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Abstract. Bangladesh is vulnerable to wind-related hazards, including thunder-

storms, hailstorms, and cyclones, which can cause severe damage to buildings. 

Over the past 45 years, at least 23 major cyclones have impacted the country. 

Before 2006, the absence of a building code meant many low- to medium-rise 

structures were built without considering windstorm risks, making vulnerability 

assessments essential. This study focuses on Sylhet City, specifically Ward 21, 

to investigate factors influencing building vulnerability to wind and assess wind-

induced damage. ‘Wind Damage Band Model,’ developed by the Public Works 

Department of Bangladesh (PWD) and the Japan International Cooperation 

Agency (JICA) in 2015, was used to identify weaknesses in buildings exposed to 

high winds. In the area, openings in exterior walls significantly affect wind per-

formance. Approximately 93.3% of buildings have walls with 26-50% windows 

and doors, and 85% have overhead doors, indicating vulnerability. While most 

surveyed buildings are not highly susceptible to windstorms due to low wind ve-

locity, 35% are considered relatively unsafe. To validate these findings, several 

vulnerable buildings underwent non-destructive testing and structural analysis. 

Keywords: Vulnerability Assessment; Damage; Windstorm; Wind damage 
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1  Introduction 

The Earth's position in Bangladesh is between two opposing geomorphic surroundings: 

the majestic Himalayas and the Bay of Bengal. The majestic Himalayas are situated to 

the north, while the Bay of Bengal lies to the south.  These geomorphic surroundings 

widely rule the climate of the country, consequently making the country quite vulnera-

ble to natural disasters like tropical cyclones or wind storms [1]. Tropical cyclones in-

clude a variety of hazards that can cause pernicious to property and life [2]. Therefore, 

it is essential to identify the vulnerable structures and categorize them considering vul-

nerability according to performance during windstorms to improve the coping strategy 

of the local population and consequently reduce the overall vulnerability level of the 

city [3]. 

As per the Bangladesh National Building Code [4], Bangladesh has been classified 

into four seismic zones. Zone IV, comprising of northeastern area of Bangladesh, is the 

most vulnerable zone of the country [5]. Sylhet is the most important city in this zone.  
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Besides earthquakes, tropical cyclones and windstorms (tornadoes) are widespread nat-
ural disasters in Sylhet, as in many other areas of Bangladesh [6]. Several research 
works were performed on seismic vulnerability assessment of buildings in different 
areas of Sylhet city ([7]; [8]; [9]; [10]; [11]; [12]). On the other hand, only one research 
work [13] was found on the windstorm vulnerability of buildings in Sylhet City, which 
was performed on only one building. Therefore, the present study was proposed to iden-
tify the factors contributing to buildings' vulnerability to windstorms and thus to assess 
the vulnerability of existing buildings in a selected area of Sylhet City. 

2 Methodology 

This research has utilized a mixed–methods approach, encompassing quantitative and 
qualitative data collection and analysis methods. The study consists of the following 
phases:  

2.1 Site Selection and Data Collection 
Sylhet City Corporation has an area of more than 79.50 square kilometers and has 42 
wards (administrative units) [14]. The population of the city is nearly 10,00,000. Ward 
21 has been chosen as the study area for the proposed study because of its potential to 
meet the study objectives and the absence of prior research on assessing windstorm 
vulnerability. The sampling process was stratified based mainly on building types, 
number of stories, and visual conditions. 60 Reinforced Concrete buildings were se-
lected for the survey from different Mohallas (small administrative areas), ensuring 
proper representation. Data was collected through visual inspection and a questionnaire 
survey. The data include characteristics such as size, location, age, material, structural 
and non–non-structural components, load-bearing system, soil condition, and so on.  

2.2 Methods and Their Execution Procedure 

Wind Damage Band Model (WDBM)  
The notion of "wind damage bands" for building occupancy classes, which specify the 
range of damage degree (DD) is delimited by lower and upper damage thresholds cor-
responding to specific wind intensities, is used in this model to simulate wind damage 
for individual existing buildings. The following formula is used to determine the DD 
[15], 

DD (𝑙𝑙) =∑ 𝑛𝑛
𝑖𝑖=1𝑃𝑃𝑓𝑓𝑓𝑓(CC𝐹𝐹𝑓𝑓)𝑎𝑎𝑓𝑓              (01) 

Here, (𝑙𝑙)= degree of damage at level l, 𝑃𝑃𝑃𝑃𝑖𝑖 = conditional chance of failure for com-
ponents, also known as component fragility, (𝐶𝐶𝐶𝐶𝐹𝐹𝑖𝑖)= cost factor for a component, 𝛼𝛼𝑖𝑖 = 
parameter for component location, 𝑛𝑛 = components that make up the building damage 
model.  

For specific buildings, the degree of wind damage and wind-borne debris is deter-
mined by, 
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𝐵𝐵𝐵𝐵𝐵𝐵𝑓𝑓  = 𝐵𝐵𝐵𝐵𝑓𝑓𝐿𝐿+𝑅𝑅𝑅𝑅𝑅𝑅(𝐵𝐵𝐵𝐵𝑓𝑓𝑢𝑢 − 𝐵𝐵𝐵𝐵𝑓𝑓𝐿𝐿)            (02) 

Here, 𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖 = individual building damage degree at wind intensity i; 𝐵𝐵𝐵𝐵𝑓𝑓𝑈𝑈 and 
𝐵𝐵𝐵𝐵𝑓𝑓𝐿𝐿  = The degree of damage furnished by the lower and upper damage functions of 
the damage band for the building class under consideration at wind intensity i, respec-
tively. Figures 01 is used to obtain the value of 𝐵𝐵𝐵𝐵𝑓𝑓𝑈𝑈 𝑎𝑎𝑛𝑛𝑎𝑎 𝐵𝐵𝐵𝐵𝑓𝑓𝐿𝐿  of equation 02 for RC 
buildings. 

RRI is the Relative Resistivity Index, which is calculated using equation 03. 

RRI=i, which is defined as RRI = 
∑ 𝑛𝑛
𝑓𝑓=1 𝑃𝑃𝑖𝑖𝑊𝑊𝑖𝑖

∑ 𝑛𝑛
𝑓𝑓=1 𝑊𝑊𝑖𝑖

              (03) 

Here, 𝑃𝑃𝑖𝑖= quality point associated with each building wind performance parameter, 
𝑊𝑊𝑖𝑖= weight associated with each performance parameter, and n = number of perfor-
mance parameters. 

Relative wind damage susceptibilities of the building's components, as well as the 
appearances and conditions of the structure's immediate surroundings, are used to ap-
proximate the RRI (equation 03), which is the building's wind damage resistance index 
in comparison to other buildings. A knowledge datasheet of the relative wind damage 
performance of the various forms of each building's wind performance parameter Pi is 
required for the approximation of the relative resistivity index of a specific building 
using this methodology. The two-stage Delphi technique assesses building performance 
metrics Pi and their corresponding weights Wi.  

Equation 03 calculates the RRI for a certain building after the Pi and Wi are known 
[16]. When the RRI number is extremely close to 1, it means the building in question 
offers very little protection from wind damage, whereas when it is very close to 0, it 
means the building in question offers very good protection.  

 
Fig. 1. Wind Damage Band (at left: for 1–3 storey and at right: for 4–10 storey buildings) [16] 

Wind Damage Mitigation 
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Applying wind damage mitigation strategies can reduce the impact on individual build-
ings. First, the building performance parameters responsible for a certain building’s 
vulnerability are identified. Then, the feasibility of changing some of these parameters 
to improve the building’s performance is examined. Using the same WDBM and con-
sidering the proposed building parameters, a modified damage degree [BDDi (Config-
uration)] is determined. Compared with the actual damage degree [BDDi (basic)], the 
reduction percentage of vulnerability can be determined (Equation 04). 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛𝑃𝑃 𝑃𝑃𝑃𝑃𝑎𝑎𝑟𝑟𝑃𝑃𝑃𝑃𝑖𝑖𝑟𝑟𝑛𝑛 𝑖𝑖𝑛𝑛 𝑎𝑎𝑎𝑎𝑑𝑑𝑎𝑎𝑑𝑑𝑃𝑃 𝑎𝑎𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃

=
𝐵𝐵𝐵𝐵𝐵𝐵(𝑏𝑏𝑎𝑎𝑏𝑏𝑖𝑖𝑃𝑃) − 𝐵𝐵𝐵𝐵𝐵𝐵(𝑃𝑃𝑟𝑟𝑛𝑛𝑃𝑃𝑖𝑖𝑑𝑑𝑟𝑟𝑃𝑃𝑎𝑎𝑃𝑃𝑖𝑖𝑟𝑟𝑛𝑛)

𝐵𝐵𝐵𝐵𝐵𝐵(𝑏𝑏𝑎𝑎𝑏𝑏𝑖𝑖𝑃𝑃) 𝑋𝑋100           (04) 

3 Results and Discussions  

3.1 The Number of Stories 

The survey shows that most of the assessed buildings are low and mid-rise. For the 
proposed band model, the height of a building is an important factor and was catego-
rized into two groups: 1–3 stories and above 3 stories. Around 71.7% of buildings are 
one to three-storied, whereas 28.3% are four or five-storied. 

3.2 Apparent Quality  

Based on visual inspections, assessed buildings have been categorized into five groups: 
very poor, poor, medium, good, and very good. An assessment of ‘very good’ apparent 
condition implies no visible cracking from the exterior and satisfactory performance 
during a natural catastrophe. Conversely, a ‘very poor’ apparent condition signifies nu-
merous large and small cracks. Figure 2 illustrates the percentage distribution of build-
ings based on their apparent quality. 

 
Fig. 2. Distribution of buildings according to their apparent quality (in %) 
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3.2 Results Related to Windstorm Vulnerability Assessment 

Identification of Vulnerable Parameters 

The buildings’ vulnerable wind performance parameters were identified by considering 
parameters with high relative weights (7.0 and above) and quality points (0.5 and 
above).  
The percentage of buildings surveyed where a particularly vulnerable parameter exists. 
It is found that 93.3% of buildings have exterior walls with (26–50) % windows and 
doors. The presence of overhead doors (in 85% of buildings) and 21–40 ft. roof span 
(in 66.7% of buildings) are also some significant vulnerable parameters in this area.  

Results from Data Analysis of Wind Damage Band Model 

It was found that the RRI values of all the buildings were well below 1, which suggests 
that the surveyed buildings are not very vulnerable due to windstorms in Sylhet (Basic 
windspeed according to BNBC 2020 is 61.1 m/s). However, according to calculated 
RRI and BDD, the buildings were divided into three categories: Safe, Less Safe, and 
Relatively Unsafe. From the calculated values of the RRI and BDD of the buildings, 
the average RRI was 0.296, and the average BDD was 31.07%. Considering both values 
as Cutoff Values, the vulnerability categories were fixed as shown below in Table 1: 

Table 1. Windstorm vulnerability categorization 

Category RRI and BDD 
Safe RRI ≤ 0.296 and BDD ≤ 31.07% 
Less Safe RRI ≤ 0.296 and BDD > 31.07% or RRI > 0.296 and BDD ≤

31.07% 
Relatively Unsafe RRI > 0.296 and BDD > 31.07% 

A vulnerability map (wind) of Ward 21 was prepared accordingly. The percentage 
of safe, less safe, and relatively unsafe buildings is that 35% of the buildings surveyed 
are relatively unsafe, and 18% are fully safe against windstorms in Sylhet city. It was 
observed that a few numbers of buildings are safe according to their BDD, despite 
higher RRI. This is because of their larger number of stories (4 or more stories). 

If we look at the year–wise data, 80.95% of the relatively unsafe buildings were 
constructed before the official establishment of BNBC in 2006. However, 28.57% of 
unsafe buildings were too old (before the launch year of BNBC in 1993). Most of the 
unsafe buildings are 2-story (71.43%). On the contrary, most of the safe buildings are 
newly constructed and midrise (4– 6 stories).   

Case Study Using Results from Data Analysis of the Wind Damage Band Model 

Two ‘Relatively Unsafe’ buildings were thoroughly studied. Case study building–01 
(RRI= 0.406, BDD= 47.68%, built year– 1986) is a three-storied residential building 
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with a moment–resisting RC frame. Case study building–02 (RRI= 0.348, BDD= 
46.87%, built year– 1996) is a two-storied residential building, with a moment–resist-
ing RC frame (MWRF). Comprehensive observation, non-destructive testing, and 
structural analysis indicate that the structural integrity of these structures is compro-
mised, corroborating the predictions made by the WDBM analysis. 

Using WDBM, the damage degree for the case study buildings against different wind 
speeds was examined. This kind of analysis can help the designer to design a suitable 
building considering the wind speed of the area concerned. The wind speed versus dam-
age percentage curves for the case study buildings are shown in Figure 3. 

 

Fig. 3. The wind speed versus damage percentage curves for the case study buildings 

WDBM was used to reduce wind damage in these case study buildings. For the cal-
culation of the percent reduction in damage degree, equation 04 was used. Some feasi-
ble wind performance parameters were identified that can be changed to make the build-
ing safer (Table 2). However, if more parameters could be changed, the reduction of 
vulnerability would also be significant.  

Table 2. Significant wind performance parameters that are feasible to change for case study 
buildings 

Schedule for changing the building’s wind performance parameters 
Case 
study 

Parameter Type (𝐏𝐏𝐢𝐢), 
which can be changed 

RRI 
(Con) 

BDD 
(Con) 

Max. reduc-
tion in dam-

If all together changed 

Building 
No. 

age degree 
(% decrease) 

RRI 
(Con) 

BDD 
(Con) 

% decrease 
in BDD 

01 
[RRI 
(basic)= 
0.406 and 
BDDi 

P14– Building envelope 
Maintenance changed: 
1/5 years (type– 2) in-
stead of 1/20 years 
(type– 4) 

0.38 47.32
% 0.76% 

0.30 46.20% 3.10% 

(basic)= 
47.68%] 

P15– Window glass 
changed: Fully tem-
pered (type– 2) instead 

0.32 46.48
% 2.52% 



 

4_16 (1996) 

          23Windstorm Vulnerability Assessment of Buildings in Sylhet City, …   

of Annealed (type– 1) 
02 
[RRI 
(basic)= 
0.348 and 
BDDi 

P2– Roof geometry 
changed from Flat with-
out a parapet (type– 1) 
to Flat with a parapet 
(type– 2) 

0.34 46.76
% 0.23% 

0.31 46.34% 1.13% 
(basic)= 
46.87%] 

P14– Building envelope 
Maintenance changed: 
1/5 years (type– 2) to 
1/20 years (type– 4) 

0.32 46.48
% 0.83% 

4 Conclusion 

The present study was performed to identify the vulnerability of buildings to wind-
storms in Sylhet City using the Wind Damage Band Model. The model aimed to pro-
vide valuable insights into the potential risks and weaknesses of a building when it is 
subjected to high wind events. This model was found to be very suitable for assessing 
the building's vulnerability. It was found that the surveyed buildings are not very vul-
nerable to windstorms in the context of Sylhet city. This is due to the low wind velocity 
in the area. However, 35% of the buildings surveyed are relatively unsafe. But they 
could be very vulnerable if they were built in coastal areas. The study identified the 
major wind parameters responsible for the vulnerability of the buildings in Sylhet. It 
can help planners, architects, and engineers design properly to avoid probable catastro-
phes during any disaster.  

This Model was used to propose the replacement of some wind performance param-
eters to reduce the damage degree in some relatively unsafe buildings. Calculated mod-
ified BDD and percentage reduction in damage degree can help replace some vulnera-
ble parameters to make the building safer.  

The results were compared with some findings of earthquake vulnerability assess-
ment collected from secondary sources [17]. From the comparison, it was found that 
earthquake vulnerability does not always match windstorm vulnerability due to differ-
ent building parameters responsible for vulnerability, to different hazard types. How-
ever, 30% of the buildings surveyed were found most vulnerable to earthquakes, as well 
as relatively unsafe to windstorms, which indicates the validity of the present survey. 
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