechanism-sensitive local-response models. Lumped plasticity remains common in studies focused on global drift, rotation, acceleration, or broad code-comparison exercises because it is computationally manageable and fits well within ETABS, SAP2000, PERFORM-3D, and SeismoStruct workflows. In contrast, fiber-based distributed plasticity and component-level nonlinear formulations are preferred where local deterioration, bond-slip, joint shear, shear failure, or collapse sequencing are central to the research question (Joseph et al., 2024; Jeong, Mwafy, and Elnashai, 2012; Carvalho, Bento, and Bhatt, 2013; Rajeev and Tesfamariam, 2012). This is evident in code-comparison and building-level performance studies such as Hassan et al. (2018) and Mazza, Braile, and Labernarda (2026), where the emphasis is on global response measures such as drift, rotation, and acceleration rather than on the explicit development of local brittle failures. However, where the research question concerns local deterioration, bond-slip, or failure sequencing, the literature increasingly favors fiber-based or component-sensitive models. Joseph et al. (2024) is a strong example: the shake-table program was paired with fiber-based simulation so that the vulnerable construction-joint bond-slip mechanism in pre-code RC shear walls could be represented explicitly. This modelling decision was central to the result, because the retrofit was shown not merely to improve global response but to delay the unfavorable joint failure from 0.96 g to 1.44 g. Likewise, Jeong, Mwafy, and Elnashai (2012) used fiber-based inelastic models to compare the fragility of 12 code-compliant mid-rise RC buildings, allowing structural-system and ductility differences to be examined probabilistically rather than only through elastic code parameters. The importance of modelling formulation itself is made explicit by Carvalho, Bento, and Bhatt (2013), who compared SAP2000 and SeismoStruct using both concentrated and distributed plasticity approaches and found that results depended strongly on the chosen formulation. Some nonlinear models showed convergence problems or unrealistic failure in dynamic analysis, while others were more stable and credible. Their conclusion is important for this section: nonlinear seismic assessment is not only sensitive to input motion and limit-state definition, but also to the modelling philosophy embedded in the software.
A particularly important direction in recent literature is the explicit modelling of local brittle mechanisms that older flexure-dominated frame models often neglect. Jeon et al. (2015) showed this very clearly by building OpenSees models that separately considered joint shear failure, anchorage failure, bond-slip, and column shear deterioration in non-ductile RC frames. Rather than analyzing one “old frame” model, they developed several variants so that the fragility implications of each mechanism could be isolated. Their results indicated that mechanism choice affects fragility much more strongly at severe states than at lower ones, meaning that flexural-only idealizations can distort collapse-oriented vulnerability assessment. Rajeev and Tesfamariam (2012) took a related approach for gravity-load-designed RC frames, explicitly including degrading flexure-shear interaction, joint hysteresis, and poor construction quality to show that soft storey and deficient detailing interact synergistically rather than independently. In wall systems, Sritharan et al. (2014) showed that even buildings designed within modern ductile design philosophy may still suffer from web crushing, buckling, and poor deformation capacity if reinforcement is concentrated in boundary elements and the wall web is under-reinforced. Together, these studies show that structural modelling in RC seismic assessment has moved well beyond “frame with plastic hinges” whenever brittle or non-hierarchical failure is possible. Pancottini, Terrenzi, and Spacone (2026) extend this argument to staircases: by comparing six OpenSees models with and without center and corner staircases, they showed that stair modelling changed global period, torsional behavior, collapse mechanism, and fragility. In their case, even the first-mode period changed sharply when stairs were included, confirming that staircases are not minor drafting details in older RC stock.
A further modelling theme is the explicit treatment of soil, foundation, and interaction effects. Here the reviewed studies show a clear shift away from fixed-base idealization in cases where soil flexibility is expected to alter both demand and collapse safety (Poudel and Chaulagain, 2024; Tahghighi and Mohammadi, 2020; Yousefi and Tehrani, 2026). Poudel and Chaulagain (2024) used OpenSees/STKO with nonlinear soil representation and showed that nonlinear SSI could produce significantly larger displacements, drifts, base shears, and diaphragm rotations than either fixed-base or linear SSI assumptions in irregular RC buildings. Tahghighi and Mohammadi (2020) used a beam-on-nonlinear-Winkler-foundation model for shallow foundations and found that SSI altered both drifts and fragility medians, with stronger effects on softer soils. Yousefi and Tehrani (2026) extended this to RC dual frame–shear wall systems across different heights and soil classes, showing that SFSI increased plastic hinge rotations and could reduce collapse resistance margin by as much as 35%. These studies do not treat foundation modelling as a small correction; they show that the assumed support condition can change the fragility conclusion itself.
Finally, the literature shows increasing interest in reduced-order and simplified nonlinear simulation frameworks, especially for tall buildings and large portfolios where full NTHA is too expensive. The synthetic pattern here is not a retreat from nonlinear analysis, but a move toward calibrated simplification: researchers aim to preserve the governing nonlinear mechanisms while reducing computational cost through modal decomposition, simplified nonlinear systems, or macro-models (Zain et al., 2019; Blasone et al., 2022; Khatiwada et al., 2023; Najam, Warnitchai, Qureshi, and Mehmood, 2019).
 Blasone et al. (2022) proposed a simplified nonlinear model with three degrees of freedom per floor so that torsional response could still be captured in plan-irregular RC buildings. Khatiwada et al. (2023) developed a rapid nonlinear time-history method for wall-type buildings in which a detailed wall model with thousands of degrees of freedom was reduced to only a few modal coordinates. Zain et al. (2019) addressed the same issue for a 55-storey RC tower and showed that Uncoupled Modal Response History Analysis could reduce analysis time dramatically compared with full NLRHA while still supporting fragility assessment. Najam, Warnitchai, Qureshi, and Mehmood (2019) made a related point for existing tall buildings by showing that equal-displacement assumptions become non-conservative in long-period systems and that a simplified multi-mode pushover framework can still reproduce overall storey response with reasonable accuracy. These papers are important because they show that current modelling research is not only about adding detail; it is also about deciding where detail is essential and where carefully calibrated simplification is acceptable.
Overall, the reviewed studies show that structural modelling and simulation techniques are now one of the central determinants of seismic conclusions in RC-building research. The most consequential modelling choices concern 2D versus 3D representation, lumped versus distributed plasticity, explicit inclusion of brittle local mechanisms, treatment of infills and staircases, modelling of soil–foundation interaction, and the use of reduced-order nonlinear frameworks for scale. 
4.3 Seismic Hazard Representation and Ground Motion Selection
A clear pattern in the reviewed studies is that seismic hazard is represented at very different levels of sophistication depending on the purpose of the analysis. For design-oriented studies, the hazard is often introduced through code-based DBE, MCE, or MCER spectra. For fragility, loss, and PBEE studies, the hazard is more often expressed through site-specific PSHA, hazard curves, annual exceedance frequencies, or multiple source-specific scenarios. A third group of studies goes further by modifying the hazard through site amplification, basin effects, repeated-event sequences, or alternative hazard models, showing that hazard description itself can materially change vulnerability and loss estimates (AbdelMalek, Hassan, and Moustafa, 2023; Goulet et al., 2007; Franchin, Petrini, and Mollaioli, 2018; Kourehpaz, Molina Hutt, Marafi, Berman, and Eberhard, 2021; Goda and Tesfamariam, 2017; Pujades et al., 2025). An important record-selection example is provided by Gwalani, Singh, and Varum (2023), who assessed floating-column RC buildings using 22 FEMA P695 far-field records and explicitly examined the influence of the vertical ground-motion component. Their results showed that vertical excitation was relatively more critical for discontinuous-column buildings than for regular frames, and that collapse capacity and failure mechanism were strongly affected by this choice of input representation. This study is useful because it shows that ground-motion selection for vertically irregular RC systems must consider not only horizontal intensity but also the contribution of vertical excitation to collapse behavior.
This difference is clear when code-based and risk-based hazard representation are compared directly. Kumar, Singh, Ghosh, and Mishra (2025) used three PEER near-field motions matched to the IS 1893:2016 Maximum Considered Earthquake spectrum to evaluate a 5-storey irregular T-shaped RC frame, which is typical of studies where the hazard is defined through a prescribed design target. AbdelMalek, Hassan, and Moustafa (2023) similarly extended Egyptian RC building assessment beyond the code design earthquake by introducing both DBE and MCE levels, using the ASCE-style assumption of MCE ≈ 1.5 × DBE spectral acceleration. By contrast, Goulet et al. (2007) treated hazard much more explicitly through site-specific PSHA with seven hazard levels and showed that record selection must account for spectral shape through epsilon, because ignoring this effect can overestimate mean annual collapse rate by about 5–10 times. Franchin, Petrini, and Mollaioli (2018) pushed this logic further by formulating design directly in terms of acceptable mean annual frequencies of exceedance for multiple limit states rather than checking performance only at one design spectrum. These studies show that once the objective shifts from code compliance to probabilistic performance, the hazard model itself becomes part of the analytical framework rather than a fixed background input.
A second strong theme is the increasing importance of hazard-model sensitivity and multi-source hazard representation. The reviewed studies show that, in several cases, changing the hazard model changes the risk estimate as much as changing the structural model. Kourehpaz et al. (2021) provide one of the strongest examples. For Seattle RC shear wall buildings, they compared the 2014 hazard model without basin effects, the 2018 model with basin effects, and a hybrid model that also incorporated physics-based M9 Cascadia simulations. Their results showed that moving from the older to the newer hazard model produced an average threefold increase in annualized losses, and adding the M9 simulations increased losses by a further average of about 22%. Goda and Tesfamariam (2017) reached a similar conclusion in a different setting by extending PBEE for a non-ductile RC building to include shallow crustal, deep in-slab, and Cascadia interface earthquakes together with mainshock–aftershock effects; in their study, changing the hazard-source representation altered expected seismic loss ratios by about 10%. Pujades et al. (2025) also showed that a probabilistic hazard scenario for Barcelona produced more damaging city-scale results than a deterministic historical scenario. Together, these studies indicate that hazard representation is not simply a preliminary modelling step; it can be one of the main drivers of the final loss or fragility outcome.
Another major theme is the explicit treatment of local site effects, especially soil amplification and basin response. In this part of the literature, the hazard is not assumed to reach the structure unchanged; it is filtered through local geotechnical conditions before structural assessment begins (Kumar, Singh, Ghosh, and Mishra, 2025; Kourehpaz et al., 2021; Vacareanu, Radoi, Negulescu, and Aldea, 2004; Yousefi and Tehrani, 2026; Mata et al., 2023). Kumar et al. (2025) used borehole-based DEEPSOIL analysis to generate amplified surface motions and then propagated those motions through structural and fragility assessment; the resulting increases in PGA, PSA, base shear, ductility demand, and collapse damage probability showed that fixed-base code-level input would have underestimated vulnerability substantially. Vacareanu et al. (2004) made the same point in a different way for Bucharest, arguing that HAZUS/ATC-40-type fragility logic cannot be transferred blindly to a city with long-period “Mexico City effect” site response. Kourehpaz et al. (2021) then demonstrated the same principle at a larger scale by showing how deep sedimentary basin effects altered economic loss for medium- to high-rise RC wall buildings. These studies collectively support a clear conclusion: local soil and basin effects are part of hazard representation, not merely secondary adjustments after the structural model have been established.
Ground motion selection shows an equally strong pattern. Recorded earthquake motions remain the most common basis for dynamic analysis, but they are no longer selected only to match a target spectrum. Instead, the reviewed studies increasingly choose records to expose a particular physical feature, such as near-fault pulse content, forward directivity, long duration, vertical excitation, or repeated-event history (Hosseini, Hashemi, and Safi, 2017; Smyrou, Vuran, and Bal, 2025; Mazza, Braile, and Labernarda, 2026; Alothman et al., 2023; Meral, Cayci, and Inel, 2024; Bhagat and Wijeyewickrema, 2017; Thoriya et al., 2025). This means that ground motion selection is increasingly mechanism-driven rather than only spectrum-driven.
The most obvious example is the use of near-fault and pulse-like records. Smyrou, Vuran, and Bal (2025) selected 30 record pairs, or 60 horizontal records, specifically for high spectral demand and pulse content to investigate “uprooting collapse” in Turkish RC frame buildings. Their selection logic was tied directly to the collapse mechanism being studied rather than to generic intensity scaling. Mazza, Braile, and Labernarda (2026) similarly used 15 near-fault PEER motions with and without the vertical component to examine horizontally isolated versus horizontally-and-vertically isolated RC hospital buildings, and showed that vertical response remains critical even in isolated systems unless it is treated explicitly. Meral, Cayci, and Inel (2024) compared ordinary destructive motions with forward-directivity motions and found that the nonlinear roof-drift demand under directivity-sensitive records increased dramatically, whereas linear models failed to capture this surge. These papers show that the selected records are often intended to activate the exact demand feature under investigation, such as pulse-type overturning, vertical acceleration, or concentrated nonlinear drift.
A related theme is the use of mainshock–aftershock or repeated-earthquake sequences. Here the literature goes beyond selecting records for intensity and instead selects them for damage history. Hatzivassiliou and Hatzigeorgiou (2015) analyzed five real repeated seismic sequences and inserted 100-second zero-acceleration gaps between successive events so that the building motion could decay before the next shock arrived. Jeon et al. (2015) built aftershock fragility curves conditioned on the mainshock damage state, combining an IDA-like procedure for the mainshock with a cloud approach for the aftershock. Raghunandan, Liel, and Luco (2015) similarly showed that once a ductile RC frame experiences severe mainshock damage, the median capacity against aftershock collapse can reduce substantially. Munir et al. (2024) provided the same message in a Pakistani context, showing that repeated earthquakes had limited effect on some conventional peak design quantities but significantly increased residual drift, hysteretic energy, cracking, and even crushing in shear walls. These studies make a very specific methodological point: if the research question concerns cumulative damage, then one-event record selection is not enough.
The reviewed literature also shows regular use of synthetic, artificial, and spectrally matched motions when local recorded data are sparse or strict hazard consistency is required. In such cases, the choice is not between “realistic” and “artificial” motions in a simplistic sense; rather, researchers use synthetic or adjusted records to recover missing regional or spectral information (Elettore et al., 2026; Seyedi et al., 2010; Ghosh and Chakraborty, 2017; Suliman and Lu, 2024). Elettore et al. (2026) selected 30 records from the ITALIAN database so that the mean spectrum remained within 90%–130% of the design spectrum, and they also used groups of artificial accelerograms for non-structural assessment across hazard levels. Seyedi et al. (2010) combined natural and synthetic motions to construct fragility surfaces in a two-IM space, while Ghosh and Chakraborty (2017) relied on real, synthetic, and artificial motions because local strong-motion data for Guwahati were limited. This part of the literature shows that artificial records are generally introduced for a specific reason: either to satisfy target-spectrum constraints or to compensate for regional data scarcity.
Finally, the reviewed studies show that intensity-measure choice is increasingly treated as part of hazard representation and motion selection, not as a separate post-processing detail. Traditional IMs such as PGA and Sa(T1) remain common, but many studies now ask whether these IMs are actually the most efficient or least biased for the structural problem at hand (Pinzón et al., 2023; Seyedi et al., 2010; Goulet et al., 2007; Zain et al., 2019; Nafeh and O’Reilly, 2024). Pinzón et al. (2023) showed that the correlation between IMs and RC building demand improves when the building’s dynamic characteristics are included in the IM definition, while PGV remained a strong practical IM even without explicit structural information. Seyedi et al. (2010) moved beyond one-parameter fragility and used two spectral displacement ordinates, SD(T1) and SD(T2), to reduce fragility scatter. Nafeh and O’Reilly (2024) then showed that Saavg can reduce both bias and dispersion compared with PGA or single-period spectral acceleration for non-ductile infilled RC buildings in regional fragility applications. This body of work suggests that hazard representation is now being linked more tightly to the efficiency and physical meaning of the IM used for fragility and risk estimation.
Overall, the reviewed studies show that seismic hazard representation and ground motion selection have evolved from generic code-level input toward a much more explicit and problem-dependent framework. Code spectra still dominate many building-level studies, but PSHA, source-sensitive hazard modelling, basin and site amplification, repeated-earthquake sequences, near-fault record selection, and IM-specific motion selection are increasingly common when the goal is fragility, loss, recovery, or risk.
4.4 Performance Evaluation Metrics in Seismic Studies
A clear thematic shift appears across the reviewed literature: performance evaluation in RC seismic studies has moved from a narrow dependence on global structural response quantities toward a broader and more layered framework that combines global demand, explicit damage states, collapse-oriented measures, local component response, residual demand, and consequence-based outcomes. In earlier or more simplified studies, performance was commonly judged through inter-storey drift, roof displacement, or base shear alone. In contrast, more recent fragility- and PBEE-oriented studies increasingly evaluate RC buildings through damage-state exceedance, collapse probability, expected annual loss, repairability, downtime, and recovery-oriented criteria (Pejovic and Jankovic, 2016; Goulet et al., 2007; Ramirez and Miranda, 2012; Anwar, Dong, and Zhai, 2020; Opabola and Elwood, 2024; Heo and Kunnath, 2013). 
The first major metric family remains global deformation- and force-based response, especially inter-storey drift ratio, roof displacement, base shear, and ductility demand. These quantities continue to dominate because they provide the most direct connection between structural analysis, code-level performance limits, and fragility development. Across the reviewed studies, drift is repeatedly used as the principal engineering demand parameter in frames, wall-frame systems, high-rise buildings, irregular buildings, and SSI-sensitive structures, while roof displacement and base shear remain common for comparing design alternatives, retrofit efficiency, and site-modified demand (Hosseini, Hashemi, and Safi, 2017; Kumar, Singh, Ghosh, and Mishra, 2025; Poudel and Chaulagain, 2024; AbdelMalek, Hassan, and Moustafa, 2023; Alothman et al., 2023; Jeong, Mwafy, and Elnashai, 2012; Tahghighi and Mohammadi, 2020; Meral, Cayci, and Inel, 2024). A useful extension of conventional drift-based performance evaluation is provided by Thinley and Hao (2017), who assessed RC frame buildings in Bhutan using probability theory combined with fuzzy-set-based damage criteria. Their results showed that under 475-year return period motions the buildings already exhibited high probabilities of severe and irreparable damage, while 2475-year motions produced high probabilities of severe damage and collapse; notably, SSI was found to be especially detrimental for the 3-storey building. This study is important because it shows that crisp drift thresholds may not always capture the uncertainty and ambiguity of real damage progression, particularly in data-limited seismic regions.
This is evident in several representative studies. Hosseini, Hashemi, and Safi (2017) assessed code-designed RC special moment frames using roof displacement, roof acceleration, base shear, inter-storey drift, and plastic-hinge formation. Their results showed that some buildings designed according to code still exceeded the intended Life Safety level under near-source motions, indicating that global response metrics were sufficient to reveal a serious gap between code compliance and actual nonlinear performance. Kumar, Singh, Ghosh, and Mishra (2025) also used roof displacement, base shear, and ductility demand, but in a site-amplification context. Once amplified surface motions from DEEPSOIL were introduced, these global metrics increased sharply and were accompanied by higher collapse-related damage probabilities, showing that global demand measures remain powerful when linked directly to fragility consequences. A third example is Pinzón et al. (2023), who compared average drift, maximum drift, and the Park–Ang damage index. Their study showed that even within this global-response family, not all metrics behave equally: the usefulness of average drift or maximum drift depends strongly on the intensity measure used to predict them. A high-rise example is provided by Sharma, Imam, Kumar, and Olaiya (2025), who carried out displacement-based fragility assessment of a G+19 RC moment-resisting frame using 44 FEMA P695 motions. Their study showed that drift concentration developed mainly in the mid-height storeys and that the probability of exceeding the Life Safety limit increased sharply beyond about 0.25 g PGA, while collapse probability rose rapidly at higher shaking levels. This paper is useful because it reinforces the importance of displacement- and drift-based metrics in high-rise fragility assessment, particularly for torsion-sensitive or irregular buildings.
A second strong theme is the widespread use of formal performance levels, damage states, and probabilistic exceedance measures. Much of the literature still organizes RC seismic performance through categories such as Operational, Immediate Occupancy, Damage Control, Life Safety, Collapse Prevention, or equivalent slight-to-complete damage scales. What has changed is that these states are now being quantified more carefully and in more diverse ways: through drift thresholds, bilinearized capacity-spectrum limits, damage indices, multiscale criteria, or state-dependent fragility logic (Souki, Abdou, and Mehani, 2024; Moreno-Gonzalez and Bairan, 2013; Pejovic and Jankovic, 2016; Kohns et al., 2022; Habib and Buratti, 2026; Zain, Kupwiwat, Kang, and Prasittisopin, 2025; Suliman and Lu, 2024). The thematic implication is important: performance levels are no longer treated as fixed labels attached to buildings, but as probabilistic states whose definition depends on both modelling assumptions and damage interpretation.
The difference between these approaches becomes clearer at the article level. Souki, Abdou, and Mehani (2024) defined slight, moderate, extensive, and complete damage through spectral-displacement thresholds derived from bilinear capacity spectra, following a classical LM2/Risk-UE logic in which the performance point is converted directly into probabilistic exceedance. Moreno-Gonzalez and Bairan (2013) used a similar capacity-spectrum framework for waffled-slab RC buildings in Barcelona, but then translated the resulting damage probabilities into a weighted average damage index, thereby moving one step closer to quantitative damage interpretation. In contrast, Pejovic and Jankovic (2016) used a much more refined approach for high-rise RC buildings by statistically linking inter-storey drift to the park–Ang damage index and then treating the damage thresholds themselves as random variables rather than deterministic cut-offs. Kohns et al. (2022) shifted attention even further toward how damage grades are defined, proposing multiscale damage criteria based on several local and global thresholds rather than one yield/ultimate displacement pair. Finally, Habib and Buratti (2026) developed state-dependent fragility curves for pre-damaged RC frames, showing that damage-state performance metrics must sometimes evolve with prior damage rather than being defined only for an undamaged structure.
A third major theme is the increasing importance of collapse-oriented and annual-risk metrics. In these studies, performance is no longer expressed simply by whether a drift limit is crossed; it is evaluated through collapse probability, collapse capacity, collapse resistance margin, continued occupancy probability, or mean annual frequency of exceedance. This trend is particularly strong in PBEE, risk-targeted design, retrofit evaluation, and state-dependent vulnerability studies (Samanta et al., 2026; Sberna et al., 2025; Capacci et al., 2026; Elettore et al., 2026; Goulet et al., 2007; Yousefi and Tehrani, 2026; Günes and Ulucan, 2021; Tsiavos et al., 2021; Raghunandan, Liel, and Luco, 2015; Jeon et al., 2015). The shared message across these studies is that once collapse becomes the decision-relevant outcome, one-point performance states or single-level code checks are no longer sufficient.
Three studies are especially instructive here. Goulet et al. (2007) treated performance through collapse probability, mean annual collapse frequency, expected annual loss, and casualty-related outcomes rather than only through drift-based checks. Their work showed that even a code-conforming RC special moment frame could still have measurable annual collapse risk and non-trivial annualized loss, making collapse itself a central performance output. Yousefi and Tehrani (2026) used collapse resistance margin and collapse fragility curves to show that including SFSI could reduce collapse resistance margin by as much as 35%, especially on softer soils. This illustrates how collapse-based metrics can reveal changes in safety that are not fully visible in ordinary drift comparison. Tsiavos et al. (2021) then translated code deficiency into collapse probability through compliance factors linked to 50-year collapse risk, showing how performance metrics can be used directly for prioritization and decision support.
A fourth strong theme is the move beyond global drift toward local component-level and mechanism-specific metrics. The reviewed literature repeatedly shows that a building may appear acceptable under global deformation measures while the actual controlling variable lies at the component level. This is particularly true in non-ductile frames, tall dual systems, isolated buildings, and retrofit-sensitive wall systems, where beam rotation, coupling-beam rotation, chord rotation, local shear demand, strain limits, or isolator displacement can be more informative than drift alone (Joseph et al., 2024; Zhang et al., 2019; Günes and Ulucan, 2021; Munir et al., 2024; Işık et al., 2023; Heo and Kunnath, 2013). In other words, the literature increasingly treats the “governing metric” as mechanism-dependent rather than universal.
This shift is evident in the most detailed studies. Zhang et al. (2019) tracked not only peak and residual story drift but also frame beam rotation, coupling-beam rotation, and boundary-element concrete and steel strain in a 42-storey RC dual-system building. Their most important result was that coupling-beam rotation had the highest probability of exceedance among collapse-prevention-level limits, meaning that local coupling behavior rather than global drift controlled the critical performance state. Joseph et al. (2024) evaluated a pre-code wall system using top drift ratio, chord rotation, and continued-occupancy probability because the vulnerable bond-slip mechanism could not be described adequately by drift alone; in this case, local rotation was essential for interpreting retrofit effectiveness. Heo and Kunnath (2013) pushed performance evaluation deeper into the material level by developing a material-based damage index that aggregated fiber-level deterioration into section-, member-, storey-, and structure-level damage. Their work is important because it shows that local deterioration can be formalized as a quantitative performance metric rather than merely described qualitatively.
A fifth and increasingly influential theme is the use of residual-response and consequence-based metrics, especially where the distinction between repair, demolition, downtime, and recovery becomes important. This is one of the clearest areas where modern RC seismic studies depart from traditional peak-response-only frameworks. Residual drift, repair cost ratio, expected annual loss, downtime, functional recovery, and environmental consequences are now frequently treated as direct performance outputs. In these studies, performance is evaluated in stakeholder terms as much as in structural terms (Rashid and Ahmad, 2017; Gencturk, Hossain, and Lahourpour, 2016; Flora et al., 2021; Vona et al., 2018; Ramirez and Miranda, 2012; Anwar, Dong, and Zhai, 2020; Nuzzo, Caterino, and Pampanin, 2022; Mitropoulou, Lagaros, and Papadrakakis, 2011; Goda and Tesfamariam, 2015). These studies collectively show that the field is no longer satisfied with describing damage; it increasingly asks what the damage means for repairability, economics, and continued use.
Ramirez and Miranda (2012) showed that residual drift can dominate economic loss even when collapse does not occur, because the building may still be demolished due to non-collapse residual deformation. Their framework inserted demolition as an intermediate outcome between repair and collapse, fundamentally broadening the meaning of seismic performance. Anwar, Dong, and Zhai (2020) assessed a non-ductile RC building not only through repair loss but also through downtime, resilience, and carbon emissions, and showed that under slow-track repair the building did not regain even 50% functionality after 1000 days at some hazard levels. Mitropoulou, Lagaros, and Papadrakakis (2011) similarly demonstrated that life-cycle cost estimates change substantially depending on whether maximum floor acceleration is included alongside inter-storey drift, showing that consequence metrics are sensitive to the chosen response variables. Nuzzo, Caterino, and Pampanin (2022) then proposed a loss-performance matrix based on repair cost ratio and exceedance probability, explicitly aiming to communicate seismic performance in financial terms that owners can understand. These studies confirm that current RC performance evaluation increasingly extends beyond damage and collapse to include repairability, recovery, and usability.
A notable super-tall-building example is given by Jiang, Lu, Liu, and He (2014), who evaluated the Shanghai Tower through a project-specific PBSD framework rather than through ordinary prescriptive code checks. Their performance targets were defined explicitly as fully operational under frequent earthquakes, operational under basic earthquakes, and life safety under rare earthquakes, and these were verified through nonlinear time-history analysis of the full mega-frame–core tube–outrigger system. This study is valuable because it shows how performance metrics in very tall RC-dominated systems must often be expressed through customized multi-level objectives rather than standard code limit states alone.
Overall, the reviewed studies show that performance evaluation metrics in RC seismic research now form a layered rather than single-response system. Global drift, displacement, and force metrics remain foundational; damage states and fragility curve’s structure probabilistic interpretation; collapse and annual-risk metrics support PBEE and safety decisions; local component measures identify the true governing mechanism; and residual, economic, and recovery metrics connect structural response to real post-earthquake consequences. The shared conclusion across the literature is that no single metric is sufficient on its own. Robust evaluation of RC-building seismic performance increasingly depends on combining global, local, probabilistic, and consequence-based measures within the same assessment framework.
4.5 Fragility Curve Development and Probabilistic Risk Assessment
Fragility development in the reviewed literature follows several distinct but overlapping directions: analytical fragility from nonlinear simulation, empirical and hybrid fragility from observed damage, state-dependent fragility for damaged or deteriorated buildings, uncertainty-sensitive probabilistic fragility, and risk frameworks that extend fragility into loss, retrofit, optimization, and urban decision-making. The main shift is that fragility curves are no longer treated as simple post-processing outputs from drift thresholds; they are increasingly built as full probabilistic models whose shape depends on record selection, intensity-measure choice, statistical fitting method, prior damage state, deterioration, modelling class, and the consequence model attached to them (Carbone et al., 2026; Kappos and Panagopoulos, 2010; Seyedi et al., 2010; Rosti et al., 2021; Habib and Buratti, 2026; Martinez et al., 2024; Nafeh and O’Reilly, 2024; Pujades et al., 2025; Freddi, Padgett, and Dall’Asta, 2017; Ahmad et al., 2015; Jalayer, Franchin, and Pinto, 2007). 
A first major theme is the maturation of analytical fragility development from nonlinear structural analysis, especially through IDA, cloud analysis, multi-stripe analysis, and system-specific procedures for high-rise, low-strength, or non-ductile buildings. Many studies now derive fragility directly from nonlinear response rather than from fixed capacity-spectrum assumptions, and they increasingly tailor the fragility framework to the building type, analysis scale, and collapse mechanism under study (Gorji Azandariani et al., 2023; Habib and Buratti, 2026; Alothman et al., 2023; McCrum, Amato, and Suhail, 2016; Martinez et al., 2024; Xu and Gardoni, 2016; Pejovic and Jankovic, 2016; Al Mamun and Saatcioglu, 2017; Jeon, Park, and DesRoches, 2015; Alarcón, López, and Vielma, 2023; Yousefi and Tehrani, 2026; Ibrahim, 2018; Zain, Kupwiwat, Kang, and Prasittisopin, 2025; Ahmad et al., 2015; Freddi, Padgett, and Dall’Asta, 2017). A structurally specialized fragility application is presented by Casotto, Silva, Crowley, Nascimbene, and Pinho (2015) for Italian RC precast industrial buildings. Their methodology combined randomly sampled typologies, pushover-defined limit states, nonlinear dynamic analyses with 70 three-component accelerograms, and damage probability matrix regression, while explicitly representing beam–column connection unseating and sliding. The paper is especially important because it shows that fragility development for precast industrial RC buildings cannot rely on the same limit-state logic used for monolithic cast-in-place frames, since connection collapse may govern before flexural collapse.
Several studies show how specific this analytical development has become. Martinez, Gallegos, Araya-Letelier, and Lopez-Garcia (2024) showed that fragility results themselves can vary substantially depending on the statistical choices made after the nonlinear analyses are completed. By testing different outlier-removal rules, candidate probability distribution functions, and model-selection criteria for RC dual wall–frame buildings, they found that collapse-level risk estimates could differ by as much as about two times, even when the underlying structural simulations were unchanged. This is important because it shows that fragility uncertainty is not only structural or seismic; it also comes from the fitting methodology. Seyedi et al. (2010) pushed the analytical form of fragility further by proposing fragility surfaces rather than one-parameter fragility curves for an eight-storey RC building. Using 740 natural and synthetic records, they expressed damage probability as a function of two spectral displacement parameters, SD(T1) and SD(T2), and showed that part of the apparent dispersion of conventional fragility curves is actually caused by incomplete intensity characterization. Nafeh and O’Reilly (2024) then linked analytical fragility development to intensity-measure choice by showing that average spectral acceleration, Saavg, reduces bias and dispersion relative to PGA or single-period spectral acceleration for non-ductile infilled RC buildings. Their work is particularly important because it combines analytical fragility development with empirical post-earthquake comparison, thereby linking improved IM choice directly to regional-risk usefulness. A complementary perspective is provided by Ahmad et al. (2015), who developed an analytical fragility framework specifically for low-strength, sub-standard RC buildings typical of developing countries. By explicitly calibrating low concrete strength, bond-slip, brittle degradation, and deterioration-sensitive capacity parameters into the fragility workflow, they showed that fragility methods for engineered ductile stock cannot simply be transferred to non-engineered RC building populations. Freddi, Padgett, and Dall’Asta (2017) reinforce this point from another angle: for low-ductility frames, local demand measures can be more informative than global inter-storey drift, meaning that fragility development must sometimes start from local EDPs rather than from conventional global proxies.
A second strong theme is the continued importance of empirical and hybrid fragility development, particularly in studies where post-earthquake damage data are rich enough to anchor or challenge analytical models. This branch of the literature remains essential because it prevents fragility research from becoming purely simulation-based. It also reveals that fragility is strongly shaped by how observed damage is classified, how undamaged cases are treated, and how local building-stock characteristics are represented (Askan and Yücemen, 2010; Kappos and Panagopoulos, 2010; Hsieh et al., 2013; Rosti et al., 2021; Moreno-Gonzalez and Bairan, 2013; Kassem, Nazri, and Farsangi, 2019; Del Gaudio et al., 2017; Jung and Lee, 2020). Across these studies, fragility is not simply fitted to observed damage frequencies; rather, empirical data are increasingly used to calibrate, weight, validate, or locally adapt vulnerability assumptions.
This is evident in several representative papers. Carbone et al. (2026) developed empirical fragility curves for Italian RC buildings directly from Da.D.O. post-earthquake data, using maximum likelihood estimation and explicitly including buildings with no observed damage. One of their most useful findings is that height dominates fragility at low damage levels, whereas construction age becomes more influential at moderate and severe damage levels. Rosti et al. (2021) also worked with Italian empirical data, but at a much larger scale. Their study drew from a national database and, importantly, included non-inspected buildings in low-damage areas as assumed-undamaged cases so that low-intensity observations would not be systematically excluded. Their results show how much empirical fragility depends on database completeness and on the treatment of negative evidence. Kappos and Panagopoulos (2010) occupy an intermediate position through a hybrid framework that combined Greek earthquake damage data with nonlinear static and dynamic analyses for 54 RC building typologies. Their study is especially valuable because it openly addresses the problem of importing fragility models across countries and instead argues for region-specific hybrid calibration. In a more simplified but still highly relevant capacity-based direction, Jung and Lee (2020) adapted the Japanese seismic-capacity evaluation framework for Korean low-rise RC public buildings and showed that direct transfer of foreign capacity indices can overestimate local structural safety. Although that study is not a fragility-curve paper in the narrowest sense, it is important here because it demonstrates how vulnerability classification itself must often be locally recalibrated before probabilistic risk metrics can be used with confidence.
A third major theme is the development of state-dependent, deterioration-sensitive, and sequence-sensitive fragility, where vulnerability is no longer treated as a fixed property of an undamaged building. This is one of the most significant recent advances in the literature because it responds directly to real conditions: many RC buildings are exposed to corrosion, cumulative damage, prior earthquakes, and repeated shaking, yet traditional fragility methods assume an initially intact structure. The reviewed studies increasingly reject that assumption (Samanta et al., 2026; Habib and Buratti, 2026; Zhang et al., 2019; Han, Li, and van de Lindt, 2014; Raghunandan, Liel, and Luco, 2015; Jeon et al., 2015; Berto et al., 2008; Couto et al., 2021; Munir et al., 2024). The thematic message here is strong: fragility is increasingly treated as a state variable, not just a property of a building class.
Habib and Buratti (2026) developed state-dependent fragility curves for Italian RC frames by first representing the buildings as equivalent SDOF systems and then using cloud analysis with a very large motion set. Their contribution is not only that prior damage increases vulnerability, but that they had to use modified probit and ordinal probit formulations to preserve logical fragility ordering across damage states. Raghunandan, Liel, and Luco (2015) showed that aftershock collapse vulnerability changes dramatically once mainshock damage becomes severe; when peak inter-storey drift during the mainshock becomes large, median aftershock collapse capacity can drop sharply. Jeon et al. (2015) extended this logic by conditioning post-aftershock damage probability on the initial damage state and by combining a mainshock scaling stage with a cloud-based aftershock fragility stage. On the deterioration side, Samanta et al. (2026) showed that ageing-induced corrosion and sequential shaking jointly increase annual seismic damage rate and financial risk in Indian RC wall–frame buildings, while Couto et al. (2021) showed that concrete strength degradation and corrosion rate directly affect fragility in Portuguese RC buildings. These studies demonstrate that fragility is increasingly being written as a function of history, degradation, and cumulative demand, not just instantaneous seismic intensity.
A fourth strong theme is the growing importance of uncertainty-sensitive fragility and probabilistic risk methodology. Across the reviewed literature, uncertainty is no longer treated only as record-to-record randomness around a median curve. Instead, researchers increasingly examine how fragility changes with modelling assumptions, incidence angle, structural uncertainty, hazard representation, bounded epistemic uncertainty, model class, and even apparently secondary parameters such as yielding displacement or strain-rate sensitivity (Vargas et al., 2013; Barbat et al., 2012; Martinez et al., 2024; Vargas Alzate et al., 2018; Rajeev and Tesfamariam, 2012; Xu and Gardoni, 2016; Lu et al., 2014; Liu and Elishakoff, 2019; Romano et al., 2021; Asprone et al., 2012; Skoulidou, Romão, and Franchin, 2019; Zhou et al., 2021; Miceli, Ferrara, and Castaldo, 2024; Jalayer and Cornell, 2009; Mehrabi-Moghaddam, Yazdani, and Motaghed, 2022; Sarkar and Dasgupta, 2025; Meral, 2023; Vielma et al., 2021). The shared conclusion is that fragility curves are not purely structural products; they are also methodological products shaped by how uncertainty is represented, how failure is parameterized, and which response variable is allowed to govern the assessment.
Vargas Alzate et al. (2018) demonstrated that directionality and material randomness can produce bimodal damage outcomes in seemingly similar RC buildings, showing that fragility may be governed by orientation-sensitive vulnerability regimes rather than by one median trend. Romano et al. (2021) propagated model-class uncertainty in infill representation through the full PEER loss-analysis chain and showed that annualized loss and repair-cost dispersion changed materially depending on which infill modelling class was used. Their results are particularly important because they show that uncertainty in non-structural modelling can dominate loss conclusions. Liu and Elishakoff (2019) then extended uncertainty treatment beyond standard random-variable frameworks by combining random variables with parallelepiped convex variables, showing that bounded epistemic uncertainty in threshold parameters can substantially change 50-year failure probabilities. A related structural example is Meral (2023), who showed that frame discontinuity can reduce base shear while increasing displacement vulnerability, underscoring that apparently “improved” global force response may hide a more fragile deformation-controlled behavior. Vielma et al. (2021) add another useful perspective by showing that for torsionally irregular corner buildings with uneven infill distribution, floor rotation can become a more informative damage indicator than drift alone. These studies reinforce the broader point that fragility and probabilistic risk assessment are increasingly driven by how uncertainty and damage indicators are modelled, not only by the structural archetype itself.
A fifth major theme is the move from single-building fragility toward class-level, stock-level, and urban-scale probabilistic risk assessment. This is one of the richest themes for this section because it naturally brings in many studies that do not fit the conventional one-building fragility template. These papers treat fragility as an ingredient in wider building-class or city-scale risk estimation, often combining simplified nonlinear models, typological grouping, inventory data, or economic consequence models (Kappos and Panagopoulos, 2010; Del Gaudio et al., 2015; Rosti et al., 2021; Iervolino et al., 2007; Flora et al., 2021; Vona et al., 2018; Kassem, Nazri, and Farsangi, 2019; Pujades et al., 2025; Vargas-Alzate et al., 2020; Del Gaudio et al., 2017; Zain et al., 2025). A useful uncertainty-focused contribution is provided by Lee and Mosalam (2005), who examined which uncertain variables most strongly control seismic demand in an RC shear-wall building. Their results showed that ground-motion uncertainty dominates global EDPs such as roof response and inter-storey drift, whereas structural-property uncertainty becomes more influential for some local demand quantities. This paper is important in the context of fragility and probabilistic risk because it clarifies that not all uncertainty sources affect all performance measures equally, and therefore fragility modelling should distinguish between global and local demand sensitivities.
A few studies show this especially well. Iervolino et al. (2007) shifted the focus from one building to a homogeneous class of RC buildings, combining class-capacity approximation with PSHA-based demand and Monte Carlo simulation to estimate class-level failure probability. This is conceptually important because it bridges the gap between archetype analysis and inventory-level risk. Flora et al. (2021) used the DEAL methodology to estimate direct and indirect expected annual loss for an urban RC stock in Potenza, showing that fragility-based urban assessment can support retrofit investment decisions. Pujades et al. (2025) went further by generating 1160 RC building variants and then applying the resulting fragility and expected-damage framework to Barcelona, where local soil conditions and threshold definition materially influenced the final damage scenario. These studies show that fragility development is increasingly embedded in urban risk workflows rather than remaining a purely building-level exercise.
A sixth and final theme is the integration of fragility and probabilistic risk with loss, insurance, recovery, retrofit, and optimization-oriented decision-making. In this part of the literature, fragility curves are no longer treated as the final product; they are intermediate tools used to estimate annual damage rates, expected annual loss, premiums, repair-cost ratios, payback of retrofits, life-cycle consequences, and even cost–carbon–performance trade-offs (Miano et al., 2020; Bojórquez et al., 2024; Franchin, Petrini, and Mollaioli, 2018; Rashid and Ahmad, 2017; Gencturk, Hossain, and Lahourpour, 2016; Gkimprixis, Douglas, and Tubaldi, 2021; Vona et al., 2018; Ramirez and Miranda, 2012; Elgammal, El-Khoriby, and Seleemah, 2024; Kourehpaz et al., 2021; Nuzzo, Caterino, and Pampanin, 2022; Mitropoulou, Lagaros, and Papadrakakis, 2011; Goda and Tesfamariam, 2017; Goda and Tesfamariam, 2015; Ramirez et al., 2012; Carofilis Gallo, Gabbianelli, and Monteiro, 2022; Di Salvatore, Magliulo, and Caterino, 2024; Leyva et al., 2021; Mergos, 2018a; Mergos, 2018b; Leyva et al., 2018; Katsanos and Vamvatsikos, 2017; Mottola, Pecorari, and Ferraioli, 2026). A retrofit-oriented fragility example is given by Güneyisi and Altay (2008), who developed fragility curves for a 12-storey RC office building retrofitted with fluid viscous dampers providing different effective damping levels. Using average inter-storey drift ratio to define slight, moderate, major, and collapse damage states, they showed that passive damping retrofit could reduce the probability of exceeding damage states by roughly two times. This study is useful because it demonstrates how fragility curves can directly quantify retrofit effectiveness rather than only reporting reduced drift or force demand. 
This transition is especially visible in several representative studies. Gkimprixis, Douglas, and Tubaldi (2021) used vulnerability and hazard information to evaluate insurance contracts for an RC frame and showed how deductible and limit choices redistribute loss between the owner and insurer. Elgammal, El-Khoriby, and Seleemah (2024) combined fragility and reliability analysis to show that aluminum shear links in eccentric chevron braces can reduce drift, damage, and fragility in existing RC buildings, while still warning that local demand redistribution must be checked. Nuzzo, Caterino, and Pampanin (2022) proposed a loss-performance matrix in which probable maximum loss is defined jointly by repair cost ratio and exceedance probability, explicitly reframing performance in economic terms meaningful to stakeholders. Ramirez et al. (2012) then showed at the 30-archetype scale that even code-conforming modern RC office buildings can still sustain significant expected repair loss and life-cycle loss. A further extension appears in optimization-based design studies: Leyva et al. (2021) and Leyva et al. (2018) used drift- and cost-based multi-objective optimization to show how performance constraints can be incorporated directly in RC design selection; Mergos (2018a) focused on making PBSD optimization computationally tractable by reducing the number of design variables, whereas Mergos (2018b) showed that seismic design choices can also be optimized against embodied CO₂ rather than cost alone. Katsanos and Vamvatsikos (2017) represent the most explicitly risk-targeted version of this idea, redesigning an RC space frame through Yield Frequency Spectra so that response targets were expressed directly in terms of mean annual frequency rather than only hazard intensity. Finally, Mottola, Pecorari, and Ferraioli (2026) showed that retrofit design can be linked directly to displacement and acceleration performance targets through performance spectra, illustrating how fragility- and risk-informed thinking is increasingly entering intervention design rather than remaining only an assessment exercise. An important regional application is presented by Abeysiriwardena, Wijesundara, and Nascimbene (2023), who developed fragility functions for existing RC school buildings in Sri Lanka using 3D OpenSees models, a probabilistic seismic hazard map, and IDA. Their results showed that damage probability increased with storey number and that the gap between Immediate Occupancy and Collapse Prevention performance was particularly pronounced, indicating that these gravity-load-designed school buildings may preserve some life-safety margin while still performing poorly in terms of serviceability and functionality. 
Overall, the reviewed studies show that fragility curve development and probabilistic risk assessment in RC buildings now operate at several interconnected levels. Analytical fragility methods are becoming more structure-specific and statistically refined; empirical and hybrid methods are increasingly used to calibrate or challenge analytical assumptions; state-dependent and deterioration-sensitive formulations are replacing the undamaged-building assumption; uncertainty is being treated as a methodological variable rather than just a dispersion term; and fragility is increasingly embedded in stock-level, loss-based, retrofit-oriented, and optimization-oriented frameworks.
However, these components are often applied in a fragmented manner, highlighting the need for an integrated framework to systematically link the key stages of probabilistic seismic risk assessment. 
5. Integrated Framework for Probabilistic Seismic Risk Assessment of Existing Reinforced Concrete Buildings
The reviewed literature indicates that probabilistic seismic risk assessment of reinforced concrete buildings is not governed by a single modelling choice, but by a chain of interdependent decisions extending from building characterization to decision-oriented risk interpretation. Across the reviewed studies, seismic response and fragility outcomes are shown to depend not only on the selected analysis method, but also on how the building is represented, how hazard is characterized, how ground motions are selected, and how performance and damage states are defined. This interdependence suggests that seismic risk assessment should be viewed as an integrated workflow rather than as a set of isolated analytical tasks. 
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Figure 10: Integrated Framework Diagram for Probabilistic Seismic Risk Assessment of Existing Reinforced Concrete Buildings
The framework proposed in Figure 10 organizes this workflow into a structured sequence beginning with building and regional context. This first stage captures parameters that strongly influence seismic vulnerability, including building age, code level, structural system, height class, irregularities, infill conditions, deterioration, and prior damage. The reviewed studies show that these characteristics are especially important for existing RC buildings, for which idealized assumptions often fail to represent actual structural behavior. Regional construction context is also included because fragility relationships developed in one seismic or construction environment may not be directly transferable to another without appropriate calibration.
The second and third stages address hazard and input characterization. Hazard and site characterization define the seismic environment through probabilistic, deterministic, or scenario-based approaches, while also accounting for local seismicity, soil conditions, basin effects, and near-fault influences. Ground motion selection is treated as a separate stage because the literature consistently shows that the chosen record set, scaling procedure, and intensity measure can substantially alter predicted structural response, fragility estimates, and risk outcomes. Separating hazard definition from motion selection makes the framework more transparent and emphasizes that hazard representation and seismic input choice must remain consistent with the objective of the assessment.
The next two stages, structural modelling strategy and seismic analysis method, form the analytical core of the framework. Structural modelling defines the level of physical realism introduced into the assessment, including two-dimensional or three-dimensional idealization, representation of nonlinear behavior, treatment of infills and non-structural components, and consideration of soil-structure interaction where relevant. The literature reviewed in this study shows that modelling assumptions can significantly influence predicted demand, damage distribution, and fragility shape. The analysis method then determines how this model is interrogated under seismic loading. As shown in the quantitative synthesis, nonlinear time history analysis and incremental dynamic analysis dominate the literature, indicating a strong preference for methods capable of capturing record-to-record variability, damage progression, and collapse-sensitive behavior. At the same time, simplified procedures remain relevant where the objective is rapid screening, typology-based comparison, or computational efficiency.
Performance evaluation and fragility development represent the transition from structural response to probabilistic damage assessment. The reviewed studies demonstrate that performance evaluation is no longer limited to conventional drift-based measures alone, but increasingly includes collapse capacity, residual deformation, repairability, downtime, and other consequence-related indicators. These response measures provide the basis for defining limit states and damage states in a manner that is compatible with fragility development. Fragility functions then quantify the probability of exceeding specified damage states as a function of seismic intensity, demand, or other probabilistic descriptors. The literature shows a clear dominance of analytical fragility approaches, particularly IDA-based, cloud-based, and pushover-based formulations, while also showing growing interest in state-dependent, deterioration-sensitive, and multi-parameter fragility models. This confirms that fragility assessment is increasingly treated as a dynamic probabilistic process rather than as a fixed curve derived from idealized undamaged conditions.
The final stage of the framework is risk and decision outputs. This stage extends the assessment beyond structural response and damage probability toward outcomes that support engineering judgment and policy decisions, including loss estimation, collapse probability, retrofit prioritization, and regional or portfolio-level application. The literature reviewed in this paper shows that fragility functions are increasingly embedded within broader consequence-based and optimization-oriented frameworks, indicating a shift from response-focused analysis toward decision-oriented seismic risk assessment. Including this stage in the framework is therefore essential, because it reflects the broader objective of modern probabilistic assessment: not only to estimate structural vulnerability, but also to support practical risk-informed action.
Two cross-cutting dimensions are incorporated throughout the framework. The first is uncertainty treatment. The reviewed studies show that uncertainty is now handled as a methodological dimension affecting hazard, ground motion input, modelling assumptions, material properties, and fragility estimation, rather than being treated merely as a dispersion term applied at the final stage. The second is scalability and practical applicability. The literature increasingly points to the need for approaches that can be applied not only to detailed single-building analyses, but also to large building stocks, regional inventories, and data-limited environments. By incorporating these two dimensions across all stages, the framework reflects the present direction of the field toward probabilistic rigor combined with implementation-oriented flexibility.
Overall, the proposed framework provides a structured representation of the main stages through which probabilistic seismic risk assessment of existing RC buildings is carried out. Its purpose is not to replace individual analytical methods, but to organize them within a coherent assessment pathway that links local building characteristics, hazard representation, structural modelling, seismic analysis, performance evaluation, fragility development, and decision-oriented outputs. In this way, the framework responds directly to the fragmentation observed in the reviewed literature and provides a synthesis-based basis for more consistent and practically relevant seismic risk assessment.
6. Research Gaps and Future Research Directions
Despite the substantial progress reviewed in the preceding sections, the literature still shows several recurring limitations. A large number of studies now use advanced nonlinear analysis, refined fragility methods, and probabilistic risk frameworks, yet these advances are not evenly distributed across regions, building types, modelling assumptions, or performance objectives. As a result, the field is methodologically richer than before, but not yet fully balanced, transferable, or decision-ready. The main research gaps are therefore not only technical gaps in analysis procedures, but also gaps in calibration, realism, integration, and applicability.
6.1 Regional Coverage
One of the clearest gaps is the uneven geographical distribution of the literature. A large share of detailed fragility and probabilistic risk studies is concentrated in Europe, North America, and a limited number of high-research-output countries, especially Italy, Greece, Turkey, and parts of North America. In contrast, many low- and middle-income countries with vulnerable RC building stocks still have relatively limited locally calibrated fragility and risk models. This is important because fragility cannot be transferred confidently across regions with different code histories, construction quality, material properties, and hazard characteristics. The need for local calibration is already evident in studies from Sri Lanka, Pakistan, Bhutan, and Saudi Arabia, which show that region-specific hazard and construction context can materially change risk interpretation. Future research should therefore prioritize locally grounded fragility and risk frameworks for underrepresented regions, particularly where gravity-load-designed, non-ductile, or school and residential RC stock dominates.
6.2 Real Building Conditions
A second major gap is the continued overreliance on idealized building representations. Although many recent studies have moved beyond regular undamaged archetypes, a large part of the literature still evaluates buildings as if they were geometrically regular, materially intact, and free from prior damage or degradation. Real building stocks are rarely that simple. Existing RC buildings often include deterioration, poor detailing, infill irregularity, staircase effects, discontinuities, soft storeys, short-column action, prior earthquake damage, and other interacting deficiencies. Several studies have shown that these features can strongly alter fragility, collapse mechanism, and demand concentration, but such effects are still not incorporated consistently across the literature. Future work should move more decisively toward realistic modelling of existing stock, including deterioration, damage history, and common irregularities, rather than treating these as special cases outside the main fragility framework.
6.3 Hazard Integration
A third gap lies in the incomplete integration of hazard, site effects, and structural vulnerability. Many studies now acknowledge the importance of site-specific PSHA, local soil amplification, basin effects, near-fault pulse content, and repeated-event sequences, yet these factors are still not incorporated systematically in fragility and risk workflows. In many cases, structural fragility is still developed using a limited hazard representation, even though other studies have already shown that changing the hazard model, accounting for basin effects, or including sequence-based shaking can significantly alter loss and collapse estimates. This suggests an important future direction: hazard representation should be treated as an integral part of fragility and risk modelling, not simply as an external input. More work is needed on fully coupled hazard–site–structure frameworks, especially for soft-soil urban areas, subduction environments, and regions exposed to mainshock–aftershock sequences.
6.4 Beyond Collapse
Another major gap is that a considerable portion of the literature still stops at damage-state exceedance or collapse probability, even though post-earthquake decisions are often governed by repairability, downtime, demolition, and functional recovery. Recent studies have begun to address residual drift, expected annual loss, recovery time, resilience, and repair-cost-based performance limits, but this remains a relatively recent and unevenly developed direction. In practice, a building may satisfy life-safety requirements and still perform poorly in terms of usability, repair cost, or recovery time. This issue is already visible in studies on demolition due to residual drift, recovery-based performance, and downtime-sensitive assessment. Future research should therefore move more consistently from collapse-centered evaluation toward multi-dimensional performance frameworks that include repairability, re-occupancy, and functionality, especially for schools, hospitals, and critical infrastructure.
6.5 Scalable Methods
A final gap concerns scalability. The literature now contains highly refined nonlinear and probabilistic methods, but many of them remain computationally expensive for large inventories or routine engineering use. At the other extreme, simplified methods can become too crude when higher modes, torsion, non-structural interaction, or local brittle mechanisms control the response. This creates a methodological gap between accuracy and applicability. Some studies have proposed reduced-order dynamic procedures, simplified nonlinear models, and class-based frameworks, but this line of research is still developing and has not yet produced a universally reliable pathway for large-scale RC risk assessment. Future work should therefore focus on scalable but mechanism-aware frameworks that remain computationally feasible for portfolios, urban risk studies, and practical assessment of existing stock without losing essential behavioral realism.
Taken together, these gaps indicate that current research requires a more integrated approach that links regional calibration, realistic modelling of existing buildings, hazard–vulnerability interaction, and consequence-oriented risk evaluation within a consistent assessment framework. While the literature has developed many of the necessary components, they remain unevenly connected across studies. Addressing this fragmentation requires a structured integration of these elements into a coherent workflow. In response, this study proposes an integrated framework that combines local relevance, physical realism, probabilistic rigor, and decision-oriented applicability for the seismic risk assessment of existing RC buildings.
7. Conclusions
This review shows that seismic assessment of reinforced concrete buildings has developed from largely deterministic and code-based evaluation toward more probabilistic, mechanism-aware, and consequence-oriented approaches. Current research no longer treats seismic performance only in terms of strength or drift demand; it increasingly connects structural response with damage states, collapse likelihood, repairability, loss, and recovery. A key conclusion is that no single analysis procedure is sufficient for all assessment objectives. Simpler methods remain useful for screening and comparative studies, while nonlinear dynamic procedures are more suitable for collapse-sensitive, uncertainty-aware, and risk-based evaluation.
Likewise, structural modelling choices—such as 2D versus 3D idealization, treatment of infills and staircases, inclusion of local brittle mechanisms, and consideration of soil–structure interaction—have a strong influence on the final interpretation of vulnerability and risk. The review also highlights that hazard representation and ground motion selection are not secondary inputs. Site effects, basin amplification, near-fault motions, repeated earthquake sequences, and intensity-measure choice can significantly alter seismic demand and fragility results. In the same way, performance evaluation has expanded from global response quantities toward broader frameworks that also include local component response, residual deformation, collapse metrics, economic loss, downtime, and functional recovery.
Another major conclusion is that fragility curves are now being used as more than simple damage-probability tools. They increasingly serve as probabilistic links between structural behavior, uncertainty, damage, and decision-making. This is especially clear in studies that incorporate empirical calibration, state dependence, deterioration, loss modelling, and retrofit evaluation. Overall, the literature shows clear progress toward more realistic and useful seismic assessment of RC buildings. At the same time, these developments remain unevenly integrated across studies, with hazard characterization, structural modelling, fragility formulation, and consequence-based evaluation often treated separately.
To address this limitation, this study proposes an integrated framework for probabilistic seismic risk assessment of existing RC buildings, linking building characteristics, hazard representation, structural modelling, analysis methods, performance evaluation, fragility development, and decision-oriented risk outputs within a unified workflow. The framework provides a structured basis for improving consistency, scalability, and practical applicability of seismic assessment, supporting both detailed analytical studies and broader risk-informed decision making.
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