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Abstract
Dhaka city the capital of Bangladesh experienced unprecedented urban growth since the country’s independence in 
1971. A significant portion of the urbanization took place in the encroached surface water body and floodplain (SWB 
and FP) areas. We thus aimed to capture the depletion of SWB and FP in Dhaka city from 1967 to 2008 using geospatial 
analysis and evaluated its implications for earthquake vulnerability. We used CORONA (1967) and QuickBird (2008) satel-
lite images to compare the pre- and post-urbanization status of SWB and FP. We identified a striking change occurred 
during this period with a total loss of 33% of SWB and FP areas. The channelized water body faced a depletion of 15%, 
while the open water body which mainly includes the floodplains experienced a loss of 38%. The urban structures built 
on the depleted SWB and FP are highly vulnerable to ground motion and liquefaction of earthquake. We found that 90% 
of the depleted areas have a shear wave velocity in the top 30 m of soil thickness (Vs30) of 180–360 m/s, while the rest 
has a Vs30 value of < 180 m/s. Additionally, 60% of the depleted areas have liquefaction potential index (LPI) ranging 
from 5 to > 15. We produced an earthquake vulnerability map based on the information of surficial geology, Vs30, LPI and 
found that substantial areas near the southern, eastern, and western boundaries of the city scored highly in the vulner-
ability map. The results of the study can support formulation of rational earthquake preparedness strategy for Dhaka.
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1  Introduction

In the present time, large-scale urban expansion and 
changes in the natural landscapes are commonplace 
across the globe. But urban expansion is most evident in 
developing countries, particularly over the past several 
decades [1]. Encroachment of the natural surface water 
body and floodplains (SWB and FP) is among the obvious 
consequences of these widespread urban developments. 
Estimation says that 50% of the initial stock of earth’s wet-
land has already been depleted [2]. Bangladesh which is 
one of the world’s most densely populated countries com-
pletely complies with this global context. The burgeoning 

population and demand-driven urban growth have caused 
substantial alterations of the natural landscape of the 
country. Accordingly, Dhaka city—the capital of the coun-
try and center of its economic development—comprises 
the major share of this massive urban expansion and the 
associated depletion of the natural water body.

Pleistocene pop-up landscape of Dhaka city has 
become the main growth center of the country after its 
independence in 1971. The city comprises only an area of 
336 km2, and its periphery is marked by an extensive river 
system which has constrained the physical expansion of 
the city. As a result, the city had to accommodate a sub-
stantial portion of its urban expansion on the encroached 
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land which was once part of the natural SWB and FP. In 
the recent past, the peripheral channel system was well 
connected with numerous canals and wetlands within the 
city forming a natural drainage basin [3]. The rapid and 
unplanned urban growth has substantially altered this 
natural drainage network and used the land for urban 
development causing a myriad of environmental issues 
including monsoonal waterlogging, flooding, decline in 
groundwater recharge, and loss of biodiversity [4, 5]. Mon-
soonal waterlogging and flooding are the most immedi-
ate and recurrent issues faced by the city, and thus, these 
remained the focus of most of the studies conducted 
during the past few years. However, artificial filling of the 
low-lying SWB and FP areas to build urban infrastruc-
tures poses a significant concern for earthquake-related 
disasters and that has not been widely studied by the 
researchers.

Bangladesh belongs to a highly active tectonic setting, 
and a recent study suggested that the presence of a locked 
megathrust plate boundary in this region has placed Bang-
ladesh in risk for greater than 8 magnitude earthquakes 
[6]. In addition, the capital city, Dhaka was listed among 
the 20 most earthquake-vulnerable cities of the world due 
to the earthquake-prone tectonic settings of the country 
and poor urbanization practice of the city [7]. As expressed 
in many recent studies, Dhaka with its faulty urban devel-
opment may face unforeseeable catastrophic conditions 
in the occurrence of high-magnitude (7.0 or higher on 
Richter scale) earthquakes, mainly due to the failure of 
urban structures [8]. How well the urban built-up struc-
tures perform during earthquakes primarily depends on 
the ground condition of the sites and the intensity of the 
ground motion experienced by the structures [9]. In the 
case of Dhaka, a substantial portion of the urban expan-
sion occurred on the low-lying surface water areas and 
floodplains which were filled with soft sediments. Such 
site conditions may strongly amplify the amplitude of the 
ground motion exerted by earthquakes and cause struc-
tural failures, liquefaction, etc. [10]. Damages caused by 
the previous earthquakes in different cities of the world 
had a strong connection with similar site conditions. As 
a result, it is of high importance to identify the areas in 
Dhaka that were built over SWB and FP by comparing 
information from pre- and post-urbanized conditions.

Changes in the natural landscape and its conversion 
to other land use practices can effectively be assessed 
and monitored by the remote sensing techniques [11]. 
Geospatial analysis of the remotely sensed data (e.g., 
air photo, satellite image, etc.) representing different 
time periods provides a clear picture of the changes in 
the landscape features. The outrageous development in 
Dhaka started mostly after the independence of the coun-
try in 1971. Thus, analysis of the remote sensing data from 

pre-1971 to the recent time will provide an estimation of 
the depleted SWB and FP areas that were encroached 
for urban development. This study therefore utilized sat-
ellite images captured in 1967 and 2008 to identify the 
urbanization-induced depletion of SWB and FP in Dhaka 
city and then reviewed the associated earthquake vulner-
ability of the depleted areas using the existing literature 
and geospatial maps related to earthquake hazard. The 
outcomes of this research will help formulating a rational 
urban development strategy to support effective earth-
quake preparedness efforts in Dhaka.

2 � Materials and methods

2.1 � Overview of Dhaka city

The study area Dhaka city lies between longitude 90°20′ E 
and 90°30′ E and between latitude 23°40′ N and 23°55′ N 
(Fig. 1). The elevation of this slightly undulating flat area 
varies between 2 and 16 m above mean sea level with 
low-lying areas located mostly in the eastern and west-
ern fringes [12]. The general slope of the area is from the 
north to the southeast where the ground surface merges 
gently with the floodplains of the Buriganga river. Dhaka 
city with its current population of about 13 million com-
prises the major share of the urban population in Bang-
ladesh [13]. Various socioeconomic and political factors 
have been contributing to the phenomenal growth of the 
city over the past several decades. As a result, Dhaka city 
experienced about 20-fold expansion by its area in the last 
50–60 years, while the increase in population is more than 
25 times during the same period [14].

2.2 � Geospatial analysis

Geospatial analysis of remotely sensed satellite data has 
become an effective tool for extracting land use and land 
cover (LULC) information. A spatiotemporal investigation 
using satellite images provides a unique inventory and 
monitoring of LULC changes [11, 15]. We herein employed 
geospatial tools to assess the depletion of SWB and FP 
areas in Dhaka city from 1967 to 2008 and later reviewed 
its implications for the earthquake vulnerability of the city.

As the city experienced substantial urban growth after 
its independence in 1971, it was critical to select a satellite 
image from around 1971 to represent the initial condition 
of the urbanization. Besides, delineating the small-scale 
heterogeneities in the urban landscape and detection of 
the changes in surface water areas required high-resolu-
tion satellite images. But collecting high-resolution sat-
ellite data from around 1971 was significantly challeng-
ing since most of the publicly available high-resolution 
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sensors were launched after 2000. Finally, we were able 
to collect a CORONA satellite image of 8-m spatial reso-
lution from 1967. We then obtained a QuickBird satellite 

image of 2.4-m resolution from 2008 to capture the post-
urbanized conditions. Both images were acquired from the 
Bangladesh Government’s Center for Environmental and 

Fig. 1   Map showing the location of the study area, Dhaka city
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Geographic Information Services (CEGIS). The images were 
captured in the dry season. Table 1 shows the description 
of the data.

We georectified the CORONA and QuickBird images 
using 20 ground control points (GCPs) which were 
recorded with a Trimble Differential Global Positioning 
System (DGPS) providing post-processing accuracies at 
the sub-meter level. The GCPs were spatially distributed 
across the study area. We used UTM Zone 46N WGS 84 as 
the projection system and datum.

Unsupervised classification technique was used to 
extract the SWB and FP areas from the CORONA and 
QuickBird satellite images. The image pixels comprising 
the ‘water’ feature usually have distinct spectral charac-
teristics and can easily be differentiated from other ‘ter-
restrial’ features [16]. Thus, we performed a simple unsu-
pervised classification on both images using the Iterative 
Self-Organizing Data Analysis (ISODATA) algorithm and 
specified to iterate 25 times and generate 100 clusters. 
Once this automatic process was finished, we assigned 
the clusters to three categories—‘water’, ‘non-water’, and 
‘unknown’ using the manual interpretation of the images. 
Then, the ‘unknown’ areas were masked out to create a 
new image. We ran the unsupervised classification on 
this new image, and similarly, ‘water’, ‘non-water’, and 
‘unknown’ categories were determined. This process was 
repeated two more times when the number of ‘unknown’ 
pixels became negligible and difficult to identify. The 
‘water’ areas determined from this classification process 
were combined to derive the images of SWB and FP areas 
in Dhaka city for the years 1967 and 2008. We reclassified 
these two SWB and FP images of 1967 and 2008 following 
the same ISODATA classification approach to differentiate 
the ‘channelized water body’ (CWB) comprising the periph-
eral and inland channels and ‘open water body’ (OWB) 
comprising the floodplains, lakes, ponds, etc. Finally, we 
performed some manual editing on the raster layers to 
incorporate some seasonal water bodies which were not 
detected by the automatic digital classification procedure. 
GIS analysis was then performed to compare the outputs 
and determine the lost SWB and FP areas in Dhaka city 
from 1967 to 2008.

In the next phase, we gathered relevant information 
on the regional tectonic setup and historical earthquake 
occurrences in Dhaka city and surrounding areas from 

published and gray literature as well as from the United 
States Geological Survey’s (USGS) data warehouse. Maps 
of regional tectonic plate movements, faults, and linea-
ments, earthquake occurrences, and surficial geology were 
produced using this information. We also generated maps 
of earthquake-related hazards, i.e., ground shaking and 
liquefaction for the depleted SWB and FP areas using the 
maps extracted from [17] and [18], respectively. We then 
assigned vulnerability scores from 1 to 5 (‘1’ being the 
least vulnerable) to the maps of surficial geology, ground 
motion, and liquefaction. A raster-based calculation was 
performed afterward to derive a map of earthquake 
vulnerability.

3 � Results and discussion

3.1 � Surface water body and floodplains in 1967

The analysis of the CORONA image found a total of 
98.89 km2 of SWB and FP existed in Dhaka city in 1967. 
Floodplains were widely distributed along the eastern 
and western edges of the city (Fig. 2). In 1967, the western 
fringe of the city was occupied by the marshy low lands 

Table 1   Description of the satellite data used in this study

Data Acquisition time/
date

Spatial resolution Spectral reso-
lution

CORONA 1967, Dry season 8 m × 8 m Panchromatic
QuickBird 2008, November 2.4 m × 2.4 m Multispectral

Fig. 2   Surface water body and floodplains in 1967
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of the floodplain of the Buriganga and Turag rivers, while 
the floodplain of the Balu river covered most of the east-
ern periphery of the city. There were an appreciable num-
ber of well-connected channels and canals throughout 
the city. The inland lakes, namely Gulshan–Banani lake, 
Dhanmondi lake, Ramna lake, as well as some of the major 
canals, namely Begunbari Khal, Dholai Khal, Hatir Jheel, 
etc., were connected to the floodplains of the peripheral 
rivers. There were some seasonal water bodies could also 
be identified although these seasonal water areas could be 
more precisely delineated if multiple images representing 
different seasons were available.

3.2 � Surface water body and floodplains in 2008

We estimated the total area of Dhaka city’s SWB and FP 
in 2008 as 66.04 km2 from the analysis of QuickBird sat-
ellite imagery. The analysis identified drastic depletion 
of floodplains in the eastern and western fringes of the 
city (Fig. 3). The well-connected drainage network of the 
city was found to be substantially altered in 2008. The 
floodplain areas were detected as sporadic and poorly 
connected waterways and marshes. Most of the inland 

channels and canals were completely or partly disap-
peared in 2008. Dholai Khal in the old part of Dhaka city 
is one of the prominent canals that was entirely filled 
in and used for urban developments. The major inland 
lakes in the Gulshan, Banani, and Dhanmondi areas were 
partly encroached by the urban developers. The main 
course of the peripheral rivers was also affected and 
slightly shrunken from their previous extents.

3.3 � Changes in surface water body and floodplains 
from 1967 to 2008

The present study revealed that Dhaka city lost a sig-
nificant portion of its SWB and FP areas from 1967 to 
2008. But the extent of the change is different for the 
peripheral channels and the floodplain areas. For better 
understanding, the study divided the total SWB and FP 
of the city into two groups—(i) ‘channelized water body’ 
(CWB) comprising the peripheral and inland channels 
and (ii) ‘open water body’ (OWB) comprising the flood-
plains, lakes, ponds, etc.

The CWB of Dhaka city included four peripheral chan-
nels, namely Buriganga river, Turag river, Balu river, and 
Tongi Khal. In 1967, these peripheral channels were 
found to be connected to many inland tributaries and/
or canals forming a well-defined network of channels 
throughout the city area. But a substantial portion 
of these inland channels was completely filled in or 
shrunken in 2008 causing a noticeable alteration of the 
connected channel network. Figure 4 shows the changes 
in the extent of the CWB between 1967 and 2008. It was 
also observed that the alterations of the main peripheral 
channels were not as dramatic as the inland channels 
indicating that the urbanization-induced encroachment 
was more intense in the inland areas than that in the 
peripheries. The total extent of the CWB was estimated 
as 17.56 km2 and 15.26 km2 in 1967 and 2008, respec-
tively, indicating a decline of 15%.

On the other hand, the total extent of the OWB was 
81.33 km2 in 1967 and 50.78 km2 in 2008, exhibiting a loss 
of 37.56% during the 41 years period. Figure 5 displays the 
changes in OWB extent. The most dramatic change in OWB 
occurred in the low-lying floodplain areas in the north-
eastern and northwestern part of the city. These include 
some of the most populated and desired neighborhoods 
of the present Dhaka city—Uttara, Mirpur, Mohammadpur, 
Bashundhara, etc. Some remarkable intrusions were also 
observed in the southern part of the city which represents 
the neighborhoods of Khilgaon, Aftabnagar, Demra, Jatra-
bari, etc. The wetlands in the Gulshan–Banani lake areas 
were also substantially encroached to promote extensive 
urban developments.Fig. 3   Surface water body and floodplains in 2008



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2019) 1:565 | https://doi.org/10.1007/s42452-019-0582-5

3.4 � Implications for earthquake vulnerability

3.4.1 � Susceptible regional and local tectonic settings

Understanding of the earthquake hazard in Dhaka city is 
highly reliant on the assessment of the regional tectonic 
settings of Bangladesh as well as the local geology and the 
seismicity of the city. Bangladesh lies within a seismically 
active region due to its proximity to the meeting point of 
Indian, Eurasian, and Burmese (Myanmar) tectonic plates. 
In the north of Bangladesh, there is a continuous converg-
ing mechanism between Indian and Eurasian plates, while 
in the east, subduction mechanism occurs between Indian 
and Burmese plates [19]. The movement of Indian and 
Eurasian plates has been locked at the foot of the Himala-
yas for many years storing strain energy which may cause 
catastrophic earthquakes upon its release [6]. The occur-
rence of such earthquakes will have certain potential to 
devastate Bangladesh including the capital city Dhaka. In 
addition, there are several active regional fault systems, 
namely Himalayan front fault, Dauki fault, Naga thrust, 
faults in the Chittagong-Tripura fold belt, and Madhu-
pur blind fault which are constantly contributing to the 

earthquake occurrences in and around Bangladesh (Fig. 6) 
[19–21]. Any tectonic activities in these fault systems may 
cause significantly high-magnitude earthquakes in Bang-
ladesh and affect Dhaka city.

The Madhupur fault system located in the middle of 
Bangladesh dominates the geological structure and tec-
tonic characteristics in and around Dhaka city (Fig. 6). The 
city is an integral part of the Madhupur tract, which is an 
easterly tilted fault block and characterized by a number 
of small faults [23, 24]. Moreover, the shallow subsurface 
of Dhaka is marked by a number of faults and lineaments 
of variable dimensions and these are vulnerable to ground 
motion if coincide with the zones of high particle veloc-
ity [25] (Fig. 7). Due to this complex and active geological 
setup, Dhaka was jolted by several high- to moderate-
magnitude earthquakes in the historical past, but the 
frequency of earthquake occurrences in the recent past 
has been increased by several folds. Figures 8 and 9 show 
the earthquake (magnitude ≥ 4.5) occurrences in and 
around Bangladesh recorded by the United States Geo-
logical Survey (USGS) since 1951 (until May 2018). There 
is a sharp increase in earthquake occurrence over the past 
five decades, especially since the 1980’s. Most of these 

Fig. 4   Changes in the channelized water body (1967–2008) Fig. 5   Changes in the open water body (1967–2008)
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earthquakes have the magnitude in the range of 4.5–5 in 
Richter scale (Fig. 9b); however, higher magnitude events 
are also seen to occur. About 3% of these earthquake 
occurrences had the magnitude exceeding 6 in Richter 
scale. More alarmingly, a large number of earthquakes 
originated close to Dhaka city with 70% of the total events 
(n = 168) having their source located only within 35 km 
below the ground surface (Fig. 9c). These data elucidate 
that there is increasing geological instability in and around 
Dhaka city, indicating an elevated risk of high-magnitude 
earthquake occurrence in the coming decades.  

3.4.2 � Surficial geology and risk of amplified ground motion

The earthquake vulnerability in Dhaka has been aggra-
vated by the poor urbanization practice of the city, 

especially in the areas built over encroached SWB and 
FP. The earthquake generated primary ground shaking 
is closely related to the site conditions. The damages to 
the urban structures during an earthquake depend on the 
local lithological and hydrogeological conditions [26]. The 
surficial geology of Dhaka city was divided into six units 
based on the geomorphological, stratigraphical, and geo-
technical characteristics (Fig. 10) [18]. All of Dhaka’s surfi-
cial deposit is fairly recent, representing Holocene to Mod-
ern age in the geological timescale, except the Pleistocene 
Terrace deposit which covers the middle portion of the 
city. The Holocene and Modern deposits contain very soft 
to soft silty and clayey soils and loose sands which pose 
a significant danger for ground motion in the event of an 
earthquake [18]. The declined SWB and FP areas of the city 
were artificially filled with these soft and loose sediments 

Fig. 6   Regional tectonic setup 
and active faults in and around 
Bangladesh. The plate bound-
ary megathrust represents the 
boundary between the Indian 
and Burmese plates. The defor-
mation front of the megathrust 
is marked after [22]. Other fault 
boundaries are after [18]. The 
background map shows the 
elevation in meter, collected 
from the Shuttle Radar Topog-
raphy Mission (SRTM) digital 
elevation model
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with no to minimal ground improvement before urban 
development. These unconsolidated sediments covering 
the depleted SWB and FP areas can considerably amplify 

the shear wave of the earthquake and enhance ground 
shaking by reducing the speed of the waves and trapping 
the energy within the sediment layers [27]. Moreover, 
impedance contrast between these loose sediments and 
underlying bedrock may contribute to greater ground 
shaking in the occurrence of an earthquake.

The previous research found a strong relationship 
between the shear wave velocity of seismic waves and the 
near surface (top 30 m) Holocene soil thickness in Dhaka 
city [17]. Based on this relationship, a site class map [17] 
was generated for the city using geophysical measure-
ment and following the guideline of National Earthquake 
Hazards Reduction Program (NEHRP), the USA [29]. We 
used this map to identify the site class of the lost SWB and 
FP areas which were urbanized during the period from 
1967 to 2008 (Fig. 11a). We found that 90% of the lost 
SWB and FP areas fall in the site class D which represents 
a shear wave velocity in the top 30-m soil thickness, Vs30 
of 180–360 m/s. The rest of the lost areas is included in 
the site class E, indicating a Vs30 of < 180 m/s. The areas 
with E class are mainly clustered along the western bound-
ary of the city and found to be intensely urbanized during 
the field survey. A study in the Dinner region of south-
west Turkey found that areas with site class D and E rep-
resenting poor soil conditions were correlated with the 
damage distribution of the 1995 Dinner earthquake—an 
event known for its widespread destruction even due to a 
moderate-magnitude (Mg = 6.1) earthquake [30]. Mexico 
City was also devastated after the 1985 earthquake due 
to the poor soil conditions and faulty urban development, 
even though the source of the earthquake was 350 km 
away from the city center [31]. Thus, we conclude that the 

Fig. 7   Shallow subsurface faults and lineaments in Dhaka city (after 
[25])

Fig. 8   Earthquake (Mg ≥ 4.5) 
occurrences in and around 
Bangladesh since 1951 (the 
legend shows the magnitude 
in Richter scale and depth to 
the source in km)
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urban structures developed on the poorly filled lost SWB 
and FP areas in Dhaka may face severe destruction due to 
amplified ground motion in the event of a moderate- to 
high-magnitude earthquake.

3.4.3 � Risk of earthquake‑induced liquefaction

The ground vibrations of the earthquakes cause compac-
tion of the soft and loose ground materials resulting in 
large, differential settlements of the ground surface. Such 
settlements of the ground produce excess hydrostatic 
pore water pressure and cause liquefaction of the soil as 
an indirect effect of the earthquake [32]. Liquefaction has 
the potential to cause extensive damage in areas which 
were built over unconsolidated soft sediments. It was 
estimated that river channels, floodplain deposits, and 
artificially filled uncompacted deposits of age < 500 years 
have high to very high susceptibility to liquefaction during 
strong seismic shaking [33]. As exhibited in this analysis, 
a large portion of Dhaka city was constructed over young 
(~ 50 years old) unconsolidated soft sediments and thus 
poses considerable concerns for liquefaction hazard. 
In addition, depth to the groundwater aquifer and sea-
sonal fluctuations of the groundwater table may have a 
pronounced impact on the liquefaction potential of a site 
[26]. In most part of Dhaka city, the groundwater table is 
located at depths > 30 m, but in the floodplain areas near 

the eastern and western fringe of the city, the groundwa-
ter is only at 5–15 m below the surface and considerably 
rises during the monsoonal precipitation [34, 35]. Occur-
rences of such shallow groundwater level in the built-up 
floodplain areas of the city may modify the shear wave 
velocity generated by the earthquakes and may cause 
extensive liquefaction of the ground materials and result 
in structural damage.

A recent study produced a liquefaction hazard map of 
Dhaka city [18] based on the liquefaction potential index 
(LPI) [36] which evaluates the liquefaction hazard of an 
area as a proportional factor of the thickness of the liquefi-
able layer and how close the liquefiable layer is from the 
ground surface. We used this LPI-based map to generate 
a liquefaction hazard map of the lost SWB and FP areas 
of Dhaka city (Fig. 11b). LPI values in the lost areas range 
from 0 to > 15. We grouped the LPI values into four classes 
as exhibited in Fig. 11b. We found that only 1% of the lost 
areas fall in the LPI = 0 class, while 39%, 51%, and 9% of 
the lost areas are included in the classes of ‘0 < LPI ≤ 5’, 
‘5 < LPI ≤ 15’, and ‘LPI > 15’, respectively. A large portion in 
the eastern and western fringes of the city has higher LPI 
values (> 5) and is of significant concern in the event of a 
high-magnitude earthquake. Moreover, some areas with 
high LPI values coincide with low Vs30 values. For example, 
the neighborhoods in the Demra region near the south-
eastern corner of the city in the Balu river floodplains have 

Fig. 9   (a) Earthquake 
(Mg ≥ 4.5) events in differ-
ent years (until May 2018), 
n = 164; (b) % of earthquakes 
of different magnitudes; (c) % 
of earthquake occurrences at 
different depths. All the data 
presented in the figures are 
from the United States Geo-
logical Survey (USGS)
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LPI values > 15 and Vs30 values < 180 m/s. Built-up struc-
tures in these neighborhoods will be highly susceptible 
to destruction in the occurrence of earthquakes. A recent 
study in Kolkata, India, which is part of the same regional 
geological settings with Dhaka found that LPI value ranges 
(i.e., LPI = 0, 0 < LPI ≤ 5, 5 < LPI ≤ 15, and LPI > 15) estimated 
in their research agree with the reported liquefaction 
damages caused by the 1934 Bihar–Nepal earthquake in 
Kolkata city [37]. Field assessment-based study at several 
California liquefaction sites also confirmed that surface 
manifestations of liquefaction are about 58% and 93% 
when 5 < LPI ≤ 15, and LPI > 15, respectively [38]. There-
fore, a substantial portion (~ 60%) of the built-up SWB and 
FP areas in Dhaka city may face significant liquefaction-
related destruction as the aftermath of a moderate- to 
high-magnitude earthquake.

3.4.4 � Mapping the earthquake vulnerability 
of the depleted SWB and FP areas

As described above, the lost SWB and FP areas in Dhaka 
city are highly vulnerable to strong ground motion and 
liquefaction of earthquakes. It is also evident that surficial 

geological deposits have a strong connection to both 
ground motion and liquefaction. Thus, we used the maps 
of surficial geology, ground motion site class, and lique-
faction hazard to map the earthquake vulnerability of the 
depleted SWB and FP areas in Dhaka city.

We assigned ranking from 1 to 5 to the maps presented 
in Figs. 10 and 11 with ‘rank 1’ being the least vulnerable 
to earthquake. To rank the surficial geology map, we used 
the information presented in [33] where various sedi-
mentary deposits were assessed for their susceptibility to 
earthquake-related destruction. Accordingly, we assigned 
‘rank 1’ to the Pleistocene terrace deposits, ‘rank 2’ to the 
Holocene alluvial valley fill and terrace deposits, and ‘rank 
3’ to the Holocene alluvium and artificial fill deposits. The 
current areas with flowing water channels (i.e., Holocene 
channel deposit in the map) were not considered in the 
vulnerability assessment. We utilized the site classification 
described in the guideline of the National Earthquake Haz-
ards Reduction Program (NEHRP), the USA [29] to rank the 
site class map. There are six classes (A to F) in the NEHRP 
guideline; thus, we assigned ‘rank 4’ to site class D and ‘rank 
5’ to site class E. The liquefaction map was ranked based on 
the LPI values with ‘LPI = 0’ being ‘rank 1’, ‘0 < LPI ≤ 5’ being 
‘rank 2’, ‘5 < LPI ≤ 15’ being ‘rank 3’, and finally, ‘LPI > 15’ 
being ‘rank 4’. Once the ranking was assigned, we pro-
duced raster maps from each of them and multiplied the 
raster maps to produce a map of earthquake vulnerability 
(Fig. 12), where the higher the value, the greater the vul-
nerability of earthquake.

We found that the earthquake vulnerability score 
ranges from 4 to 60 for the depleted SWB and FP areas in 
the city. The southern-most portion of the city has some 
highest scores in the vulnerability map, while most of the 
lowest scores are observed in the middle portion of the 
city where the surficial deposits are composed mostly of 
Pleistocene sediments. The eastern and western fringes of 
the city are dominated by the scores ranging from 25 to 
40, indicating significantly high earthquake vulnerability. 
In addition, the faults and lineaments may considerably 
increase the earthquake vulnerability if seismic waves are 
guided along these zones of discontinuities. Amplification 
of the seismic shocks occurs most at the fault segments, 
bends, and intersections [39]. Therefore, the vulnerability 
of earthquake in the depleted SWB and FP areas will be 
intensified in the zones of differently oriented faults and 
lineaments [40].

4 � Conclusion

Dhaka city experienced a substantial loss of SWB and FP 
during the period from 1967 to 2008. The depleted areas 
were used for constructing urban infrastructures with no 

Fig. 10   Surficial geological deposits in Dhaka city—modified from 
[28]
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to minimal ground improvement and thus pose a sig-
nificant concern for earthquake-related hazards since the 
city is part of a highly active tectonic region. We observed 
that small-scale earthquake occurrences in this region 
have been increased by several folds in the past few dec-
ades, raising the likelihood of high-magnitude earthquake 
occurrence in the near future. The built-up SWB and FP 
areas in Dhaka city are prone to both strong ground shak-
ing and liquefaction of earthquake. Our vulnerability map 
showed that a significant portion of the urbanized SWB 
and FP areas is highly susceptible to earthquake-related 
hazard, especially the areas near the southern boundary 
of the city. The eastern and western fringes of the city also 

scored highly in the vulnerability map. However, the vul-
nerability mapping in our study did not have the scope to 
consider demographical and other socioeconomic infor-
mation; hence, any future assessment incorporating such 
data will enhance the utility of vulnerability map.

The spatially explicit outcomes of our study can be 
utilized for developing effective preparedness programs 
which may minimize the loss during the occurrence of 
high-magnitude earthquakes. Moreover, our research 
urges to improve the current city development practice 
and protect the natural surface water body and floodplain 
areas for a sustainable future of the city.

Fig. 11   a Ground motion site class map of the depleted surface 
water body and floodplain areas of Dhaka city based on the shear 
wave velocity in the top 30  m of soil thickness (Vs30)—modified 

from [17]. b Liquefaction hazard map of the depleted surface water 
body and floodplain areas of Dhaka city based on liquefaction 
potential index (LPI)—modified after [18]
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