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Abstract

This paper explores sustainable management strategies for mitigation destructive geological disaster earthquake spatial
susceptibility in Bangladesh, is located south piedmont plain of Himalaya mountain ranges in South Asia. During the con-
temporary time, earthquake is regarded as most destructive geological disaster due to its devastating impact on physical
environment, socio-economic infrastructure, people’s lives, livelihood and biodiversity of the world. In Bangladesh, earth-
quake destruction vulnerability is the results of two major factors natural (geological formation, plate tectonic framework,
plate margin, geographical location, location of fault and fold) and human intervention (tremendous increase of population,
construction of multi-storied concrete building in urban environment, rapid growth of urbanization and industrialization).
Both physical and manmade factors accelerated extreme earthquake disaster which impacts on sustainable life style and liveli-
hood patterns of poor peoples as a developing nation Bangladesh of the world. To ensure sustainable management strategies
of earthquake spatial susceptibility, the aim of this paper is selected to access earthquakes susceptibility using geostatistical
modeling for producing detailed risk to support mitigation approach of earthquakes in present and future in Bangladesh. For
this study, almost 94 earthquakes samples are collected from Google Earth during the time period (1961-2018) in inland
Bangladesh. In this study, spatial susceptibility map developed by applying geostatistical models with GIS approach which
based on earthquakes magnitude (Richter scale) and focus depth (km). Predictive spatial earthquake susceptibility map and
risk estimation process will help geologist, geomorphologist, environmental engineers, urban planner, government and
non-government organizations for vulnerability assessment including structural (settlement planning, building materials and
building code development) and nonstructural mitigation (disaster preparedness approach: pre-disaster, during disaster and
post-disaster), spatial risk estimation, disaster crisis and conflict mitigation, relief distribution at national and global level.
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Introduction Weeks 2003; Paul and Bhuiyan 2010; Sattar et al. 2009;

Sarraz et al. 2015; Ziauddin 2016) which increasing spatial

Sustainable management strategies is essential for mitiga-
tion earthquake spatial vulnerability throughout the world.
During the recent decade, earthquake management strate-
gies has a major concern in Bangladesh (Paul and Bhui-
yan 2010; Sharmin and Saadi 2010; Sultana et al. 2013;
Alam 2016; Al-Hussaini et al. 2015; Rahman et al. 2015;
Islam et al. 2016). Tertiary hilly terrain and urban cities (e.g.
Dhaka City and Chittagong City) of Bangladesh facing the
earthquake seismic problem (Choudhury 1993; Rashed and
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vulnerability due to several reasons such as plate tectonic
movement, geographical location of active fault and Neo-
tectonic depressions (Khan and Hoque 2002), fold structure,
geological formation (Alam et al. 2008), weak in soil struc-
ture, tremendous increase of urban population, rapid growth
of urbanization and industrialization (Hossain 2014) with
their unplanned multi-storied building (Islam et al. 2016),
improper urban planning, vulnerable structures due to age
of buildings, non-engineered constructions (Ansary and Ali
2004; Reja 2008; Jahan et al. 2008; Kamal 2009; Hossain
2014), declining groundwater level by over extraction, cli-
matic variability and anthropogenic intervention. History
of earthquake disaster spatial vulnerability of Bangladesh
reported that this country lies high risk of this disaster and
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there is a possibilities to occur major’s earthquake in near
future (CDMP 2010; Paul and Bhuiyan 2010).

However, earthquake spatial vulnerability in Bangladesh
will increase due to geographical location of several active
tectonic plate boundaries such as Indian plate and the Eura-
sian plate and it is also disclose from the past history that
several gigantic earthquakes occurred along the margin of
these plate boundaries (Paul and Bhuiyan 2010; Islam et al.
2016). Furthermore, Duke Fault lies along the northern mar-
gin and underlying earth crust active fault Palaeo Continen-
tal Hing Zone lies southern aliment at Bogra Shelf of Bang-
ladesh are prone to earthquake disaster (Sultana et al. 2013).
The geological formation, geomorphological landforms and
geo-physical environment of this country create more sus-
ceptible to earthquake disaster special vulnerability which
made risk position at natural resources, people’s property
and lives and livelihoods (Rahman et al. 2015). On the other
hand, urban structural development of major’s cities (e.g.
Dhaka and Chittagong City) of Bangladesh are susceptible
to earthquake disaster risk due to poor building materials;
construction of high raise building without flowing proper
building codes and proper soil testing, and numerous earth-
quake specialist predict that if an earthquake with magnitude
7.0 Richter scale occurred then urban multistoried building
totally ruined within a few seconds (Paul and Bhuiyan 2010).
The capital Dhaka City lies comparatively more susceptible
zone of earthquake disaster as a consequence of increasing
trends of urban population density; expansion of urbaniza-
tion and industrialization with multi-storied building during
the few decades and proximity to active Madhupur Fault
(Rahman et al. 2015; SAARC 2010). There is another pre-
diction about earthquake catastrophe regarding Dhaka City
is that, if an earthquake with Richter scale 6.0 magnitude
origins within this city then 78,323 urban structures will
be totally devastated along with US $1075 million financial
loss (CDMP 2010; Rahman et al. 2015). Old building struc-
tures with constricted road network of Old City Dhaka City
lies at danger level of earthquake and any minor scale of
earthquake will ruined the oldest heritage of this city (Rah-
man et al. 2015). Seismic specialists concern about frequent
occurring minor to medium scale magnitude of earthquake
as an early warning of gigantic dangerous earthquake disas-
ter in the near future, where urban earthquake disaster man-
agement strategies are inadequate regarding this phenomena
(Bolt 2005, DPF 2003).

However, earthquake spatial vulnerability is also a great
concern on people’s lives and livelihood owning the destruc-
tion of property, causing human life losses and material
damages (Moscatelli et al. 2009; Hossain and Miah 2011),
natural resources, and communication systems in Bang-
ladesh. Sustainable management strategies and upgrad-
ing earthquake spatial vulnerability zoning map will help
human being, lessen environmental damage and accelerated
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mitigation approach. The first earthquakes spatial vulnerabil-
ity map of Bangladesh along with its surrounding countries
was developed by Geological Survey of India (GSI) in 1935
(Auden 1959; Choudhury 1993; Mohapatra and Mohanty
2010; Al-Hussaini et al. 2015; Islam et al. 2017). About
37 year later, after the independent of Bangladesh, Bang-
ladesh Metrological Department (BMD) developed earth-
quakes spatial vulnerability zoning map in 19,972 (Choud-
hury 1993; Islam et al. 2016). After 5 year later in 1977,
the Govt. of Bangladesh again developed earthquake spatial
zoning map into three distinctive zone (Zone I: High seismic
vulnerability; Zone II: moderate seismic vulnerability and
Zone I1II: moderate seismic vulnerability) by the seismolo-
gist expert examination and recommendation to mitigation
of earthquake vulnerability (Choudhury 1993; DDC 1993;
Ali and Choudhury 2001; Paul and Bhuiyan 2010; Sul-
tana et al. 2013; Islam et al. 2016). It was long since about
41 years from 1977, the earthquake spatial vulnerability
map and their spatial allocation maps was not upgrading.
It is crucial need to update earthquake spatial vulnerability
map and their proper distribution for the acceleration miti-
gation approach in field of earthquake disaster management
in Bangladesh.

One of the major rationale of this research paper is to
provide sustainable management strategies of earthquake
vulnerability mitigation, assessment, preparedness, risk esti-
mation, risk reduction, crisis and conflict analysis, future
propagation process, prospect and issued to be solved in
recommendation portion of the paper can be fruitful for
earthquake vulnerable zone population of the country of
Bangladesh; which could bring long-term sustainable pro-
gress in the field of disaster management in Bangladesh and
also accelerated future analysis of earthquake vulnerability.

So, this paper has been intended to decoratively demon-
strate combined tactics that includes earthquake inventory
mapping with their spatial allocation through investigation
tectonic framework, geological formation, active fault, fold
structure and active plate margin; evaluation of seismic vul-
nerability by standard values to category earthquake spatial
risk; review earthquake risk zone with spatial allocation of
earthquake samples (ES =94) to generalized the present sta-
tus; applying descriptive statistical analysis of earthquake
samples with their magnitude and focus depth to analysis the
risk factor and Geostatistical modeling to prepare predicted
spatial vulnerability of earthquake maps of Bangladesh and
recommend sustainable earthquake management guidelines
as national and global needs.

Numerous researcher worked hard to improve a wide
ranges of earthquake management strategies for miti-
gation, assessment, and recommended preparedness in
disaster period and the choice of sustainable manage-
ment strategies depends on desired information utiliza-
tion, their proper application for all level of human being
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before considering crucial needs of national and global
level (Rahman et al. 2015). However, the inventory maps
have limitation, which cannot proved evidence of real
cause of earthquake due to information gap of Google
Earth. The earthquake magnitude and focus depth values,
thus have to be used together with evaluation of seismic
vulnerability, predictive earthquake spatial vulnerabil-
ity map for the mitigation of earthquake risk in Bangla-
desh. So, above all management strategies will play great
role for environmental engineer, urban planner, decision
maker, geologist and geomorphologist achieving their cer-
tain goal. Moreover, they can also play significant role in
earthquake management for sustainable development of
a nation by applying their combined contribution in won
field knowledge.

In this paper, geostatistical modeling techniques are
select for inventive assessment of spatial susceptibility of
earthquake parameters (e.g., earthquake magnitude and
focus depth). The spatial distribution of these parameter
can assist in understanding possible extents of earthquake
spatial vulnerable area in Bangladesh. The earthquake
parameters spatial vulnerability are mainly controlled by
the tectonic framework, active fault line, plate margin,
geological formation, physiographic province and popu-
lated urban multi-storied structures of the landscape in
Bangladesh. In this regards, this modeling techniques will
help to estimate earthquake parameters spatial distribution
at earthquakes non-occurring geographical reference point
or non-sampling locations, which intend to illustrated spa-
tial vulnerability of earthquake disaster in Bangladesh.

The applied geostatistical models are classified into two
way such as kriging geostatistical models and determinis-
tic geostatistical models (Burrough and McDonnell 1998;
Islam et al. 2017). Two types of model of kriging geo-
statistical interpolation such as simple kriging (SK) and
ordinary kriging (OK) with their four optional semivario-
gram models along with inverse distance weighting (IDW)
models with power (1, 2) are used for spatial assessment
of earthquake susceptibility in Bangladesh. Above men-
tioned geostatistical approaches are used on the basis of
similitude spatial geographical references of earthquakes
sampling sites. In this study, from several geostatistical
models approaches, robust models are selected through
comparing their cross validation accuracy results (Ghan-
barpour et al. 2013; Islam et. al. 2017). Cross validation
results also represent suitable technique for geostatistical
models to predict more precisely spatial susceptibility.
Moreover, research aim is to progress a consistent geo-
statistical approaches to develop sustainable management
strategies for mitigation earthquake spatial vulnerability
in Bangladesh, and which will be essential for further
research, planning and assessment of long-term sustain-
able earthquake management strategies.

Background of the study area

Bangladesh is located 200 km southern border from Hima-
layan Mountains in South Asia. The graticule references of
this country from 20°26'N to 26°38'N latitude and 88°01'E
to 92°38'E longitude and the Bay of Bengal bounded by
the southern part of this country (Fig. 1). Bangladesh is
enclosed by highly susceptible several earthquakes zones
such as Shillong Plateau and Himalayan Mountain Arc
zones located at the northern margin; Arakan Yoma anti-
clinorium and the Burmese Mountain Arc region situ-
ated at the east border and complex geological thrust area
Naga-Disang-Jaflong lies at the northeast margin of Bang-
ladesh (Ali and Choudhury 2001).

Materials and methods
Earthquake sample collection procedure

Earthquake magnitude and focus depth samples collected
from 94 sampling point of Bangladesh from Google Earth.
Each earthquake sample geographical location was deter-
mined with Google Earth place mark techniques. The spa-
tial distribution of earthquake sample sites (E1-E94) in
the area display in Fig. 1. The earthquake sampling sites
were collected systematically from inside Bangladesh for
analyzing spatial vulnerability.

Earthquake factors and data collection sources

Earthquake factors data collected from various sources
for evaluation of spatial vulnerability of earthquake dis-
aster in Bangladesh (Table 1). Geological formation, tec-
tonic framework, fault and fold data collected from United
States Geological Survey (USGS) and Geological Survey
of Bangladesh (GSB). Other factors of earthquake dis-
aster data are collected from various sources including
books, articles, journals, Government and non-government
organizations (NGOs), unpublished reports and thesis etc.

Statistical and cartographic analysis

Descriptive statistical analysis are used to simplification
of earthquake parameters to realize the earthquake vulner-
ability in Bangladesh. Cartographic analysis as like as pro-
duced tables, linear graphs, histograms, scenario analysis
were used for both qualitative and quantitative analysis
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Fig. 1 Digital elevation model
(DEM) of the study area
showing spatial distribution of
earthquake sampling sites
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Table 1 Earthquake disaster factors and their respective data sources

Serial no. Data Source Data type

01 Tectonic framework map United states Geological Survey (GSB) and complied by author, 2018 Vector data
02 Geological formation map United states Geological Survey (GSB) and complied by author, 2018 Vector data
03 Tectonic fault and map United states Geological Survey (GSB) and complied by author, 2018 Vector data
04 Earthquake zone map Choudhury (1993) and complied by author, 2018 IMG

05 Elevation map SRTM DEM (30 m %30 m) and complied by author, 2018 DEM (TIFF)
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of this research. Geographic information system (GIS)
and its cartographic tool and techniques are also used for
visualization maps of earthquake spatial vulnerability in
Bangladesh.

Geostatistical analysis

Earthquake magnitude and focus depth data are assessed
by GIS tools and techniques. These data are prepared for
computing geostatistical spatial modeling. Geostatistical
modeling approaches are suitable for spatial vulnerability
assessment. The spatial susceptibility of earthquake param-
eters are evaluated through different geostatistical modeling
techniques with their optional semivariogram models and
power(Sultana et al. 2013). In this study, four optional semi-
variogrma movels such as circular, spherical, exponential
and Gaussian of ordinary kriging (OK) and simple kriging
(SK) models along with inverse distance weighting (IDW)
models power (1, 2) are applied for the present research
to explore spatial vulnerability of earthquake disaster for
mitigation earthquake destruction at present and future in
Bangladesh.

Kriging model

Geostatistical kriging interpolation model is suitable
for spatial vulnerability assessment of earthquake dis-
aster. Generally, kriging models assess both unsampling
and isolated spatial geographical references point data
of earthquake parameters, and based on semivariogram
operational structural models to predict spatial suscepti-
bility. In this study, simple kriging (SK), ordinary kriging
(OK) and their optional semivariogram models are used to
predict spatial susceptibility of earthquake disaster vulner-
ability in Bangladesh (Rahman et al. 2015). These inter-
polation techniques estimate more precision and consist-
ency of spatial variation and vulnerability of earthquake
discrete data set. Kriging interpolation models also inte-
grate together correlation and interdependency among the
spatial geographical references point data variables. This
spatial models interpolate on the basis of weighted average
of sampling data. Kriging models are categorized into dif-
ferent models on the basis of their operations. However, in
this study geostatistical kriging modeling by their sub four
semivariogram modeling results compare with determin-
istic power modeling outcomes for better understanding
spatial susceptibility of earthquake variables. Ordinary
kriging (OK) of geostatistical modeling is computed by
flowing the Eq. (1), then ensure the results of the weights
(4;) of the variables that requisite equivalent to 1 for con-
firmation the approximations are impartial (Ghanbarpour
et al. 2013).

2g) = Y Az, M
i=1

where Z(x,) denotes prediction value at the sampling site x,;
z(x;) represents detected spatial value at the sampling site x;;
A; are consigned weight from tailored semivariogram model
and n denotes observed sampling numbers which are spa-
tially neighboring the prediction sites; (Webster and Oliver
2001). Ordinary kriging method appraisals the native per-
sistent average value of the sampling sites (Goovaerts 1997).
Simple kriging computed by applying the flowing Eq. (2).

) =m+ Y A lz(x) —ml, 2
i=1

where, m is defined as mean of earthquake samples param-
eters and almost additional variables in Eq. (2) are well-
defined as previously, in Eq. (1)

Semivariogram models measure spatial variation (Bur-
gess and Webster 1980) and susceptibility zone of earth-
quake isolated data set. This model y(h) approach measured
through flowing Eq. (3) given by Journel and Huijbregts
(1978), for predicting spatial variation and vulnerability of
earthquake disaster in Bangladesh.

n

Y = 2= 3 L) - 2) + Al 3)

i=1

where, n denotes number of sampling pairs detached by the
standard distance & (lag distance) and z (x;) represents the
sampling value of parameters z, at the sampling site x; (Bur-
rough and McDonnell 1998).

The semivariogram model y(h) is computed to recognize
robust model and is its strength. Model strength is com-
puted by the ratio of nugget (Cy) and sill (Cy+ C). These two
parameters controlled by lag (h) distance, partial sill (C) and
major’s range (a). Moreover, the spatial variation of meas-
ured variables of earthquake data set is displayed through
computing nugget and sill those are constantly equivalent
to variance of isolated variables (Webster and Oliver 2001).
To select suitable semivariogram model from spherical,
exponential, Gaussian and circular semivariogram, cross
validation test approach is applied which is constructed on
trial and error basis. In this study, four semivariogram mod-
els (Egs. 4-7) such as spherical, exponential, Gaussian, and
circular (Zubrzyckis 1957; Dalenius et al. 1961; McBratney
and Webster 1986; Oliver and Webster 2014) approaches
are computed for evaluation spatial interdependency of the
variables, and measuring spatial autocorrelation among the
parameter of the earthquake sampling sites and spatial sus-
ceptibility of earthquake disaster.
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y(h) =cy + c{ 1- %cos_1 (ﬁ> + % 1- %} (circular semivariogram model)
T a x\ a

)
y(hy=cy+c forh>a
y(h) =0
h=0
3
y(hy=cy+c § (ﬁ> - l<ﬁ> 0<h<a (spherical semivariogram model) 5)
2\a 2\a h>a

y(h) =cy+ c{ 1 —exp <—ﬁ) }(exponential semivariogram model)
a

=0forh=0
6)

2
y(h) =cy+ c{ 1 —exp (_}z_2> } (Gaussian semivariogram model)
a

=0forh=0 )
where, y(h) is particular optional semivariogram models
(e.g. circular, spherical, exponential and Gaussian) of sim-
ple kriging and ordinary kriging models, c, is nugget value,
¢ is partial sill, (¢ 4 ¢) is sill, a is range and £ is lag dis-
tance (Oliver and Webster 2014).

Deterministic inverse distance weighting (IDW) model

IDW deterministic interpolation approach is used widely by
earth scientists (Lu and Wong 2008) and it is more reliable
model for spatial vulnerability assessment of various disas-
ters. In operation IDW interpolation model, the weight (A;)
determined by the prediction location of earthquake vari-
ables. This model estimates spatial detachment among the
earthquake samples variables spatial references sites and their
prediction distribution site along with overall spatial autocor-
relation compared to kriging models for organized the weights
of IDW interpolation model. IDW model weighted values are
principally determined via the power of weights and there is
a significant relationship between power of weights and dis-
tance of spatial sampling point sites that expressed as, if the
power raise then it influence on the spatial sampling points
distance at a noticeable extent than actually anticipated (Goo-
vaerts 2000). In this model, the power weights of earthquake
variables declines with raising distance from the prediction
samplings point spatial sites and the summation of the power
weights (A;) is equivalent to 1. The flowing Eq. (4) is calcu-
lated for power of weights (A;) of IDW model.

A=dl/ Y dr, (8)
i=1
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where, d;, designates as the spatial distance differences
between the earthquake samples geographical references
sites and their prediction locations. Generally, while spatial
distance of measured variable turn into greater extent, then
the weights power of this model is significantly declined
that is expressed as p. Consequently, this modeling approach
generate relatively uneven topography that is generally reli-
ant on the spatial remoteness between spatial sampling sites.
Generally, IDW model weight powers (1, 2) are applied
to signify the influence of power variables (Lu and Wong
2008).

Cross validation test

In this study, cross validation test applied for comparing dif-
ferent geostatistical interpolation models and find out the best
fit optimal model for earthquake parameters (Isaaks and Sriv-
astava 1989). It is the best way to select the best semivari-
ogram models for evaluation spatial vulnerability of earth-
quake magnitude and focus depth to categorized earthquake.
The robust model is applied for generating the best prediction
of spatial vulnerability of earthquake parameters (Goovaerts
2000). Furthermore, earthquake calculated data point and
predicted data point compared with error analysis results for
accuracy assessment of models and find out the most robust
model. In this study, mean square error (MSE) close to zero
value of models is taken as a best fitted and robust model.
Hu et al. (2004) stated various standards are applied to error
calculation for the authentication of geostatistical interpola-
tion models. Geostatistical interpolation models prediction
results accuracy are determined by minimum ME and RMSE
(Islam et al. 2017). The subsequent Egs. (9)—(13) are used to
errors analysis and find out the robust geostatistical model
(Hu et al. 2004) .

1 n
ME = — =0
. ;@, o) o
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(10) I3 ; ’
ASE = ;Z‘ pi—gpi . (13)
(n Results and discussion
Descriptive statistics of earthquake vulnerability
(12) Earthquake seismic information of Bangladesh is con-

cise in Table 2 with appraisal descriptive statistics such as
minimum, maximum, mean, and standard deviation values.
Earthquakes sample (ES =94) data shows that the magnitude

Table 2 Descriptive statistics of earthquake magnitude and focus depth (km) in the study area

Minimum  Maximum  Mean Std. deviation ~ Variance  Skewness Kurtosis

Statistic Statistic Statistic ~ Std. error  Statistic Statistic Statistic ~ Std. error  Statistic  Std. error
Magnitude 3.5 6.1 4.539 0.0563 0.5460 0.298 0.891 0.249 0.529 0.493
Depth (km) 6 100 28.68 1.516 14.624 213.871 1.044 0.250 4.711 0.495

Table 3 Earthquake vulnerability category and their impacts on physical and socio-economic structure

Magnitude Earthquake category Earthquake effect

Frequency of occurrence

<2.0 Micro earthquake Micro earthqueak, not felt Continual
2.0-2.9 Minor earthquake Generally not felt, but recorded 1,300,000 per year (est.)
3.0-3.9 Often felt, but rarely causes damage 130,000 per year (est.)
4.0-4.9 Light earthquake Noticeable shaking of indoor items, ratting noises. Significant damage unlikely 13,000 per year (est.)
5.0-5.9 Moderate earthquake Can causes major damage to poorly constructed building over small regions. At 1319 per year

most slight damage to well-designed buildings
6.0-6.9 Strong earthquake Can be destructive in areas up to about 160 km across in populated areas 134 per year
7.0-7.9 Major earthquake Can causes serious damage over large area 15 per year
8.0-8.9 Great earthquake Can cause serious damage in areas several hundred km across 1 per year
9.0-9.9 Devastating in areas several thousand kilometer across 1 per 10 year (est.)
10.0+ Massive earthquake  Never recorded, widespread devastation across very large areas; see below equiva- Extremly rare

lent seismic energy yield

(unknown/may not be
possible)

https://wordlesstech.com/what-does-earthquake-magnitude-mean/

Table 4 Evaluation earthquake category in Bangladesh

Magnitude class Category

Number of earth- Earthquake

Earthquake samples

quake sample sample (%)
(ES)
3.0-3.9 Minor earthquake 7 7.446809 El14, E45, E51, E54-E55, E62, E76
4.0-4.9 Light earthquake 70 7446809  El, E2, E4-E6, E8-E13, E15-20, E23, E24, E26-30, E34, E36-E41,
E43, E44, E46-E49, ES2, ESS, ES6, E58-61, E63-E67, E70-E73,
E75, E77-E88
5.0-59 Moderate earthquake 15 15.95745  E3, E7, E22, E25, E32, E33, E35, E42, E50, E57, E68, E69, E74, ES9,
E93
6.0-6.9 Strong earthquake 2 2.12766 E21, E31
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value range between minimum 3.5 and maximum 6.1 Rich-
ter scale (10 based logarithm scale and developed in 1930)
with men value 4.539 which is generally indicating light
to strong earthquake vulnerability nature in Bangladesh
(Table 3). Present study results reveal that strong earthquake
vulnerability area are North-eastern tertiary hilly region but
height magnitude earthquake occurred in Sundarban Man-
grove forest near the coastal region. The focus depth in the
study area varied from 6 to 100 km under the earth crust
with a mean value 28.68 km. However, present study results

Fig.2 Tectonic framework
affecting earthquake spatial
vulnerability in Bangladesh

identified that 98.94% earthquake sample fall shallow focus
where only 1.06% was intermediate focus.

Evaluation of spatial vulnerability of seismic hazard

Earthquake magnitude in Richter scale and their vulner-
ability ranges are used to evaluate seismic catastrophe vul-
nerability. To determine spatial vulnerability of seismic
hazard, is using earthquake vulnerability category (EVC)
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Table 5 Spatial susceptibility of

. - ) Tectonic framework Area (sq.km) Area (%) Earthquake ES%
earthquake disaster in tectonic samples (ES)
framework

Western Fold Belt of the Indoburman Orogeny ~ 2212309.74 16.16637796 42 44.7
Surma Basin 14380.46377 0.105084748 21 223
Tripura Uplift 4133.779151 0.03020745 5 5.32
Madhupur Tripura Threshold 8479.552131 0.061964038 1 1.06
Faridpur Trough 31501.14961 0.230193576 6 6.38
Barisal gravity high 16921.96512 0.123656683 10 10.6
Rangpur Saddle 16571.99632 0.121099298 7 7.45
Paleo continental slope (Hing Zone) 2393.753172 0.01749227 1 1.06
Bogra Shelf 16846.2838 0.123103644 1 1.06
Total 2323538.683  16.97917967 94 100

standard values. The EVC of the study area are identified
(3.0-3.9), (4.0-4.9), (5.0-5.9) and (6.0-6.9) which repre-
sent minor, light, moderate and strong earthquake vulner-
ability, respectively (Table 4). Present results demonstrates
that about 7.45% of the earthquake samples fall into minor
vulnerability (3.0-3.9) of EVC. Furthermore, in case of
EVC, 74.47% earthquake samples reported light vulner-
ability type, 15.96% represent strong vulnerability type,
whereas, 2.13% exhibited strong vulnerability.

Factors of earthquake vulnerability

There are several factors are identified for earthquake vul-
nerability in Bangladesh. These are tectonic framework and
their plate movement along the plate margin; geological for-
mation, fault and fold region, physiographic province, tre-
mendous increase of building construction and population
in urban areas, extracted groundwater which subsiding water
level, fault and fold region (Sultana et al. 2013). However,
tectonic framework regarded as dominant controlling factors
of earthquake for Bangladesh. From the Fig. 2 and Table 5,
analysis results demonstrate that about 44.68% earthquake
samples fall Western Fold Belt of the Indoburman Orogeny
tectonic framework. Analysis results discloses that earth-
quake vulnerability in sampling sites explained 22.34% of
the whole earthquake samples, which were mostly distrib-
uted in Surma Basin. In tectonic framework from earth-
quakes data accounting for 10.64% of earthquake samples,
which were widely distributed in Barisal Gravity High
region. Rangpur Saddle, Faridpur Trough and Tripura Uplift
tectonic framework region of Bangladesh are also earth-
quake vulnerable region where 7.45%, 6.38% and 5.32%
earthquake samples wildly distributed, respectively. Madhu-
pur Tripura Threshold, Paleo Continental Slope (Hing Zone)
and Bogra Shelf have less vulnerable where 1% earthquake
samples distributed. On the other hand, plate tectonic move-
ment increased earthquakes vulnerability along the plate’s
margin. Moreover, Bangladesh is situated adjacent to Indian

Plate at the west margin and Eurasian plate at the northeast-
ern boundary which in influence on spatial susceptibility of
earthquakes disaster (Islam et al. 2016). The rate of plate
movement per year increase the susceptibility of earthquakes
disaster during the recent decades, for instances active
Indian plate movement was 6.0 cm towards the northeast
direction per year, while active Eurasian Plate and Burmese
Plate flowed by 45 and 35 mm at the north and east direction
every year, respectively (Sultana et al. 2013).

Geological formation of Bangladesh includes into ten
group such as Tipam group, Surma group, Jainta Group,
Residual Deposits, Alluvial Deposit, Alluvial Fan Deposit,
Bedrocks, Lake, Plaudal Deposits, Deltaic Deposit and
Ocean and Wide River with their distinct sub-groups
(Fig. 3). From the Table 6 it is observed that highest
18.09% earthquakes occurred in Surma sub group forma-
tion Tbb [Bhuban Formation (Miocene)]. On the basis of
group formation it is also observed that maximum 29.79%
earthquakes occurred in Alluvial Deposit group and second
23.40% maximum in Surma Group. In geological formation
of Bangladesh earthquake partially save zone identified as
Deltaic Deposit group formation where only 2.125 earth-
quakes occurred during the time span 1961-2018.

Earthquake risk also lays along majors active fault zones
in Bangladesh (Fig. 4). These active faults zones are Bogra
fault zone, Tanore fault zone in Rajshahi, Tripura fault zone,
Sitakunda-Teknaf fault zone, Dauki fault zone (Haluaghat
Fault), Dhubri fault zone, Chittagong fault zone, Shahjibazar
fault zone (sub-Dauki fault) and Rangamati fault zone (Bor-
cal) (Islam et al. 2016). The predictive earthquake seismic
(e.g. particularly magnitude) vulnerability along the active
fault zones with magnitude are Bogra fault zone 7.0, Tripura
fault zone 7.0, Sub Dauki fault zone 7.3, Shillong fault zone
7.0 and Assam fault zone 8.5 (Sultana et al. 2013; Islam
et al. 2016). These active fault zones produce immense
destruction near future in Bangladesh (Sultana et al. 2013).

Communities of urban regions of Bangladesh are vul-
nerable of earthquake disaster due to several factors. For
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Fig. 3 Geological formation affecting earthquake spatial vulnerability in Bangladesh

instance, tremendous increase of population which is result-
ing from extensive construction of multi-storied building
are responsible for earthquake vulnerability in urban areas
of Bangladesh. In urban areas, there were almost non-exist-
ence of legal implementation steps to develop building code
for raising public awareness by formal urban development
authorities and due to lake of legal steps high raise building
become more susceptible to future earthquake disaster.
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Earthquake risk zone

In 1977, Bangladesh government made a countrywide earth-
quake disaster risk map for vulnerability assessment and
developing building codes for earthquake resistant building
schemes (Paul and Bhuiyan 2010). In this earthquake vulner-
ability map, developed code was established three distinct
risk zones: Zone I (high risk), Zone II (moderate risk) and
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Table 6 Spatial susceptibility of earthquake disaster in geological formation

Group Sub-group Area (sq.km) Area (%) Earthquakes samples Total (ES) Sub-group Group percentage
(ES) percentage
Tipam group QTg [Girujan Clay 581.30 0.394  E26 1 1.06 8.51
(Pleistocene and
Neogene)]
Tt [Tipam Sandstone 2977.14 2.017  E27,EA48,E63, E71, 7 7.45
(Neogene)] E72, E73, E0O
Surma Tb [Boka Formation 3602.61 2441 E70,E74,E77, E84, 5 5.32 23.40
(Neogene)] E91
Tba [Barail Formation 18.64 0.013 0 0
(Oligocene)]
Tbb [Bhuban Forma- 5606.10 3.799  E47,E62, E64, E68, 17 18.09
tion (Miocene)] E69, E75, E76, E78,
E81, E82, E83, E89,
E90, E92
Jainta group Tj [Kopili Formation 2.72 0.002 0 0
(Late Miocene);
Sylhet Limestone
(Middle Early to?
Eocene); Tura Forma-
tion (Eocene and
Pliocene)]
Residual deposits rb (Barind Clay 7197.07 4877 E4,E7,E8 3 3.19 3.19
Residuum)
rm (Madhupur Clay 3538.17 2.398 0 0
Residuum)
Alluvial deposit ac (Chandina Alluvial)  4546.89 3.081 E54,59 2 2.13 29.79
asc (Alluvial silt and 13963.97 9463 El11,E12,E17, E28, 12 12.77
clay) E29, E30, E32, E34,
E38, E39, E40, E60
asd (Alluvial sand) 4659.52 3.157 0 0
asl (Alluvial silt) 15407.79 10441 E9,El4,E18, E51, 10 10.64
E52, ES3, ES5, ES6,
E57, ES8
ava (Valley alluvium 3175.61 2.152  E49, E85, E86, E88 4 4.26
and colluvium)
Alluvial Fan Deposit  afo (Young gravelly 3973.54 2.693 E3 1 1.06 5.32
sand)
afy (Young gravelly 9011.40 6.107 El,E2,E5, E6 4 4.26
sand)
Bedrocks QTdd (Dihing and 3104.78 2.104  E10, E23, E46 3 3.19 6.38
Dupitila formation)
QTdi [Dihing Forma- 644.40 0.437 0 0
tion (Pleistocene and
Pliocene)]
QTdt [Dupitila Forma-  1372.69 0.930  ES50, E67, E87 3 3.19
tion (Pleistocene and
Pliocene)]
Qsm [Saint Martin 2.89 0.002 0 0
Limestone (Pleisto-
cene)]
Lake 1663.45 1.127  E22, E36, E65, E66, 5 5.32 5.32
E79
Plaudal Deposits 15696.50 10.637  El13, El5, E24, E25, 11 11.70 11.7

E33, E37, E41, E42,
E43, E44, E45
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Table 6 (continued)

Group Sub-group Area (sq.km) Area (%) Earthquakes samples Total (ES) Sub-group Group percentage
(ES) percentage
Deltaic Deposit de (Estuarine deposits)  2461.69 1.668 0 2.13
dm (Tidal mud) 684.89 0.464 0
dsd (Deltaic sand) 1909.71 1.294 El6 1 1.063
dsl (Deltaic silt) 12531.25 8.492 0
dsw (Mangrove Swamp  4546.87 3.081 0
Deposit)
dt (Tidal deltaic 10048.84 6.810 E19 1 1.064
deposits)
Ocean and Wide River 72742.43 E20, E21, E61, E93 4 4.26 4.26
Total 94 100.00 100.00

Zone I (low risk). On the basis of this earthquakes suscep-
tibility map, present study also integrate the proper strate-
gies for earthquake resilient scheme of Ali and Choudhury
(2001). According to Ali and Choudhury (2001) seismic
risk zoning map, 44.81% (61861.8 sq.km) area fall high
risk zone where 36.17% earthquakes occurred from 1961
to 2018, this result indicated that this area liable to severe
damage. Moderate and low seismic risk zone results reveal
that 35.48% (48985.06 sq.km) and 19.71% (27213.44 sq.km)
area liable to moderate and slight damage, where 56.38 and
7.45% earthquakes occurred, respectively (Fig. 5; Table 7).

Performance of geostatistical modeling

Earthquake variables spatial susceptibility of Bangladesh
are analyzed via several geostatistical modeling approaches.
In this study, for the generalization of earthquake variables
spatial susceptibility cross validation test approach is carried
out for select robust geostatistical model. To measure the
strength of geostatistical models earthquake field values and
predicted values are evaluate with error analysis equations
(Egs. 5-9). The strong and robust semivariogram models
is select on the basis of mean error (ME), mean standard
error (MSE), root mean square error (RMSE), average stand-
ard error (ASE) and root mean square standardized error
(RMSSE) principles (Biswas et al. 2017). In geostatistical
modeling approaches, a model is regarded strong, precise
and robust while mean error (ME) and mean standard error
(MSE) close to zero, root mean square error (RMSE) and
average standard error (ASE) are least as possible, and root
mean square standardized error (RMSSE) close to zero
(Adhikary et al. 2010; Biswas et al. 2017; Islam et al. 2017).
The cross validation analysis results summarized in Table 8
for evaluation the performance of geostatistical modeling.
Analysis results reveal that earthquake magnitude and focus
depth prediction values of various semivariogram model
provides precise performance to predict spatial susceptibil-
ity of earthquake disaster. Earthquake magnitude spatial

@ Springer

susceptibility better performance provided by exponential
semivariogram model of simple kriging approach in geo-
statistical modeling and also recognize strong, precise and
robust model in comparison RMSE with other semivari-
ogram models of ordinary kriging and IDW approach. On
the other hand, Gaussian semivariogram model of ordinary
kriging (OK) cross validation results shown that due to mini-
mum RMSE this model regarded robust for spatial suscepti-
bility prediction of earthquake focus depth.

Geographic information system (GIS) cartographic tech-
niques are applied to analyze the semivariogram y(h) model
and the relationship between semivariogram y(h) model and
distance (h) representing in scatter plot using ArcGIS soft-
ware (version 10.3). Generally, geostatistical semivariogram
models are applied to find out more accurate prediction val-
ues from spatial geographical references measured point val-
ues and robust model select through choice of least nugget
values (Goovaerts 1997). The semivariogram model parame-
ters are compute in Table 8. Semivariogram models strength
are measured by the ratio of nugget and sill which is also
called nugget/sill effect, and then classify their performance
into three distinct ways for model evaluation. The ratio of
nugget and sill results less than 25% (< 0.24), between 25
and 75% (0.25-0.75), and more than 75% (0.75 <) repre-
sented by strong, moderate and weak spatial susceptibility
of earthquake variables, respectively (Shi et al. 2007). Major
ranges of earthquake magnitude spatial vulnerability var-
ied from 99.306 to 480.6 km, wherever highest range was
computed by the OK approach via the exponential semivari-
ogram model and the smallest value shown the SK approach
via the circular, spherical, exponential and Gaussian semi-
variogram models. Moreover, major ranges for earthquake
focus depth spatial susceptibility ranging from 9.45 to
610.14 km wherever highest range was calculated by the
OK approach via the both spherical and exponential semi-
variogram model and the smallest on is calculated by the
SK approach with the circular semivariogram model. Semi-
variogram models parameters analysis results designated
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Fig.4 Fault structure affecting earthquake spatial vulnerability in Bangladesh

that exponential semivariogram model of OK demonstrate
highest spatial susceptibility for larger ranges of earthquake
samples magnitudes spatial distribution, whereas the cir-
cular, spherical, exponential and Gaussian semivariogram
model of SK represent less spatial susceptibility due to lower
ranges of earthquake magnitudes distribution. In the case
of earthquakes focus depth, the spherical and exponential

semivariogram model shows highest spatial susceptibility
due to lager range of their distribution, whereas the circular
semivariogram model represents less spatial susceptibility
because of lower ranges of focus depth. The diverse ranges
are occurred because of location of tectonic framework, tec-
tonic block, fault structure, and plate margin factors such as
topography and geological formation.
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Fig.5 Spatial disribution of earthquake sample in earthquake risk zone

Table 7 Risk zones of

Risk zone Area (sq.km) (%) Area Earthquake Percentage
earthquake sample (ES) earthquake sam-
ple (%)
Zone I (high risk zone) 61861.8 4481 34 36.17
Zone II (moderate risk zone) 48985.06 35.48 53 56.38
Zone III (low risk zone) 27213.44 19.71 7 7.45
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Fig.6 Best fitted semivariogram models of earthquake parameter
in the study area. Concentration of earthquake magnitude in simple
kriging (SK) model: a circular semivariogram model; b spherical
semivariogram model; ¢ exponential semivariogram mode; d Gauss-
ian semivariogram model and ordinary kriging model (OK); e circu-
lar semivariogram model; f spherical semivariogram model; g expo-
nential semivariogram model; h Gaussian semivariogram model; and
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Fig.6 (continued)

Semivariogram model linear curve provides precise
satisfied influence zone of earthquake sampling sites
(Fig. 6). Even, earthquake spatial susceptibility increas-
ing or decreasing pattern can easily find out from isolated
sampling sites by representation of semivariogram model
curve. Moreover, the more or less constancy of earth-
quake spatial susceptibility characterized by the high or
low consistent performance of semivariogram model y(h)
linier representation adjacent the origin provides better
decision of influence zone. The best fitted semivariogram
model for earthquakes magnitude spatial concentration is
exponential semivariogram model of OK, having classical
notion of variables and showing strong dependence by
sill/nugget effect (0.03) of earthquake samples (Fig. 6g).
On the other hand, the best fitted semivariogram model
for earthquakes focus depth spatial concentration is
Gaussian semivariogram model of SK, having also clas-
sical notion of variables and showing strong dependence
by sill/nugget effect (0.000234) of earthquake samples
(Fig. 6k).
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Prediction spatial vulnerability of earthquake

In this study, try to prepared spatial vulnerability of earth-
quake maps by applying the optimal interpolation models
using earthquake magnitude and focus depth of 94 earth-
quake samples. Earthquake magnitude and focus depth
spatial vulnerability display complex spatial pattern in
in Bangladesh. However, earthquake magnitude spa-
tial susceptibility prediction maps are classified into 10
ranges (3.5-3.74), (3.74-3.91), (3.91-4.03), (4.03-4.11),
(4.11-4.23), (4.23-4.4), (4.4-4.64), (4.64-4.97),
(4.97-5.44), (5.44-6.1) by applying the SK and OK with
their semivariogram models and IDW models power (e.g.
circular, spherical, exponential, Gaussian and power 1, 2)
(Fig. 7). In SK model, two major ranges (4.23-4.4) and
(4.4-4.64) of earthquakes vulnerability zone are observed
dominantly in four (e.g. circular, spherical, exponential
and Gaussian) optional semivariogram models. From the
Table 9 present study reveal that, only 85.87% (118,558 sq.
km) area is vulnerable to earthquakes magnitude high spa-
tial susceptibility (HS) in the best fitted exponential semi-
variogram model of SK with comparing other semivari-
ogram model which indicated lighter earthquake category.
Moreover, exponential semivariogram model of SK results
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Fig.7 Spatial vulnerability of () (b)
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impacts show that 85.87% inland area of Bangladesh are
liable to manifest trembling of househod objects, intoler-
able sounds and wherever remarkable destruction will be
occurred. On the other hand, pre-selected four optional
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semivariogram model of OK, four majors earthqueak vul-
nerability zones ranges (4.03—4.11), (4.11-4.23), (4.23-4.4)
and (4.4-4.64) are observed in Bangladesh. However, only
8.38% (11566.1 sq.km) area lies earthquakes magnitude
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Table 9 Spatial susceptibility of earthquake disaster in Bangladesh
Model  Type Range number  Earthquake focus depth Earthquake magnitude Susceptibility
Range Area (sq.m) Area(%) Range Area (sq.km)  Area (%)
SK Circular 1 5.8-22.1 150.03 0.11 3.5-3.74 VLS
2 22.1-28.8  134654.00 97.53 3.74-3.91
3 28.8-31.5 2653.27 1.92 3.91-4.03 LS
4 31.5-32.6  217.00 0.16 4.03-4.11
5 32.6-33 69.14 0.05 4.11-4.23 MS
6 33-34.1 130.23 0.09 423-4.4 275475 19.95329563
7 34.1-36.8 163.10 0.12 4.4-4.64 110,513 80.04713896 HS
8 36.8-43.5 23.17 0.02 4.64-4.97
9 43.5-59.8 4.97-5.44 VHS
10 59.8-100 5.44-6.1
Spherical 1 5.8-22.1 130.53 0.09 3.5-3.74 VLS
2 22.1-28.8  134607.00 97.50 3.74-3.91
3 28.8-31.5 2712.96 1.97 3.91-4.03 LS
4 31.5-32.6  228.81 0.17 4.03-4.11
5 32.6-33 69.93 0.05 4.11-4.23 MS
6 33-34.1 137.18 0.10 423-4.4 23,228 16.82458121
7 34.1-36.8  155.62 0.11 4.4-4.64 114,832 83.17549122 HS
8 36.8-43.5 17.79 0.01 4.64-4.97
9 43.5-59.8 4.97-5.44 VHS
10 59.8-100 5.44-6.1
Exponential 1 5.8-22.1 50.51 0.04 3.5-3.74 VLS
2 22.1-28.8  133943.00 97.02 3.74-3.91
3 28.8-31.5 3750.86 2.72 3.91-4.03 LS
4 31.5-32.6 17551 0.13 4.03-4.11
5 32.6-33 50.44 0.04 4.11-4.23 MS
6 33-34.1 71.29 0.05 423-4.4 19501.9 14.12568023
7 34.1-36.8 19.04 0.01 4.4-4.64 118,558 85.87431977 HS
8 36.8-43.5 4.64-4.97
9 43.5-59.8 4.97-5.44 VHS
10 59.8-100 5.44-6.1
Gaussian 1 5.8-22.1 137.14 0.10 3.5-3.74 VLS
2 22.1-28.8  132508.00 95.98 3.74-3.91
3 28.8-31.5 4615.97 3.34 3.91-4.03 LS
4 31.5-32.6  309.39 0.22 4.03-4.11
5 32.6-33 104.40 0.08 4.11-4.23 MS
6 33-34.1 166.20 0.12 423-4.4 19604.8 14.2002131
7 34.1-36.8  204.71 0.15 4.4-4.64 118,455 85.79971447 HS
8 36.8-43.5 14.39 0.01 4.64-4.97
9 43.5-59.8 4.97-5.44 VHS
10 59.8-100 5.44-6.1
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Table 9 (continued)

Model  Type Range number  Earthquake focus depth Earthquake magnitude Susceptibility
Range Area (sq.m) Area(%) Range Area (sq.km)  Area (%)
OK Circular 1 5.8-22.1 3.5-3.74 VLS
2 22.1-28.8 3.74-3.91
3 28.8-31.5 3.91-4.03 LS
4 31.5-32.6 4.03-4.11 938.414 0.68
5 32.6-33 938.41 0.68 4.11-4.23  20448.7 14.81 MS
6 33-34.1 20448.70 14.81 423-4.4 105,107 76.13
7 34.1-36.8  105107.00 76.13 4.4-4.64 11566.1 8.38 HS
8 36.8-43.5 11566.10 8.38 4.64-4.97
9 43.5-59.8 4.97-5.44 VHS
10 59.8-100 5.44-6.1
Spherical 1 5.8-22.1 31670.80 22.94 3.5-3.74 VLS
2 22.1-28.8  85246.40 61.75 3.74-3.91
3 28.8-31.5 11257.80 8.15 3.91-4.03 LS
4 31.5-32.6  1827.27 1.32 4.03-4.11 934.39 0.68
5 32.6-33 441.88 0.32 4.11-423 20325.6 14.72 MS
6 33-34.1 1389.71 1.01 4.23-4.4 106,189 76.92
7 34.1-36.8  3345.71 2.42 4.4-4.64 10610.8 7.69 HS
8 36.8-43.5 2880.52 2.09 4.64-4.97 0
9 43.5-59.8 4.97-5.44 VHS
10 59.8-100 5.44-6.1
Exponential 1 5.8-22.1 30615.80 22.18 3.5-3.74 VLS
2 22.1-28.8  84928.80 61.52 3.74-3.91
3 28.8-31.5  12896.00 9.34 3.91-4.03 LS
4 31.5-32.6  1590.08 1.15 4.03-4.11 935.211 0.68
5 32.6-33 554.33 0.40 4.11-4.23  19633.3 14.22 MS
6 33-34.1 1264.86 0.92 4.23-4.4 107,348 77.75
7 34.1-36.8  3092.12 224 4.4-4.64 10143.5 7.35 HS
8 36.8-43.5 3118.22 2.26 4.64-4.97
9 43.5-59.8 4.97-5.44 VHS
10 59.8-100 5.44-6.1
Gaussian 1 5.8-22.1 31670.80 22.94 3.5-3.74 VLS
2 22.1-28.8  85246.40 61.75 3.74-3.91
3 28.8-31.5 11257.80 8.15 3.914.03 LS
4 31.5-32.6  1827.27 1.32 4.03-4.11 803.641 0.58
5 32.6-33 441.88 0.32 4.11-4.23  20569.3 14.90 MS
6 33-34.1 1389.71 1.01 4.23-4.4 105,858 76.68
7 34.1-36.8  3345.71 242 4.4-4.64 10829.1 7.84 HS
8 36.8-43.5 2880.52 2.09 4.64-4.97
9 43.5-59.8 4.97-5.44 VHS
10 59.8-100 5.44-6.1
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Table 9 (continued)
Model  Type Range number  Earthquake focus depth Earthquake magnitude Susceptibility
Range Area (sq.m) Area(%) Range Area (sq.km)  Area (%)
IDW Power 1 1 5.8-22.1 22735.30 16.47 3.5-3.74 VLS
2 22.1-28.8  83074.30 60.17 3.74-391
3 28.8-31.5 20682.30 14.98 3.91-4.03 LS
4 31.5-32.6  2382.60 1.73 4.034.11  92.2027 0.07
5 32.6-33 798.48 0.58 4.114.23  3766.23 2.73 MS
6 33-34.1 2022.83 1.47 4.23-4.4 46534.1 33.71
7 34.1-36.8 269891 1.95 4.4-4.64 68,255 49.44 HS
8 36.8-43.5 269891 1.95 4.64-4.97 18200.9 13.18
9 43.5-59.8 1.86 0.00 497-544 1211.7 0.88 VHS
10 59.8-100 5.44-6.1
Power 1 1 5.8-22.1 32905.80 23.83 3.5-3.74 0 VLS
2 22.1-28.8 61791.30 44.76 3.74-391 474.238 0.34
3 28.8-31.5 20113.90 14.57 3.91-4.03 986.102 0.71 LS
4 31.5-32.6  8160.04 591 4.03-4.11  1359.53 0.98
5 32.6-33 2694.28 1.95 4.114.23  6619.01 4.79 MS
6 33-34.1 3509.09 2.54 42344 42033.1 30.45
7 34.1-36.8 401091 291 4.4-4.64 59288.3 42.94 HS
8 36.8-43.5 4301.17 3.12 4.64-4.97 22705.5 16.45
9 43.5-59.8 573.68 0.42 4.97-5.44  4100.44 2.97 VHS
10 59.8-100 5.44-6.1 494.046 0.36

VLS very low susceptibility, LS low susceptibility (LS), MS medium susceptibility, HS high susceptibility, VHS very high susceptibility

high spatial susceptibility (HS) in circular semivariogram
model of OK. In exponential semivariogram model of OK
outcome demonstrates that, only 77.75% (107,348 sq.km)
area lies to medium spatial susceptibility (MS) of earth-
quake magnitude and express lighter earthquake category.
Furthermore, Impacts results of circular semivariogram
model disclose that, as the impact of exponential semivari-
ogram model of SK, but lesser as spatial area context of
earthquake susceptibility. In IDW model, six (4.03-4.11),
(4.11-4.23), (4.23-4.4), (4.4-4.64), (4.64-4.97), (4.97-5.44)
and nine (3.74-3.91), (3.91-4.03), (4.03-4.11), (4.11-4.23),
(4.23-4.4), (4.4-4.64), (4.64-4.97), (4.97-5.44), (5.44-6.1)
majors earthquake vulnerability zones ranges are observed
in power 1 and 2, respectively in inland Bangladesh. About
0.88% (1211.7 sq.km) and 0.36% (494.046 sq.km) area
lies to earthquakes magnitude high spatial susceptibility
(HS) ranges [(4.97-5.44) and (5.44-6.1)] in power 1 and
2, respectively of IDW model. The impact results of IDW
model in spatial context dissimilar from SK and OK model.
Spatial vulnerability of this model with power 1 results indi-
cated that, it is liable to moderate earthquake vulnerability
in Bangladesh. It could be causes major destruction to the
old building and minor destruction to the new constructions.
In the case of power 2 of IDW model outcome expressed
that, it is liable to strong earthquakes vulnerable in inland
Bangladesh. The effects of this results also indicated that

it can be more damaging in the high population density
places which can across about 160 km buffer area. But dur-
ing the contemporary time, tremendous increase of popu-
lation, rapid growth of urbanization and industrialization
with their multistoried building, extraction of groundwater
ignoring ground water level will great concern to occur
major earthquake disaster in urban area like Dhaka City and
Chittagong City. The impact of the future upcoming major’s
earthquake results will unbound and its destruction cannot
be measurement.

In this study, earthquake in Bangladesh are classify
on the basis of focus depth. They are termed as shallow
focus depth which range from 0 to 70 km; intermediate
focus depth which varied from 70 to 300 km and deep
focus depth which range more than 300 km (Islam et al.
2016). Present study reveal that, Bangladesh lies shallow
focus depth to intermediate focus depth of earthquake
vulnerability. Moreover, earthquake focus depth spa-
tial susceptibility prediction maps are classified into 10
ranges (5.8-22.1), (22.1-28.8), (28.8-31.5), (31.5-32.6),
(32.6-33), (33-34.1) (34.1-36.8), (36.8-43.5) and
(59.8-100) by applying the SK and OK with their semi-
variogram models and IDW models power (e.g. circu-
lar, spherical, exponential, Gaussian and power 1, 2)
(Fig. 8). Focus depth spatial vulnerability of earthquake
in SK and OK models demonstrate that eight major
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Fig. 8 Spatial vulnerability of
earthquake focus depth (km) in
Bangladesh with OK, SK and
IDW models

ranges (5.8-22.1), (22.1-28.8), (28.8-31.5), (31.5-32.6),
(32.6-33), (33-34.1) (34.1-36.8) of earthquakes vulner-
ability zone are observed dominantly in optional semi-
variogram models except exponential model. Only 7.84%
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(10829.1 sq.km) area is vulnerable to high earthquakes
focus depth concentration range (34.1-36.8) in the best
fitted Gaussian semivariogram model of OK, which indi-
cated shallow focus earthquake vulnerability. The impacts
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of shallow focus earthquake have large spread and greater
damage at the earth crust because it caused by faults in
the tertiary hilly region and the movement of continental
plates. On the other hand, only 8.377589% (11566.1 sq.
km) area is vulnerable to high earthquakes focus depth
concentration range (34.1-36.8) in circular semivario-
gram model of OK with comparing other semivariogram
model which also indicated shallow focus earthquake
vulnerability. The OK model impacts results are similar
with SK model.

Earthquake disaster management

Earthquake disaster cannot be prevented but applying sys-
tematic disaster management approach can reduce its risk
and help in development mitigation scenarios. Earthquake
disaster management can be accelerated through two phases,
i.e. pre-disaster prevention/reduction and preparedness, post-
disaster, response and recovery.

Preparedness phase

a. Regular monitoring the earthquake disaster and explore
probable vulnerable area.

b. Earthquake vulnerability modelling is an essential pro-
cess in this phase which can deliver realistic scenarios
recognizing areas that may be affected in the future.

c. Updating seismic vulnerability map remaining small and
large scale area on the basis of earthquake magnitude,
intensity and focus depth.

d. Developing standard building code for future new con-
struction and all the public and private construction
should follow mandatory. In this regards, law adminis-
tration authorities to take proper steps whose are con-
trary to malefactor of the building codes.

e. Mass communication systems such as electric and print
media should enroll video coverage and writing, respec-
tively to aware about the earthquake disaster vulnerabil-
ity.

f.  All level of education disaster management course will
be include.

g. Adequately training to the volunteers and evacuation
plans are considered part of the preparedness activities.

Response phase

a. Search and rescue operation should be carried out for
finding the affected and injured people as soon as pos-
sible. In this regards, fire service, police and ambulance

crews should be taken great role in search and rescue
operation.
Admitted injured people in medical hospital urgent.

c. Evacuation such as relocate injured people from the
impacted zone and provide temporary shelter.

d. Relief (food supplies, clothing, water, and medicine)
supplies should be provide free of charge, in the days
and weeks immediately following a sudden earthquake
disaster.

Recovery phase

a. Damage assessment should be carried out quickly.
Providing emergency shelter among the victim people.

c. Water, sanitation and hygiene should be ensured among
the victim’s people.
Reconstruction of affected settlement.

e. Restoration of physical and socio-economic environ-
ment.

f. Emergency communication system should be developed.

g. Emergency medical care should be ensured among the
injured peoples.

Development

a. Earthquake affected zone should turned into previous
condition by developing activities such as reconstruc-
tion of transportation network, damage socio-economic
organization.

b. All the development infrastructures should build remain-
ing the geographical, geological, geomorphological,
hydrological and climatological characters of the envi-
ronment.

c. Government and non-government financial organiza-
tions should provide loan and micro credit for accel-
eration rehabilitation practice those are the victims of
earthquake disaster.

d. Develop disaster communication systems.

Mitigation phase

a. Relocation of different government organization from
vulnerable place. In this sense, Dhaka is the most vul-
nerable due to high population density, large number of
government, non-government organization and educa-
tional institutions. These organization should be relo-
cated from Dhaka city to low vulnerable zone.
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b. Socio-economic institutions such as school, college, uni-
versity, hospital, religious prayer hall have to be build
earthquake resistances.

Conclusion

Bangladesh is susceptible to several natural disasters
and regarded as extreme vulnerable country of the earth.
Among the various disasters, earthquake spatial vulner-
ability is increasing during the contemporary time in this
country. Several factors increase the risk of earthquake such
as geological formation, location of plate boundary, loca-
tion of fault and fold and tremendous increase of popula-
tion in major cities of this country. Tertiary hilly regions
of this country are susceptible to earthquake disaster due
to location of plate boundary and fold and fault structures.
Moreover, central region of Bangladesh particularly Dhaka
City is more vulnerable to earthquake due to large number
of population living here. Furthermore, the average mag-
nitude of earthquake in Bangladesh is 4.539 Richter scale
and 98.94% earthquakes are shallow focus with average
28.68 km focus depth. About 44.68% earthquake occurred
along Western Fold Belt of the Indoburman Orogeny tec-
tonic frame work. Nearly, 44.81% (61861.8 sq.km) area
fall high risk zone where 36.17% earthquakes occurred
from 1961 to 2016. Geostatistical model results shows that,
85.87% (118,558 sq.km) area is vulnerable to high earth-
quakes magnitude in exponential semivariogram model
of SK with comparing other semivariogram model which
indicated lighter earthquake category. Sustainable manage-
ment strategies of earthquake can mitigate vulnerability on
resources, lives and livelihood in Bangladesh. Integrated
disaster management approach by local community, govern-
ment and non-government organization will reduce the risk
of earthquake disaster vulnerability at present and future and
ensure sustainable management. In this regards, fire fighter,
army admiration, local administration, registered doctors
and students, environmental engineers, lawyer’s representa-
tives and government media, print media, mass media and
all level of conscious people should come forward to work
for the development distress people of earthquake affected.
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