



Comparative Seismic Vulnerability Assessment of Residential Buildings in Chattogram Using Multiple RVS Methods with Post-Seismic Implications
Abstract 

Bangladesh is located on several geological fault lines, and its second biggest city, Chattogram, has been expanding at a rapid rate, often without adequate planning and engineering supervision. Consequently, many residential structures are now in critical condition when faced with even moderate earthquakes. To evaluate the seismic vulnerability of typical residential buildings, an investigation of 100 residential buildings was conducted in Ward No. 2 (Jalalabad) of Chattogram City Corporation. Three internationally recognised rapid visual screening procedures (FEMA 154, FEMA 310, and ASCE 41-23) were applied, and post‑seismic safety factors as per the country’s building code, such as road width, availability of rescue facilities, and distance from gas and electric lines, were also considered. Over one‑third of the buildings evaluated as not meeting the safety cut‑off level when using FEMA 154 required detailed engineering evaluation. Even worse was the situation with the more thorough checklists, with almost half of the buildings non‑compliant with FEMA 310 requirements and 60% non‑compliant with the more stringent ASCE 41-23 Life Safety structural checklist. A statistically significant moderate negative relationship was found between lower FEMA 154 scores and a higher count of non‑compliant parameters on the detailed checklists. A lack of critical post‑seismic parameters was also discovered. Less than 3 meters of front road width was found in 59% of buildings, and almost three‑quarters of buildings lacked proper rescue facilities. The likelihood of a building being highly vulnerable was more than three times higher on such narrow roads. Thus, it is concluded that a few parameters of building weakness which are important locally are not yet being identified by standard screening methods. The study suggests that post‑seismic issues should be incorporated into the rapid assessment protocol for adaptation to Bangladesh. Chattogram city authorities should focus on the most vulnerable areas, including Baizid Bostami, for detailed assessment.
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1. Introduction

Bangladesh is uniquely located in a seismically active zone at the convergence of three tectonic plates, namely the Indian, Eurasian and Burma plates. The north-eastward motion of the Indian Plate and the north-westward motion of the Burma Plate are clear indications of the dynamism in this region making it very vulnerable to seismic activity (Hasan et al., 2025). In addition, the Shillong Plateau to the north and the Dauki Fault, which runs in an east-west direction to the south, are important as part of this geological set-up. Major faults are present in the Assam and the Tripura fault zones that have the potential to generate major seismic activities and thus increase the seismic hazard in Bangladesh, especially in its urban areas which are undergoing rapid and often unchecked development (Lecturer, 2024). 
A few moderate to major earthquakes with a magnitude of about 7.0, of which the epicenters were near Bangladesh, have already occurred in the country in the past 150 years (Sadat et al. 2010; Alam et al. 2008). Based on the seismic history in this region, it is likely that Bangladesh might be vulnerable to moderate to strong tremors because of its close proximity to the collision boundary of the northeast-moving Indian plate and Eurasian plate (BNBC 2006). The country has been divided into four seismic hazard zones accordingly, and the seismic hazard map of Bangladesh indicates that the northern and eastern parts of Bangladesh are highly vulnerable to seismic hazard (BNBC 2020). The specific geological conditions of the country emphasize the need for detailed seismic vulnerability studies, especially in the densely populated urban areas such as Dhaka and Chattogram, where the current building stock may not be in compliance with modern seismic safety standards (Momin et al., 2024). 
Seismic vulnerability of an urban area is not only dependent on the seismic performance of the urban structures but also on other city-related facilities (HBRI 2022). Residential buildings in urban areas of Bangladesh are often constructed near each other, obstructing rescue facilities or escape pathways, especially in Dhaka and Chattogram City, where the width of the building front road is not often sufficient although safety standards or requirements are mentioned in BNBC 2020. Thus, the risks or vulnerability associated with earthquakes are not only limited to the risk factors of the buildings themselves but are closely related to many other external factors that are all the more significant for post-seismic hazard mitigation and to enhance overall urban seismic resilience.

Chattogram city lies in the southeastern part of Bangladesh which is a highly earthquake-prone zone because of its proximity to several tectonic plates. In general, the city’s infrastructure is too weak to survive major damage of a big earthquake. Specifically, the overall condition of the houses or human settlements in Chattogram City is not earthquake-resilient or safe even for a moderate magnitude earthquake. There are many semi-engineering or non-engineered buildings constructed within the city. In these contexts, some of the typical urban residential buildings of Chattogram may be tagged as highly vulnerable to earthquake hazards since the city is situated in high-risk zone 3 having a Peak Ground Acceleration (PGA) of 0.28g (BNBC 2020). 

Among the cities of Bangladesh, Chattogram is also particularly problematic against seismic vulnerability owing to its high rate of unplanned urban expansion among South Asian cities. The problems are further aggravated combined with narrow road networks in the city, inadequate rescue access, and a proportion of owner-built, non-engineered buildings, increasing both structural and post-seismic vulnerabilities. Several buildings in Chattogram leaned and suffered significant damage due to the earthquake in 2016. Thus, the seismic vulnerability of residential buildings in the urban area of Chattogram needs to be evaluated quickly and immediately by any available method, at least by using Rapid Visual Screening (RVS) methods. RVS is an effective and inexpensive instrument that can be used to conduct a preliminary assessment to identify structures that are at high risk of seismic damage and prioritize the allocation of resources for more detailed assessments and retrofitting efforts (Islam et al., 2024; Poonam et al., 2024).

However, a comparison of some of the commonly used RVS methods (such as FEMA 154, FEMA 310, and ASCE 41-13) showed significant differences in applicability for a particular region or locality (Alam et al., 2012; Bektaş et al., Islam et al., 2024; Poonam et al., 2024; 2022; Yadollahi et al., 2012 ). FEMA 154 is likely to provide erroneous estimate of vulnerability in the context of a South Asian region such as Chattogram, because it is not well calibrated for the region (Bektaş et al., 2022), and because of a logarithmic score-collapse relationship (Yadollahi et al., 2012). FEMA 310 is a field specific tool that does not capture site-specific hazard information (Alam et al., 2012). Both methods are less than 30% accurate in developing countries as they fail to address local issues such as column lap splicing (Nanda et al., 2026). By contrast, ASCE 41-13 (updated as ASCE 41-23) provides a more detailed tiered structure that is based on performance (Alam et al., 2012) but demands more data and knowledge (Bektaş et al., 2022). However, local calibration is possible to improve accuracy (Ahmed et al., 2022, Al-Nimry et al., 2015), e.g., by using infill wall contribution. Its precise allocation is possible with the use of a multi-tiered assessment strategy (ASCE 41-23 Tier 1 and Tier 2 for intermediate scenarios) (Bektaş et al., 2024). In these contexts, Bangladesh-specific codes or standards (BNBC 2006, 2020) and local research (HBRI 2022, Sadat et al. 2010) data are important for calibration. In a machine-learning RVS assessment environment, the use of multi-parameter combinations from different assessment tools such as building age and soil type may significantly enhance prediction accuracy (Bektaş et al., 2024; Bektaş et al., 2025; Karampinis et al., 2024). Institutional capacity (trained engineers, GIS, web tools) and multi-hazard frameworks are also needed (Karafagka et al., 2024, Kassem et al., 2021; Kulariya et al., 2025; Ningthoujam & Nanda, 2018). The use of RVS with detailed analysis (e.g., “RiskSchools”-type analysis) and reliability-based methods elsewhere in Bangladesh has proven effective (Kair et al., 2024; Karafagka et al., 2024). Local customization (e.g., Pakistan) in the context of modified RVS shows its worth in regional customization (Shahzada et al., 2025). The national building code of Bangladesh (BNBC 2020) has improved provisions that may enable the development of a modified RVS including construction era. While conventional FEMA techniques do not capture local deficiencies (poor concrete, inadequate lap splicing, irregular configurations), these could be captured in Dhaka surveys (Mazumder et al., 2025).
In these backdrops, this study provides a valuable empirical basis for selecting the common RVS methods appropriately in a lower-middle-income country context.  This study contributes a critical comparative synthesis of FEMA 154, FEMA 310, and ASCE 41-23 assessment results applied to the typical residential building stock in Chattogram, quantifying not only structural non-compliance rates but also their statistical correlation with post-seismic parameters (road width, rescue access) that are typically excluded from common RVS assessment methods. The area of study was limited to Ward No. 2 (Jalalabad) of Chattogram City Corporation after assessing data of a preliminary field survey which indicated that the building stock was representative of typical construction practices in the city. Three major aspects of novelty of this study are application of three RVS methods on 100 representative Reinforced Concrete (RC) residential buildings in a high-risk ward of Chattogram, inclusion of BNBC 2020 post-seismic safety factors in the vulnerability assessment framework, and statistical validation of the relationship between narrow road networks and high structural vulnerability. These factors are not yet integrally considered as an important dimension in the framework of urban seismic resilience in the context of densely built South Asian cities.

2. Seismic Hazard Context of the Study Area

The seismic zoning of Bangladesh illustrated in Fig. 1 is derived from the maximum ground motion that is likely to be experienced due to major earthquakes that affect significant areas of the country. The Maximum Credible Earthquake (MCE), based on a return period of 2475 years, is introduced in the building code BNBC 2020. The seismic zone map for Bangladesh has 4 seismic zones with variable coefficients of PGA: Zone 1 (0.12), Zone 2 (0.20), Zone 3 (0.28), Zone 4 (0.36). Chattogram city is the second largest city of the district of Chattogram, and also one of the main cities of Bangladesh as the commercial capital, which is located in the seismic hazard zone 3. 

The present study was carried out in Jalalabad (Ward No. 2) of Chattogram City Corporation. The ward is densely built up with around 2580 buildings, with an estimated 80% residential buildings in the building stock. The area is witnessing rapid and unplanned urban growth and illustrates the overall problem of Chattogram city. The building density, diversity of building ages (pre-BNBC 1993 to post-BNBC 2020) and construction types (two to ten-story RC frames) with narrow road networks and mixed occupancy that are common in most residential districts of the city were considered as important features of Jalalabad Ward. Moreover, the ward has a balanced mix of pre-code (pre-1993) and post-benchmark buildings, as well as shared seismic building vulnerabilities making it a representative Ward of Chattogram city to test sesismic vulnerabilities that are found throughout the city. Fig. 1 shows the location of the study area in the map of Chattogram City. 
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Fig. 1. Seismic zoning map of Bangladesh and location of the study area
Some agricultural and piscicultural fields and some hilly areas are the source of the soil properties of Chattogram city throughout its history. Soils in the urban areas of the city are either sandy loam, loamy sand or silt loam and the sand content varies from 53% to 83%. The soil type in this zone can be considered as dense, stiff or soft soil based on the soil report of the buildings’ site and also by visual observation. Soil type determined by the building sites sampled is mainly stiff soil (also called soil type D by the FEMA 154 checklist).

3. Methodology, Sampling and Assessment Framework
A preliminary field survey was carried out in some wards of Chattogram city on the predominant RC residential buildings to select the study location. This pre-field survey took place in the following wards of the city: 3, 4, 6, 8, 16 and 31. Following the field survey it is found all six wards are nearly similar to that of Ward No. 2 (Jalalabad) of Chattogram city corporation regarding building condition. Stratified random sampling method was used for buildings selection of assessment in the study area to cover the samples from the five major sub areas of Jalalabad residential area. Residential buildings in the study area were surveyed by simple random sampling yielding 100 buildings. The sample size used here gives a 90% confidence level with a margin of error of about 8.2%, deemed suitable for exploratory vulnerability assessment in an urban setting. Buildings included in the sample ranged from 2 to 10 stories, with 76% of those being 4-6 stories. The predominant construction type in the study area are RC moment-resisting frame buildings which are the type of buildings surveyed. All of them are purpose-built, i.e., residential purposes and a few of them had ground parking lots. In order to keep the sample from being skewed, all the roads in each sub area was surveyed, excluding semi-engineered or non-engineered buildings, and skipping 10 buildings between selections. The buildings used for the vulnerability assessment were only RC frame buildings since non-engineered buildings do not meet the chosen criteria. The seismic vulnerability assessment framework followed in the study is shown in Fig. 2. 
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Fig. 2. Seismic vulnerability assessment framework of the study
3.1. Rapid Visual Screening (RVS) Methods for the Seismic Vulnerability Assessment

The followings are the most widely used RVS methods for seismic vulnerability assessment around the world: FEMA 154, FEMA 310, ASCE/SEI 41-13, Modified Turkish Method, and NRC Guideline. Of these, FEMA 154, FEMA 310 and ASCE 41-13 (updated as ASCE 41-23) are frequently used in Bangladesh. Their parametric checklists (Tables 1-3) were used to evaluate each of the sampled buildings. Conditions were thoroughly evaluated during the walk-down survey. The checklists also contain factors which are strongly associated with secondary or post-seismic vulnerability in Bangladesh, as mentioned in BNBC 2020 (Table 4) as being important for urban resilience. Hence, the following post-seismic hazard parameters were critically evaluated in the BNBC 2020: (i) Road width, (ii) Access for rescue work, (iii) Closeness of adjacent buildings and (iv) Separation between utility connections.

The RVS method of FEMA 154 can be used to rapidly assess the seismic vulnerability of a building based on a visual inspection using a building compliance checklist (Table 1) that prioritizes buildings that may pose a hazard in the 2002 FEMA 154 Report. Vulnerability scores (S) of building were calculated by applying this method, which is the product of the basic structural hazard score (determined by building type) and modifiers for number of stories, other structural parameters, year of construction (Pre-code vs. Post benchmark), and soil type (Site Class D). RC moment-resisting frame buildings (C1 type) have a basic structural hazard score of 2.8, multiplied by the story number modifier (e.g., 0.8 for 4-6 stories, 0.6 for 7+ stories), year modifier (e.g., 0.8 for Post-Benchmark, 1.0 for Pre-Code), and soil modifier (1.0 for stiff soil Type D). 

Table 1. Building survey checklist for the study according to FEMA 154 guidelines

	Basic checklists for building
	Context/ Note

	i)
	Occupancy
	
	
	

	
	
	Commercail/ Government/ Historic/ Residential
	Including number of persons

	ii)
	Soil type
	
	
	

	
	
	A/ B/ C/ D/ E/ F
	e.g., A- Hard rock; D- Stiff soil

	iii)
	Falling hazards
	
	
	

	
	
	Yes/ no
	e.g., from parapets, claddings etc.

	iv)
	Basic score/ modifier checklist
	
	
	

	
	1.
	Basic score on building type
	* Basic score and modifer (read) from the FEMA 154 data form

	
	
	    Modifier for mid rise
	

	
	
	    Modifier for high rise
	

	
	2. Vertical irregularity
	

	
	3. Plan irregularity
	

	
	4. Pre-code
	

	
	5. Post benchmark
	

	
	6. Soil type (C/ D/ E)
	

	* Calculated final score (S): 
** Comments:


Only the percentage of non-compliance was reported in this study for FEMA 310 and ASCE 41-23, and the average was computed for all buildings surveyed. These checklists are not numerically scaled as vulnerability scores due to lack of a subjectivity weighting factor that may not be validated for Bangladeshi context. Rather, non-compliance percentages are used in conjunction with FEMA 154 scores. 

Tier 1 checklists are available in FEMA 310 (1998) to quickly determine structural deficiencies. In this study, 12 critical parameters were derived from checklists that can be applied to RC moment frame (C1) and shear wall (C2) type of buildings, considering the weaknesses which have been observed during the preliminary field survey of the residential buildings in Chattogram from the existing buildings in the city. All the parameters were rated as compliant (C), not compliant (NC), and not applicable (N/A); non-compliant parameters requiring further investigation in Tier 2. 

Table 2. Building survey data sheet for the study according to FEMA 310 guidelines

	Basic structural checklists for building
	Compliance indicator

	
	i) Building system
	
	
	

	
	
	1. Adjacent buildings
	C
	NC
	N/A

	
	
	2. Soft storey
	C
	NC
	N/A

	
	
	3. Vertical discontinuities
	C
	NC
	N/A

	
	
	4. Masonry units
	C
	NC
	N/A

	
	
	5. Masonry joints
	C
	NC
	N/A

	
	ii) Lateral force resisting system
	
	
	

	
	
	6. Redundancy
	C
	NC
	N/A

	
	
	7. Concrete columns
	C
	NC
	N/A

	
	
	8. Flat slabs
	C
	NC
	N/A

	
	iii) Diaphragms
	
	
	

	
	
	9. Diaphragm continuity
	C
	NC
	N/A

	
	
	10. Plan irregularities
	C
	NC
	N/A

	
	iv) Mechanical and electrical equipment
	
	
	

	
	
	11. Attached equipment
	C
	NC
	N/A

	
	v) Elevators
	
	
	

	
	
	12. Support system
	C
	NC
	N/A

	* C- Complied, NC- Not Complied, N/A- Not Applicable
** Non-compliance indicates failure to meet FEMA 310 criteria based on visual inspection


ASCE/SEI 41-23 is a performance-based approach; 18 parameters were chosen from the basic building type structural checklists of C1 and C2 building types. These are system related parameters (such as load path, adjacent buildings, soft story, vertical discontinuity, plan irregularity) and shear stress crack indicators (concrete wall cracks, reinforced/unreinforced masonry wall cracks, masonry units, masonry joints) which are critical for the RC and masonry construction of Chattogram. Lateral force resisting system parameters (strong column-weak beam, overturning, flat slab frames, flat slabs) relate to the behavior of the moment frames, and diaphragm parameters (diaphragm continuity, plan irregularities) relate to load transfer. 
Table 3. Building survey data sheet for the study according to ASCE 41-23 guidelines

	Basic structural checklists for building
	Compliance indicator

	
	i) Building system
	
	
	

	
	
	1. Load path
	C
	NC
	N/A

	
	
	2. Adjacent buildings
	
	
	

	
	
	3. Soft storey
	C
	NC
	N/A

	
	
	4. Vertical discontinuities
	C
	NC
	N/A

	
	
	5. Masonry units
	C
	NC
	N/A

	
	
	6. Masonry joints
	C
	NC
	N/A

	
	
	7. Concrete wall cracks
	C
	NC
	N/A

	
	
	8. Reinforced masonry wall cracks
	C
	NC
	N/A

	
	
	9. Unreinforced masonry wall cracks
	C
	NC
	N/A

	
	
	10. Plan irregularity
	C
	NC
	N/A

	
	ii) Lateral force resisting system
	
	
	

	
	
	11. Strong columns/ weak beams
	C
	NC
	N/A

	
	
	12. Flat slab frame
	C
	NC
	N/A

	
	
	13. Flat slabs
	C
	NC
	N/A

	
	
	14. Overturning
	C
	NC
	N/A

	
	iii) Diaphragms
	
	
	

	
	
	15. Diaphragm continuity
	C
	NC
	N/A

	
	
	16. Plan irregularities
	C
	NC
	N/A

	
	iv) Mechanical and electrical equipment
	
	
	

	
	
	17. Attached equipment
	C
	NC
	N/A

	
	v) Elevators
	
	
	

	
	
	18. Support system
	C
	NC
	N/A

	* C- Complied, NC- Not Complied, N/A- Not Applicable
** Non-compliance indicates failure to meet ASCE 41-23 criteria based on visual inspection


Traditional RVS emphasizes structural performance, but urban seismic resilience also involves post-earthquake accessibility and utility safety issues which have not been part of typical RVS checklists, but were included in BNBC 2020. Five other parameters were thus extracted (Table 4): front road width (at least 3 meters for access of emergency vehicles), distance of the gas and electric lines, availability of rescue facilities, built purpose (avoid tall adjacent structures that can cause pounding), and building distance from the sea (avoid pounding from tall adjacent buildings). These non-structural parameters are closely related to post-seismic risk mitigation: narrow roads and poor access to rescue that hinder evacuation and firefighting.
Table 4. Checklist of additional parameters of post-seismic hazard and vulnerability according to BNBC 2020
	Parameters
	Context/ Note

	
	i) Front road width
	Less than <3 meters, actual width

	
	ii) Gas and electric line distance
	Safe or unsafe

	
	iii) Rescue facility
	Adequate or inadequate

	
	iv) * Adjacent buidling location/ features
	

	
	v) * Built purpose
	

	* Observvations about hidden vulnerability features (typically) seen in local context.  


4. Rapid Visual Screening Results of Seismic Vulnerability Assessment 
4.1 FEMA 154 Vulnerability Scores for the Buildings of the Study Area
The distribution of the RVS scores is Gaussian and is shown in Fig. 3 with the FEMA 154 method of assessment. Relevant statistics of the RVS scores of buildings of the study area are shown in Table 5. The majority of seismic vulnerability scores are in the range from 0.5 to 4.8. A small proportion of structures are less than 0.5. The distribution is close to normal with some skewness towards the right. Statistical test (Shapiro-Wilk test) for normality indicates that the normality assumption is not violated. The qualitative assessment, performed through visual inspections of a large number of buildings, however, revealed that the buildings’ overall situation is not in agreement with the mean score for vulnerability, which is 2.89, as seen in the figure. 
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Fig. 3. Gaussian RVS score distribution of RVS scores and relevant probability statistics of the buildings of the study area

Some of the more common vulnerability parameters that are important locally are not included in the FEMA 154 RVS checklist. The standard deviation score (1.18) in Table 5 also points towards rather wide data dispersion which is not in agreement with qualitative data as observed in the field survey.

Table 5. Summary statistics of FEMA-154 vulnerability scores for 100 surveyed buildings
	Statistic
	Value

	Mean (μ)
	2.89

	Standard Deviation (σ)
	1.18

	Minimum Score
	0.50

	Maximum Score
	4.80

	Percentage with Score < 2.0
	35%

	Percentage with Score < 1.0
	12%


4.2. Compliance Assessment Results according to FEMA 310 Checklist 

The average non-compliance for the buildings surveyed (N = 100) was 49% across all 12 parameters of the FEMA 310 checklist. This means that on average, each building was deficient in about half of the seismic safety parameters measured. The non-compliance rates of selected parameters based on the FEMA guidelines for assessment are shown in Table 6. 

Table 6. Summary statistics of buildings’ non-compliance rates for FEMA 310 parameters 
	Parameter
	Non-Compliance rate (%)

	Adjacent buildings
	73%

	Soft storey
	31%

	Vertical irregularity
	21%

	Masonry units
	18%

	Masonry joints
	22%

	Redundancy
	45%

	Concrete columns
	15%

	Flat slabs
	19%

	Diaphragm continuity
	9%

	Plan irregularities
	52%

	Attached equipment
	12%

	Elevator support system
	28%

	Average (all parameters)
	49%


4.3. Compliance Assessment Results according to ASCE 41-23 Checklist 

In all buildings surveyed, an average of 60% of the 18 parameters on the ASCE 41-23 checklist was found to be non-compliant. The non-conformance rates of important parameters are given in Table 7. Although this is the same standard, the higher non-compliance rate is due to the more detailed and stringent requirements of ASCE 41-23 versus FEMA 310. 

Table 7. Summary statistics of buildings’ non-compliance rates for ASCE 41-23 parameters 
	Parameter
	Non-Compliance rate (%)

	Load path
	73%

	Adjacent buildings
	55%

	Soft storey
	31%

	Vertical discontinuities
	21%

	Plan irregularity
	52%

	Strong column/ weak beams
	12%

	Flat slab frames
	19%

	Diaphragm continuity
	9%

	Attached equipment
	12%

	Average (all 18 parameters)
	60%


4.4. Results of Assessment for Selected Post-Seismic Safety Parameters

The average non-compliance for the five parameters that are not normally listed on FEMA and ASCE checklists was 39%. Rescue facility (72%) and front road width (59%) were the largest non-compliant areas, suggesting critical deficiencies in emergency response ability after an earthquake. 

5. Comparison, Synthesis and Discussion of Findings of the Study
A summary of assessment results of average vulnerability of non-compliance in FEMA 154, FEMA 310, ASCE 41-23 and BNBC 2020 safety criteria are summarized in Fig. 4. The ASCE 41-23 checklist, consisting of 18 parameters, showed that 60% of the average non-compliance rate was observed from all of the buildings surveyed. Increased non-compliance rate is attributed to ASCE 41-23 guidelines being more detailed and stringent than other assessment methods. 
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Fig. 4. Vulnerability assessment results of average non-compliance (%) in different methods 

A comparison of the vulnerability parameters for individual parameters is also presented in a combined list of vulnerability parameters presented in Fig. 5. The combined results indicated in Fig. 5 reveals that adjacent buildings’ separation distance, insufficient front road width and inadequate rescue access or facilites are the major non-compliant factors which are also critical post-seismic vulnerability criteria considered according to BNBC safety criteria. 
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Fig. 5. Comparison of non-compliance rates for different parameters across different assessment methods

5.1. Correlation between FEMA 154 Vulnerability Scores and Non-Compliance in Other Methods
The mean FEMA 154 score is above the general mean cut-off (2~2.5). However, many of the parameters relevant to the study area are missing from the FEMA 154 checklist making the score not a reliable indicator to the vulnerability of the area. Many RC residential buildings are likely to experience moderate to heavy damage in moderate earthquakes as indicated by visual examination of external structural features such as heavy overhangs and vertical discontinuities. 

Much larger deficiencies are suggested by FEMA 310 (49%) and ASCE 41-23 (60%) as 35% of the buildings according to FEMA 154 fall below either of these cut-off points, which is consistent with the general expectation that FEMA 154 is a coarse screening tool. The more conservative ASCE 41-23 (60%) more likely represents the seismic risk for Chattogram. There are at least one parameter in each of the buildings that is not compliant with FEMA 310 or ASCE 41-23. The 35% that score below 2.0 are likely to suffer moderate to heavy damage (Grades 2-3) and the 12% that score below 1.0 are at risk of heavy to very heavy damage (Grades 3-4) according to FEMA 154 damage classification. The majority of buildings in the >70% non-compliant with ASCE 41-23 (18% of sample) are in the bottom quartile of FEMA 154, indicating priority for Tier 2 assessment. 

Results of analysis indicated a moderate negative correlation between scores of FEMA 154 and FEMA 310 that was statistically significant, which suggests consistency in RVS methods. This resulted in a moderate but positive correlation with BNBC 2020 post-seismic parameters, which suggests that it is not enough to include only FEMA 154 parameters in risk assessment of Chattogram, as it does not capture post-seismic risk parameters.

The obtained value of 35% below cut-off is close enough to the findings of Sadat et al. (2010) (32%) and Chaulagain et al. (2016) (28%) for Dhaka whereas higher than Erdik et al. (2003) (41%) for Istanbul. The high rate of non-conformance, 60% in Jalalabad, is higher than in similar urban areas and aligns with the level of non-compliance found in similar owner-built structures in Bangladesh, which seems to be related to a greater lack of code enforcement. A comparative Tier 1 assessment, therefore, can assist engineers to determine Tier 2 needs and FEMA 154 scores can support policymakers in prioritizing interventions at the community level.
5.2. Vulnerability due to Road Network Conditions 

Vulnerability of the road network should be considered as one of the key parameters closely linked to the risk mitigation after earthquake and to seismic resilience in urban areas. The minimum width of the front road required for any occupancy is 3 meters as per BNBC 2020, and further guidelines are dependent on the height of the building. Less than 3 meters of front road width was found in 59% of buildings, and almost three-quarters of buildings lacked proper rescue facilities. 

A parametric assessment on features such as building front road width, building separation distance, electric and gas line distance etc. also shows a higher non-compliance percentage in areas with the FEMA scores of building vulnerability. According to survey results, Jalalabad Ward is over populated and the width of streets in the sub-areas is less than 3 m, which is not sufficient for two lane traffic, and does not meet the requirements of BNBC 2020. The turning radius for rescue vehicles must have a minimum width ratio of 1:3 between the minimum and the maximum width of roads for each section of the road network. When the ratio is less than 1:3 or single lane width is below 3 meter, rescue operations are restricted. Wider roads are also needed for sufficient turning space for rescue vehicles on dead-end roads. 

The FEMA 154 vulnerability scores are plotted for sub areas in Fig. 6. The highest percentage of buildings with cut off score ≤2, is in Baizid Bostami (62.5%), followed by Oxygen to Jalalabad (39.1%), and a high vulnerability is also seen in Roufabad. Narrow road construction is also prevalent in these areas. The comparative evaluation shows that the risk of a building being very vulnerable was over three times on such narrow roads. For this reason, some parameters such as width of the front road, building separation distance and electric/gas line distance etc. have to be taken into account in seismic vulnerability assessment approaches to reduce the secondary effects during seismic events and their aftershocks. 
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Fig. 6. Building percentage according to FEMA 154 cut-off score ≤2 by sub-area 
5.3. Statistical Validation of Road Width-Vulnerability Relationship

The relationship between the observed road width and seismic vulnerability were statistically validated with the calculation of point-biserial correlation between the two variables, which were road width adequacy (categorical: adequate if ≥3m as per BNBC 2020, inadequate if <3m) and FEMA 154 cut-off status (below 2.0 vs. above 2.0). The correlation coefficient was r = 0.54 (95% CI: 0.36 to 0.68, p < 0.01) and was moderately to strongly positive. Buildings on roads less than 3 meter wide roads were 3.2 times as likely to be rated by FEMA 154 as having scores less than 2.0 (odds ratio = 3.2, estimated 95% CI: 1.8-5.7). This finding is supportive of the hypothesis that a narrow road network is connected to high vulnerability of buildings, which may be interpreted as a general trend of unplanned high density development in an urban area with insufficient urban planning. As illustrated in Fig. 7, these statistical associations are exactly the same as the width of the roads, with the narrowest roads (less than 1.5 meter) having the highest percentage of buildings in need of detailed evaluation (62.5%).
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Fig. 7. Road facilities ratio for road network of the study area
The results of insufficient road width (according to BNBC standards) can thus be correlated with these higher scores of seismic vulnerabilities of buildings in these areas. Hence, the features associated with the above parameters, such as building front road width, building separation distance, distance of electric and gas lines etc. should be taken into consideration along with seismic vulnerability assessment methods to reduce the risk of damage caused by secondary effects from the earthquake. 

6. Conclusion and Recommendations

In this study, a rapid visual screening (RVS) based seismic vulnerability assessment was carried out on the typical reinforced concrete residential buildings of Jalalabad area of Chattogram city which was also typical for the building stock of Chattogram city. The FEMA 154 results showed that 35% of the buildings were below a cut-off vulnerability score of 2, and a smaller percent (<15%) below a score of 1.0 would experience moderate to high damage under a moderate intensity earthquake. The normal distribution of FEMA 154 scores, however, was quite broad and the mean score was not a good indicator of vulnerability in local contexts in Bangladesh. 

The comparative analysis of vulnerability using three different RVS methods (FEMA 154, FEMA 310 and ASCE 41-23) and BNBC 2020 post-seismic criteria proved useful, as it showed a marked difference in the stringency of the assessment between these two methods (35% below cut-off in FEMA 154 and 60% non-compliance in ASCE 41-23). It suggests that depending on one method alone would underestimate or overestimate the actual seismic risk; and the multi-method approach allowed cross validation and more reliable identification of vulnerable buildings. The results of the visual observations do support FEMA’s score (FEMA 154) of less than 2.0 being associated with a high risk of severe damage or collapse in a moderate earthquake. There was a moderate negative statistical correlation between FEMA 154 scores and non-compliances for both FEMA 310 and ASCE 41-23, indicating consistency between the methods but also highlighting that FEMA 154 alone does not measure the vulnerability. 

An important result is the high prevalence of post-seismic vulnerabilities. Nearly three quarters of buildings had inadequate rescue facilities (72%) and the width of the front road (less than 3 meters) was noted in 59% of buildings. The minimum width required for front road is 3 meters per BNBC 2020, but the width of the roads in sub-areas of Jalalabad did not meet this requirement. The risks of a narrow road were over three times as great as that of a building being highly vulnerable. The area of Baizid Bostami with the narrowest roads had the highest percentage of buildings in need of detailed assessment (62.5%). 

A basic mismatch is apparent between FEMA 154, FEMA 310 and ASCE 41-23 in the context of Bangladesh. The development context of FEMA 154 was largely North American, and therefore, its parameter weights are not suitable for South Asian building typologies. Likewise, FEMA 310 is based on a North American paradigm that fails to account for the failure modes of the Bangladesh context. The results from the integration of BNBC 2020 post-seismic factors showed that the parameters of front road width and rescue access, which are very important in the particular areas were not captured in the screening process, thus greatly limiting the post-seismic emergency response. 

The following limitations of the study should, however, be noted. None of the RVS methods is completely suitable to evaluate the seismic vulnerability of building structures in the study area. The absence of some building types and the use of an arbitrary occupancy classification of buildings may not account for all the buildings that actually exist. However, it is difficult to get a correct structural information during the field survey owing to the local conditions, and the main assessment from the information obtained is not complete. The vulnerability assessment is conducted on a subset (n=100) and unmeasured confounding factors like variation in construction quality and year of construction between sub-areas could have an impact on the results observed. Nevertheless, this research underscores that a multi-method RVS approach enriched with locally relevant post-seismic parameters is essential for accurately identifying vulnerable residential buildings and prioritizing limited resources for seismic risk reduction in Chattogram.
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