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Abstract
Dhaka is one of the most populated cities in the world, which means that the occurrence 
of natural hazards will put the city in a critical situation. A seismic hazard analysis (SHA) 
is a prerequisite to reduce the risk of an earthquake event in Dhaka. This paper, focus-
ing on the active faults of Bangladesh and the soil condition, represents the calculation 
of the peak ground acceleration (PGA), spectral acceleration (SA), and amplification fac-
tor. The analysis here used an updated seismic catalog (up to 2020), three source models 
(linear, areal, and smoothed seismicity), and eight attenuation models (selected by rank-
ing techniques). Data from drillings are used to build the soil model, and one-dimensional 
frequency-domain equivalent-linear analysis is applied to calculate the amplification factor 
and the acceleration on the surface. The results show that the PGA changes from 0.14 to 
0.19 and from 0.33 to 0.46 on bedrock for a return period of 475 and 2475 years, respec-
tively. The worst-case scenario for Dhaka is the movement of the Jamuna Fault (Madhapur 
section), which can cause a PGA from 0.08 to 0.68 on bedrock. The results also suggest 
that the soil can amplify the acceleration up to 2.4 times. PGA on the surface for the return 
period of 475 years varies from 0.18 to 0.41. The design spectra and zonation maps are 
presented in the paper.
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1 Introduction

Bangladesh is a part of the Himalayan foredeep and the down-wrapped Bengal Basin. 
After the complete subduction of the Tethys oceanic crust between India and Eurasia, it 
became an interaction between two continental plates, which sutured themselves together 
to form a larger continent (Gupta 2006). In 1993, the Bangladesh National Building Code 
(BNBC) provided the seismic hazard zoning map to determine the minimum design earth-
quake forces for buildings. Bangladesh has been divided into three seismic zones based on 
seismic ground motion with a 2% probability of exceedance within 50 years (Ministry of 
Housing & Public Works 1993). In the latest revision of BNBC, the seismic classification 
of Bangladesh is changed from three to four zones (Ministry of Housing & Public Works 
2020).

Zhang et al. (1999) developed the PGA hazard map with a 10% probability of exceed-
ance in 50 years for continental Asia as part of the Global Seismic Hazard Assessment Pro-
gram. Al-Hussaini and Al-Noman (2010) computed probabilistic seismic hazard for Bang-
ladesh using different attenuation relationships and delineation of seven seismic sources. 
Kolathayar et al. (2012) and Nath and Thingbaijam (2012) estimated seismic hazards for 
India and adjoining areas using deterministic and probabilistic approaches, respectively. 
Also, the Global Earthquake Model (GEM) in Global Seismic Hazard Map developed 
the distribution of the PGA for the return period of 475 years computed for seismic rock 
conditions  (VS30 = 760–800 m/s) using the OpenQuake engine (Pagani et al. 2018). Mase 
et al. 2021 provided a comprehensive seismic hazard vulnerability based on a probabilistic 
approach in Bengkulu City, Indonesia, which is recommended in its seismic design code. 
The results show that PGA in Bengkulu City ranges from 0.2 to 0.5 g. SA at 0.2 s and 1 s 
ranges from 0.4 to 1.3 g and 0.4 to 0.7 g, respectively.

Furthermore, Haque et al. (2019) assessed the probabilistic seismic hazard by modify-
ing seismic sources in Bangladesh. In this work, the spectral acceleration for 2% and 10% 
probabilities of exceedance in 50 years has been calculated using OpenQuake by consider-
ing the site effects. More recently, Rahman et al. (2020) performed a probabilistic seismic 
hazard analysis (PSHA) for Bangladesh. They prepared the PGA and spectral acceleration 
(periods of 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 s) maps at the bedrock for both return periods of 
475 and 2475 years.

In the present study, PSHA has been conducted for the DMR, considering uncertainties 
by applying the logic tree approach. SHA relies on seismotectonic interpretations, identi-
fication of seismic sources, earthquake catalog development, and selection of GMPEs to 
estimate the probability of ground motion at a given level at a specific site. Here, the Open-
Quake engine has been used. The OpenQuake engine has been introduced by Pagani et al. 
(2014), and since then, many researchers around the world used this platform for seismic 
hazard and risk assessment (Yilmaz et al. 2021; Du and Pan 2020; Zimmaro and Stewart 
2017; Villar-Vega et al. 2017; Chaulagain et al. 2015).

2  SHA on bedrock

Various approaches are available for SHA. Each one of these approaches can be performed 
in detail by studying seismotectonic, identification of faults, developing a homogenous 
earthquake catalog, delineation of seismic sources, and selecting proper GMPEs. In the 
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current work, SHA has been performed using GEM’s OpenQuake based on classical PSHA 
(for various return periods of 50, 75, 100, 200, 475, 2475, and 10,000 years) and scenario-
based approaches.

2.1  Regional tectonic of Bangladesh

The Bengal Basin results from the collision of the Indian Shield with the Eurasian Plate 
in the north and the collision with the Burma Plate in the east. The Himalaya is a conse-
quence of the collision of the Eurasian and Indian Plates about 50 Ma (Valdiya 1984). The 
Indian Plate is subducting along the Sunda and Andaman trenches with a highly oblique 
convergence (Satyabala 2003; Stork et al. 2008; Hurukawa et al. 2012). The predominant 
tectonic regime in this region is compression with the northward motion of the Indian Plate 
relative to the Eurasian Plate at a rate of ~ 18–20 cm/yr (Kumar et al. 2007). According to 
Socquet et al. (2006), the relative movement between the India and Sunda Plates is 35 mm/
yr. The strike-slip motion between the India and Sunda Plates, along the Sagaing Fault, 
accommodates displacement at a rate of 18 mm/yr. Mallick et  al. (2019) inferred active 
convergence across the Indo-Barman ranges at a rate of ~ 12–24 mm/year.

2.2  Earthquake catalog, magnitude homogenization, and declustering

Compiling a uniform earthquake catalog is a critical tool in SHA. Figure  1 shows the 
reviewed existing catalogs for the subject region.

A primary concern for investigating historical seismicity is how they are assembled. 
The reliability of historical catalogs varies considerably over time, and it can be very low 
for the early period. Most of the historical earthquake catalogs, probably due to insufficient 
observation or macroseismic data, are not complete or homogeneously compiled in terms 
of epicentral locations and magnitude. To prioritize the various historical seismic data-
bases and selection of historical earthquakes among available databanks, some criteria and 
related rating classes have been defined according to the quality and quantity of intensity 
observations as presented in Table 1.

Fig. 1  The timeline of existing earthquake databases (Pandey et  al. 2017; Nath et  al. 2017b; Alam and 
Dominey-Howes 2016; Kolathayar et al. 2012; Martin and Szeliga 2010; Szeliga et al. 2010; Kayal 2008b; 
Ambraseys and Douglas 2004)
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According to the defined reliability criteria, Ambraseys and Douglas (2004) and Sze-
liga et al. (2010) have the highest priority due to the reassessment of isoseismal maps 
and approximation of earthquake epicenter location by more than five intensity observa-
tions, respectively. However, the events with lower rating classes were conservatively 
selected in the list of historical earthquakes.

For instrumental earthquakes, besides available international catalogs such as 
ISC, the catalogs provided by Nath et al. (2017b), Kolathayar et al. (2012), Alam and 
Dominey-Howes (2016), and Pandey et al. (2017) can be applied. Due to differences in 
the coverage area of various catalogs, a rectangular region bounded by latitudes 17.8° 
N–29.5° N and longitudes 83.4° E–97.5° E that cover the radius of 300 km from DMR 
has been selected for further investigations.

First of all, duplicated data have been removed by setting the proximity limits of 
the temporal, location, and magnitude differences. After that, to select the most accu-
rate and complete earthquake database, the area and period of coverage, homogeneity, 
completeness, continuity of events, the number of events, and variation of earthquake 
magnitude and depth through time for each catalog were investigated aiming to compare 
the various earthquake databanks. Finally, the catalog developed by Nath et al. (2017b) 
has been selected for further investigation. Nath et al. (2017b) compiled an earthquake 
catalog for the period of 1900–2014. To complete the catalog from 2014 to 2017/12/1 
and from 2017/12/1 to 2020/02/28, the seismic events extracted from the Reviewed ISC 
Bulletin and USGS are added to the catalog, respectively.

A homogeneous earthquake catalog with a uniform magnitude scale is an important 
part of SHA. Figure 2 compares the trend lines of empirical relations for converting sur-
face and body wave magnitudes to moment magnitude developed by Nath et al. (2017b), 
Kolathayar et  al. (2012), Pandey et  al. (2017), Das et  al. (2011), Yadav et  al. (2010), 
and Scordilis (2006). By applying the log-likelihood (LLH) methodology, the relation 
of Nath et al. (2017b) has been selected for the homogeneity of the earthquake catalog.

It is necessary to have a catalog with Poisson’s behavior. For each earthquake cata-
log, the subsequent shocks are identified as aftershocks if they occur within a specified 
time and distance interval (van Stiphout et al. 2012). In the present project, the Gardner 
and Knopoff (1974) algorithm has been applied for declustering.

Finally, a homogeneous earthquake catalog has been compiled within a radius of 
300  km from DMR containing historical and instrumental events. Historical earth-
quakes were extracted from databases provided by Ambraseys and Douglas (2004), 
Szeliga et al. (2010), Kolathayar et al. (2012), and Alam and Dominey-Howes (2016), 
respectively. The distribution of the declustered earthquake catalog is shown in Fig. 3. 

Table 1  The defined reliability 
criteria for historical seismic data

Rating 
class

Description of reliability criteria

A –
–

Existence of excellent or reassessed isoseismal maps
Existence of sufficient intensity observations for the 

approximation of epicentral location and magnitude
B – Events that have been reported by more than two databases
C –

–
–

Events that have been reported by just one database
Existence of insufficient intensity observations
Epicentral location approximation is based on poor evidence
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Also, the magnitude histogram, time histogram, and variation of earthquake magnitude 
versus time for the final catalog are shown in Fig. 4.

2.3  Seismic source determination

Three types of sources are identified here to conduct the SHA. Areal sources are areas with 
the same seismicity pattern and behavior (McGuire 2004). In this research, seven areal 
sources in the study area are identified.

Source A:  Combining seismic density and topography of the Dauki Fault zone, the bor-
der of source A is defined. The eastern boundary of zone A is recognized by 
the Dhubri lineament. A significant point in this seismic zone is its excellent 
compatibility with the gravity anomaly map. The zone is also well aligned 
with the Shillong Massif state of Bangladesh tectonic map.

Fig. 2  Comparison of the empirical relations for converting magnitudes a MS, ISC-MW, b MS, USGS-
MW c mb, ISC-MW, and d mb, USGS-MW
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Source B:  This seismic source is located in the shallow crust subduction transition zone. 
The Chittagong Coastal Fault (CCF) and the Kaladan Fault are assumed as 
the eastern and western borders of this source. From the west to the east, the 
morphology is slightly changing from flat plain to slightly folded and finally 
to completely folded. It can be divided into two sources. Sources B1 and B2 
are located just in contact with the slightly folded zone and completely folded 
zone. These zones are in good consistent with the gravity anomaly and the 
tectonic map of Bangladesh. Seismicity is increasing from west to east, and 
the depth of earthquakes increases just after seismic sources B1 and B2. The 
border between seismic zones B1 and B2 has been identified based on the 
Kaladan Fault.

Source C:  This source is also divided into two parts. The seismic sources C1 and C2 are 
located in the west of Dhaka and contain two tectonic zones of Bangladesh. 
These zones have very low seismicity compared to their neighboring seismic 
sources. A remarkable point in these sources is their very high correlation 
with the gravity map. C1 is limited to the Dauki Fault and Dhubri lineament 
in the north. The map of seismic sources provided by Kolathayar et al. (2012) 
was used to determine the western boundaries of these zones and the southern 
border of C2.

Source D:  Source D is located between B1 and C2, in an area with differences in grav-
ity and magnetic anomaly. It has low seismicity in general, but the distribu-
tion of historical earthquakes is significant. There is a complete alignment 
of this source with the tectonic map of Bangladesh. The eastern boundary 
of the source is distinguished by the northeast–southwest lineaments. This 
zone includes Dhaka City and is highly effective. The lower boundary of this 

Fig. 3  Distribution of earthquake catalog within the radius of 300 km from Dhaka
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seismic source ends at the seismic source zones provided by Kolathayar et al. 
(2012).

Source E:  It is located between B1 and D, in full compliance with the tectonic map of 
Bangladesh. This zone is determined and limited by significant faults and 
lineaments. The lower boundary of this source ends at the boundaries of seis-
mic sources provided by Kolathayar et al. (2012). In terms of seismicity, this 
source is located in a transition zone between the low and high seismicity of 
the collision zone.

The design of an area source requires activity rates and nodal plane distribution. The 
focal mechanism or the fault plane solution of earthquakes that have been reported by vari-
ous agencies was used to define earthquake ruptures that are consistent with the area source 
and the tectonic feature (Fig. 5).

In this study, the faults are presented as linear sources due to their separable activity. 
Faults are defined as narrow zones due to the depth of the seismogenic layer and the fault’s 
dip. To recognize and investigate the faults maps with different scales, GeoEye satellite 

Fig. 4  Magnitude a and time b histogram of final instrumental catalog, and variation of magnitude through 
the time c 
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images, SRTM images, Google Earth images, magnetic, gravity, and more importantly, the 
published papers on active faults in the study area are used. The structural geology ele-
ments within the 300-km radius of DMR are represented in Table 2.

One problem is that earthquake catalogs generally include large quantities of events, 
which do not seem to be linked to any fault, and the reliability of parameters can be ques-
tionable (Ouillon et al. 2008). The 3D geometry of faults might lead to a better definition 
seismogenic potential of the source by constraining the maximum area that can be rup-
tured by the earthquake (Boncio et al. 2004). In this paper, a multi-objective fuzzy particle 
swarm optimization algorithm is used to assign earthquakes to each fault and increase the 
reliability of the catalog. The maximum depth of events is employed to limit the depth of 
faults, and with the dip angle, a 3D plane is defined for each fault. In this algorithm, the 3D 
Euclidean distance of each event from each fault plane and the 3D Euclidean distance of 
each event from each cluster centroid are minimized (Ghasemi Nejad et al. 2021).

As a result, it was found that with the Dauki Fault, the effect of the Oldham and Dapsi 
Faults can be overlooked. These two faults decrease the impact of the Dauki Fault in SHA. 
Therefore, they are removed from the list of linear sources. The rest of the faults are sepa-
rated and identified in the implemented clustering model, and the earthquakes are assigned 
to them. Figure 6 shows the results of running the algorithm. It is visible in Fig. 6 (a) that 
there are two specified areas with no faults. Area 1 corresponds to the identified location 
of the Sylhet lineament, and it can be considered and investigated as a probably blind fault. 
Likewise, the Paoma lineament (Fig. 6—area 2) was added to the linear seismic sources. 
Figure 6 (b) shows the final result with all the linear sources and events assigned to them. 
Table 3 gives the list of these linear sources with their mechanism, dip direction, and total 
length used in this paper. Table 3 also presents the list of “observed” earthquakes assigned 
to the mentioned faults based on the literature review.

Another source that is considered here is smoothed seismicity. The idea of the smoothed 
seismicity maps was introduced by Frankel (1995) to get away from the judgments involved 
in drawing seismic source zones. This approach relies on dividing the area of interest into 

Fig. 5  Nodal plane distribution consistent with areal sources
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a grid of cells. Each cell is characterized by the cumulative number of earthquakes  (ni) for 
Mw ≥ Mc, where i is the cell index. The grid of  ni values is then smoothed spatially by 
multiplying by a Gaussian function with correlation distance (Frankel 1995). In this paper, 
to define smoothed seismicity, earthquakes with magnitude equal to or greater than Mw 4.0 
from 1964 to February 2020 have been used.

Earthquake frequency for cells has been determined on a grid around the study area. 
Dimensions of each cell vary from 0.1 to 0.5. It has been expected that the distribution 
of the earthquakes follows Gutenberg–Richter scattering with a b-value equal to what has 
been estimated in related areal sources of each node. Finally, the rate for each grid cell has 
been computed. Grid nodes have been smoothed by applying a Gaussian kernel between 
neighboring cells with a variable correlation distance of 50, 100, and 150. The annual 
occurrence rate distributions estimated from the various depth, grid spacing, and correla-
tion distances are shown in Fig. 7. Finally, the grided a-value spaced at increments of 0.1° 
with a correlation distance of 50 km has been selected (Fig. 8).

2.4  Earthquake catalog completeness

The magnitude of completeness (Mc) is the lowest magnitude at which the maximum fre-
quency of magnitude has occurred (Rydelek and Sacks 1989). It will change spatially and 
temporally because of the increase in the number of seismographs in the region. In this 
paper, the Mc for each linear and areal seismic source has been determined by the fre-
quency–magnitude distribution (Fig. 9), which was suggested by Wiemer and Wyss (2000).

2.5  Seismicity parameters evaluation

The seismicity parameters have been computed employing the maximum-likelihood proce-
dure provided by Kijko and Sellevoll (1992) and Kijko (2004) and Gutenberg and Richter 
(1944) recurrence relation. The estimated seismicity parameters are presented in Table 4, 
and the variation of a-value and b-value calculation based on mentioned procedures is pro-
vided in Fig. 10.

Fig. 6  Assigning earthquakes using the clustering algorithm
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Fig. 7  Smoothed seismicity map, for grid spacing 0.1°, 0.2°, 0.5°, and the correlation distance 50, 100, and 
150 km

Fig. 8  Areal and linear seismic sources used in the present analysis
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The diagrams related to seismicity parameters estimation by applying the maximum-
likelihood method proposed by Kijko and Sellevoll (1992) and Kijko (2004) are shown in 
Fig. 11.

Fig. 9  Cumulative and noncu-
mulative frequency–magnitude 
distribution

Table 4  The estimated seismicity parameters

Seismic source model Mc (Kijko and Sellevoll 1992) & (Kijko 2004) (Gutenberg and 
Richter 1944)

Mmax Lambda Beta a- value b- value a- value b- value

Areal source A 4.2 6.3 3.50 2.48 3.77 1.08 4.35 0.95
B1 3.8 6.0 1.24 1.64 2.48 0.71 2.59 0.66
B2 4.3 6.4 1.69 1.93 2.69 0.84 3.51 0.76
C1 4.1 6.4 1.07 2.14 2.75 0.93 1.34 0.78
C2 4.1 6.4 1.36 2.14 2.87 0.93 1.70 0.78
D 3.9 6.0 1.07 1.61 2.27 0.70 2.56 0.66
E 3.7 6.4 1.11 1.91 2.05 0.83 2.70 0.72

Linear source Dauki 4.2 8.0 0.94 1.88 2.41 0.82 2.97 0.72
Sylhet 3.9 6.1 0.38 1.51 2.11 0.66 1.95 0.61
CCF 3.8 6.0 0.92 2.01 2.07 0.87 2.98 0.79
Jamuna 4.1 7.7 0.10 1.35 2.04 0.59 1.23 0.55
Paoma 4.2 6.7 0.19 2.42 1.98 1.05 3.22 0.94
Kaladan 4.4 6.4 1.77 2.15 2.58 0.93 3.96 0.84

Entire area 4.2 8.6 2.65 1.83 3.45 0.79 3.35 0.72
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2.6  Maximum magnitude estimation

The  Mmax values for linear sources are calculated with relationships proposed by Wells 
and Coppersmith (1994), Blaser et al. (2010), Strasser et al. (2010), Mohajer-Ashjai and 
Nowroozi (1978), and Ambraseys and Jackson (1998).  Mmax then has been averaged 
between values calculated by mentioned relationships, estimated  Mmax calculated by 
Kijko (2004),  Mmax obtained in double-truncated Gutenberg–Richter model, and maxi-
mum observed assigned earthquake to each fault (Table 5). For areal sources, the  Mmax 
values have been averaged between the estimated  Mmax calculated by Kijko (2004) and 
the maximum assigned earthquake to each source (Table 6).

To calculate the  ZTOR, the method suggested by Kaklamanos et  al. (2011) is used. 
Some GMPEs require two site parameters termed  Z1.0 (a depth where  VS = 1  km/s) 
and  Z2.5 (a depth where Vs = 2.5 km/s). Here, the relationship proposed by Chiou and 

Fig. 10  Variation of a- and b-value estimation

Table 5  Mmax assigned to each 
linear seismic source

Name Final Mw Std Name Final Mw Std

CCF1 7.2 0.52 DaF_W 7.4 0.43
CCF2 6.8 0.54 JF 6.5 0.40
CCF3 7.2 0.52 MaF 6.9 0.42
CCF4 7.1 0.50 KaF1 7.1 0.40
DaF_E 7.1 0.41 KaF2 7.3 0.42
DaF_Em 6.6 0.53 KaF3 7.5 0.48
DaF_C 7.6 0.39 PaL1 6.6 0.38



3159Natural Hazards (2023) 117:3145–3180 

1 3

Youngs (2014) has been applied to estimate  Z1.0. To estimate  Z2.5, Campbell and Bozor-
gnia (2007) proposed a method, which is used here.

2.7  Focal depth

A three-dimensional seismicity model has been prepared along with topography and faults 
to study and determine the depth of the seismogenic layer. The distribution of earthquake 
depths for the developed instrumental catalog in the present study is shown in Fig. 12a. 
Most earthquake depths are 9–15 km and 33–37 km. Therefore, two statistical models can 
be seen in the histogram of earthquake depths. As regards, depths reported in routine bulle-
tin locations are fixed at an arbitrary depth (33 km for the USGS and ISC) (Jackson 2001), 
the earthquake depths in the range of 33–37 km have been removed, and only one mode 
appears with an average value of 10 km. Figure 12b shows the seismogenic layer depth 
between 9 and 15 km (with a bold symbol) with an even distribution throughout the 300-
km radius of DMR.

On the other hand, the catalog of ISC-EHB Bulletin (events from 1964 to 2016) mini-
mizes errors in locations and particularly depth by applying procedures described by Eng-
dahl et al. (1998), which has been used for earthquake depth investigation in the present 
study. The ISC-EHB catalog is depicted as a three-dimensional model, and the seismogenic 

Fig. 11  Diagrams resulted from the calculation of seismicity parameters

Table 6  Mmax assigned to each seismic areal source

Name Kijko (2004) Gutenberg–Rich-
ter model

Observed M Final Mw Std

M M -δ M + δ M

A 6.3 6.0 6.6 6.6 6.1 6.3 0.27
B1 6.0 5.7 6.4 6.9 6.3 6.3 0.44
B2 6.3 6.0 6.6 8.1 6.3 6.7 0.80
C1 6.4 6.1 6.7 6.4 6.3 6.4 0.22
C2 6.4 6.1 6.7 6.4 6.3 6.4 0.22
D 6.0 5.6 6.3 6.7 5.8 6.1 0.39
E 6.4 5.7 7.1 5.9 6.8 6.4 0.52
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layer is obtained from 10 to 15 km (Fig. 13). In addition, according to Spence (1989), the 
earthquake depth range of 0–700 km can be divided into shallow, intermediate, and deep. 
Shallow earthquakes are between 0 and 70  km, intermediate earthquakes have 70–300-
km depth, and deep earthquakes have 300–700-km depth. Based on this classification, the 
majority of occurred events are shallow earthquakes. The depth of the seismogenic layer 
has been considered between 9 and 15 km for the present study.

Fig. 12  Two-dimensional model of earthquake depth based on compiled instrumental catalog

Fig. 13  Two-dimensional model of earthquake depth based on ISC-EHB catalog
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2.8  GMPE selection

Selecting appropriate GMPEs capable of estimating proper ground motion parameters 
is one of the challenges in any SHA. This is particularly apparent in regions where local 
GMPEs do not exist. The main common approaches to distinguish between different mod-
els and critic their validity are the likelihood (LH), log-likelihood (LLH), and Euclidean 
distance-based ranking (EDR). For GMPEs ranking, the dataset of records relative to 
earthquakes in India has been collected. The dataset is composed of 124 records related to 
nine events (Table 7). A literature review has been carried out to identify potential candi-
date GMPEs within the study area considering the tectonic environment. Table 8 gives the 
name of GMPEs that are used by different researchers for similar regions and applied as 
input for the ranking process in this paper.

The spectral acceleration was generated using the candidate GMPEs over six periods 
(0.0  s, 0.1  s, 0.2  s, 0.5  s, 1.0  s, and 2  s) for all ground motion records in the selected 
dataset. Then, their fitness to the dataset is analyzed by applying LH, LLH, and EDR 
approaches (Figs. 14 and  15). As a result, the GMPEs proposed by Abrahamson and Silva 
(1997), Sharma et al. (2009), Boore et al. (1997), and Campbell and Bozorgnia (2008) are 
selected for the active shallow crustal regime. Also, the relations by Toro (2002) Tavakoli 
and Pezeshk (2005), Atkinson and Boore (2006), and Campbell (2003) are nominated for 
the stable shallow crustal regime.

Table 7  List of earthquakes used for GMPEs ranking

Earthquake Date and Time 
(UTC)

Lat Lon Depth (km) Mw Ms M (other) No. of Records

Bhuj—Kachchh 2001–01-26 
03:16:40

23.42 70.23 16 7.7 1

Chamoli 1999–03-28 
19:05:11

30.51 79.40 15 6.6 11

India–Burma 
Border 1997

1997–05-08 
02:53:15

24.89 92.25 34 6.0 5.6 11

India–Burma 
Border 1995

1995–05-06 
01:59:07

24.98 95.29 117 6.4 9

Uttarkashi 1991–10-19 
21:23:15

30.78 78.77 10 7 13

India–Burma 
Border 1990

1990–01-09 
18:51:29

24.75 92.24 119 6.1 14

India–Burma 
Border 1988

1988–08-06 
00:36:25

25.14 95.12 90 7.3 7.2 33

India–Bangladesh 
Border

1988–02-06 
14:50:45

24.68 91.57 15 5.9 5.8 18

India–Burma 
Border 1987

1987–05-18 
01:53:51

25.27 94.20 49 6.3 5.9 14
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2.9  Logic tree analysis

The logic tree contains different weights for source models, magnitude–frequency distribu-
tion models, maximum magnitudes, depths, nodal planes, and GMPEs. Figure 16 shows 
the defined logic tree which is used in this study.

2.10  Classical PSHA on bedrock

The calculation is done using the OpenQuake engine. Figure 17 shows the PGA map for 
return periods of 475 and 2475  years on bedrock. Seismic bedrock is considered where 
the  VS30 reaches the value between 760 and 800  m/s, according to BNBC (Ministry of 
Housing & Public Works 2020). The PGA values calculated by classical PSHA change 
between 0.14–0.19 and 0.33–0.46 on bedrock for a return period of 475 and 2475 years, 
respectively.

2.11  Scenario‑based SHA on bedrock

In this method, the controlling earthquake is assumed to act along with the source at the 
closest distance from the site. The scenario-based SHA has been carried out for various 
scenarios including, CCF segment 1, CCF segment 2, Dauki Fault (central segment), 
Dauki Fault (eastern segment), Dauki Fault (easternmost segment), Dauki Fault (western 
segment), Jamuna Fault, Jamuna Fault (Madhupur segment), Kaladan Fault 1, Kaladan 

Fig. 14  Comparison of selected active shallow crustal GMPEs in periods of 0 s, 0.5 s, and 1 s for Mw = 7.0

Fig. 15  Comparison of selected stable shallow crustal GMPEs in periods of 0 s, 0.5 s, and 1 s for Mw = 7.0
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Fault 2, Paoma lineament 2, Paoma lineament 3, and Sylhet lineament. The PGA maps of 
the worst-case scenario (Madhupur and Sylhet Faults) are shown in Fig. 18.

3  Seismic site response analysis in DMR

The previous earthquakes show that the seismic damages are controlled by five main com-
ponents, namely, seismic sources, path characteristics, local soil, geotechnical characteris-
tics, and, finally, the structural design of buildings (Sitharam et al. 2018). In the previous 
sections, the effect of seismic source and path characteristics have been evaluated in the 
assessment of ground motion on bedrock. The seismic site response analysis is conducted 
by assessing the effects of soil conditions. Thus, the surface motion and site amplification 
factors are calculated by defining the sub-surface soil type and the variation of their prop-
erties with depth.

3.1  Site characterization

Here, the input data come from more than 14,000 m of SPT boreholes at 378 locations 
and more than 15,000 m of SDHT at 400 locations. In addition, 400 drilled boreholes have 
been considered for lithological modeling and interpretation. Soil modeling was performed 
using interpolated data in the desired range by applying the anisotropic inverse distance 

Fig. 16  The logic trees
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Fig. 17  The PGA map for bedrock for different return periods; a 475 years and b 2475 years

Fig. 18  The scenario-based PGA map on the bedrock for a Madhupur and b Sylhet Faults
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weighting (IDW) method at the other points. Based on the  VS30 values, the soil type based 
on BNBC-2020 in DMR is classified as “SC” and “SD.”

A clustering map has been prepared to apply the SOM (Self-Organizing Map) method 
to select a certain number of SDHT out of the total drilled boreholes. For this purpose, six 
layers containing amplification, natural frequency,  VS30, long-term bearing capacity, short-
term bearing capacity, and the average of SPT have been considered as the input layer, and 
finally, five zones have been determined as the optimum number of clusters in the DMR. 
Considering the area of each cluster and designing a regular fishnet, 58 boreholes located 
as near as possible to the center of each cell have been selected for further analysis related 
to the site effect.

Fig. 19  The assigned relationship to find the depth of seismic bedrock for various clustered zones
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3.2  Seismic bedrock position

Ground motion prediction equations are more reliable to estimate ground motion parame-
ters for bedrock. Since the boreholes are not reached the bedrock and the shear wave veloc-
ity of 800 m/s (as seismic bedrock), seismic bedrock should be defined using the extrapola-
tion approach. For this purpose, the shear wave velocity for each depth obtained in SDHTs 
was used to develop the extrapolation method. Figure 19 shows the assigned relationships 
for each clustered zone. In each diagram, three lines and their formula have been shown 
obtained by applying linear regression. The black line was taken as the average value of the 
shear wave velocity at each depth. Also, the blue and red lines are relevant to the upper and 
lower band of average regression, respectively.

3.3  Input ground motion selection

In general, for a seismic site response analysis, it is essential to select proper ground motion 
records under similar seismic conditions of the study site. Similar seismic conditions con-
tain earthquake magnitude, fault mechanism, local soil condition, and the site’s distance 
to the seismic source (Iervolino and Cornell 2005; Jia and Jia 2018). The selected ground 
motion records for the current study are shown in Table 9.

The selected records should be modified to be consistent with a specific tar-
get response spectrum. The seismic spectrum can be defined in different approaches, 
namely, deterministic, PSHA, and building codes (Rathje et al. 2010). The design spec-
tra provided in BNBC 2020 for rock (site class: SA) have been used as the target spec-
trum in the current study. Scaling and spectral matching are two methods used for modi-
fying the time series to be consistent with the target spectrum (al Atik and Abrahamson 
2010). By applying the modifying procedures, the records will be matched within the 
specified period range, and the scatter in the response spectra will be decreased after 
scaling (Ansal et al. 2018). In the present study, spectral matching which involves modi-
fying the frequency content of the earthquake records to match the defined target spec-
trum at all spectral periods has been adopted. Figure 20 and Fig. 21 show the compari-
son between the original and matched time history and spectrum for the U91Bh record.

3.4  Seismic hazard on the surface

The effect of site characteristics on the ground motion, site amplification, and the con-
centration of earthquake damages in various regions are found to be relevant to the local 
soil conditions (Phillips and Aki 1986; Stewart et al. 2003; Pitilakis 2004). The dynamic 
simulation propagates earthquake time histories through the soil profile to assess surface 
acceleration and amplification factors. Several numerical approaches have been used 
for one-dimensional seismic site response analysis, including the time-domain nonlin-
ear (NL) method (Qodri et al. 2021) and the frequency-domain equivalent-linear (EQL) 
method. In the current study, the amplification factor and the surface motion parameter 
have been estimated using the frequency-domain equivalent-linear approach. It should 
be mentioned that to investigate the validity of applying the equivalent-linear approach, 
the maximum strain of each layer in the soil profile has been checked, and it was in the 
acceptable range.
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The main required parameters for the equivalent-linear approach are the shear wave 
velocity, unit weight, and thickness of each layer in the soil profile. Other factors to 
estimate ground response analysis are the modulus reduction and damping versus strain 
curves. The selected empirical curve based on the local expert advice in Bangladesh is 
Seed and Idriss (1970) and Vucetic and Dobry (1991) for sand and clay, respectively. 
The calculated amplification factor is shown in Fig. 22. The PGA zonation map on the 
surface for both probabilistic (return periods of 200, 475, and 2475 years) and scenario-
based (Madhupur and Sylhet Faults) approaches is presented in Fig.  23 and Fig.  24, 
respectively.

Fig. 20  The comparison between the original and matched time history for the “U91Bh” record

Fig. 21  The comparison between the original, matched, and target spectrum for the “U91Bh” record
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3.5  Response spectrum determination in DMR

A response spectrum curve is used to show the earthquake loading. It is a spectrum of 
peak responses in terms of acceleration, velocity, or displacement of a group of single-
degree-of-freedom (Jia 2016). In the present study, to provide a surface response spec-
trum, DMR was classified into three classes based on the changes in surface accelera-
tion. The variation of surface PGA in classes 1, 2, and 3 is less than 0.25 g, between 
0.25  g and 0.3  g, and greater than 0.3  g, respectively. Also, according to the BNBC 
2020, the seismic zone coefficient (Z) that represents the maximum PGA for site class 
SA is 0.2 (Zone 2) for most of DMR, except for the northern part of DMR where the 
zone coefficient is 0.28 (Zone 3). Since some parts of the third class are located in areas 
with a zone coefficient is 0.28, it has been classified into two groups based on the varia-
tion of the seismic zone coefficient.

The soil dynamic analysis has been carried out by propagating rock acceleration 
time histories (selected input motion presented in Table 9) through the local soil pro-
files located in each class. The results of surface response spectra in the four mentioned 
classes containing the response spectrum of each input motion, average spectrum, and 
average ± one standard deviation are provided in Fig. 25.

3.6  Design spectra

The seismic design philosophy of ASCE 7–16 defines the design earthquake as “the earth-
quake effects that are two-thirds of the corresponding Maximum Considered Earthquake 

Fig. 22  Amplification factors for various return periods; a 475 years and b 2475 years
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Fig. 23  PGA on the surface for various return periods using classical PSHA; a 475 years and b 2475 years

Fig. 24  Scenario-based PGA map on the surface for a Madhupur Fault and b Sylhet Fault
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effects” (ASCE 2017). Also, based on this standard, the site-specific spectrum at any 
period shall not be taken as less than 80% of the standard design spectra. The final design 
spectra in four classes have been proposed and compared with the ASCE 7–16 spectrum 
(calculated for site class D) (Fig. 26).

4  Discussion and Conclusions

The classical PSHA and scenario-based SHA have been calculated over DMR in 10,000 
sites (about 500 * 500  m). Applying the seismic site response analysis and the seismic 
downhole test data, the effect of soil condition is evaluated; and site amplification factors 
and the surface motion are calculated. Table 10 presents the range of estimated PGA on 
bedrock and surface for DMR.

Comparing the results of this paper with the literature does not show a meaningful 
contradiction. Although, the procedure has been improved in this paper, and a compre-
hensive set of results are exhibited (zonation maps and bedrock and surface, response 
spectrum, design spectrum, amplification factor, and the soil model). To cite an 
instance, Kolathayar et al. (2012) have completed a deterministic SHA in India, which 
also includes the study area of this study. Their results show a PGA from 0.1 g to 0.25 g 

Fig. 25  The scaled surface response spectrum (horizontal component) for the return period of 475  years 
and a damping ratio of 5% in a class 1, b class 2, and c class 3 with a zone coefficient of 0.2, and class 3 
with a zone coefficient of 0.28 (the colored curves are the response spectra obtained based on various input 
motions and soil profiles)
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for Dhaka on a bedrock level. In their logic tree, two source models (linear and point) 
and three GMPEs for each tectonic condition are considered, and other parameters, such 
as magnitude or depth, are not included. Also, all the results are presented for bedrock, 
and the soil condition is not considered. Nath and Thingbaijam (2012) did a remarkable 
probabilistic SHA in India. They used the logic tree approach and a GMPE ranking to 
reduce the uncertainty of results. But the results of this study also express just the level 
of seismic hazard on bedrock, and no site effect analysis has been completed. The most 
recent studies in the target area are accomplished by Haque et al. (2019) and Rahman 
et al. (2020). The study of Haque et al. (2019) is the only recently published paper that 
considered the site effect and calculated the PGA for the surface. However, the vs30 
model used in this study is built from 178 boreholes data for entire Bangladesh. Of 
these 178, only eight data points were located in the DMR, which put the uncertainty 
of the model at a very high level. Rahman et  al. (2020) have accounted for the epis-
temic uncertainties using the logic tree approach. They defined four source types and 
disaggregate the results to show the most probable scenario. Yet, this paper also calcu-
lated the hazard level just on the engineering bedrock. To sum up the comparison of the 
results with the previous works, the following points should be noted.

First, the current research is focused on the great Dhaka area. Since Dhaka is the 
most populated city and the capital of Bangladesh, the occurrence of an earthquake not 
only put approximately 20 million inhabitants at risk but also the crisis management 

Fig. 26  Final design spectra (horizontal component) for a damping ratio of 5% in BH4 in comparison with 
ASCE 7–16 in a class 1, b class 2, c class 3 with a zone coefficient of 0.2, and d class 3 with a zone coef-
ficient of 0.28



3174 Natural Hazards (2023) 117:3145–3180

1 3

would be very brittle as the capital is involved. Therefore, although there have been 
studies for Bangladesh, a detailed investigation of Dhaka and its development area was 
indispensable.

The second point is that in this paper, one aim was to reduce the uncertainties. In this 
regard, the calculation is carried out in 10,000 points to decrease the effect of interpolation 
as much as possible. Also, in logic three, every probable state for source models, magni-
tude, seismicity parameters, focal depth, nodal planes, and GMPEs are included. The logic 
tree presented in this paper is the most complicated one used for the region.

The third exclusivity is that to select the proper GMPE, unlike most of the previous 
research, the ranking procedure has been done. Initially, 24 relations have been nominated 
by reviewing papers in similar regions. Then, EDR, LH, and LLH algorithms were applied, 
and in conclusion, eight GMPEs (four active shallow crust and four stable shallow crust) 
have been chosen. Subsequently, it can be said that the applied relations are the most com-
patible ones.

The fourth and most advantage of this research compared to earlier works is to model 
the soil profile with a one-dimensional frequency-domain equivalent-linear analysis, 
express the amplification factor, and represent the PGA and design spectra on the surface. 
This modeling has been completed using a dense dataset from 400 SDHT and 378 SPT 
which makes the model completely reliable.

In Table 11, the results from other studies are compared. It can be seen that the PGA 
calculated for the surface in this study goes up to 0.41 g which shows a higher level of haz-
ard for the region. Regarding the soil condition of the area, it is recommended to consider 

Table 10  Summary of DMR seismic hazard analysis

Seismic hazard level/case Scenario magnitude PGA (g) 
bedrock

PGA (g) surface

Probabilistic 50 years 0.03–0.05 0.05–0.10
75 years 0.04–0.07 0.07–0.14
100 years 0.06–0.08 0.09–0.18
200 years 0.09–0.13 0.14–0.29
475 years 0.14–0.19 0.18–0.41
2475 years 0.33–0.46 0.37–0.63
10,000 years 0.61–0.80 0.67–1.21

Scenario-based CCF (segment 1) 7.2 0.06–0.10 0.07–0.19
CCF (segment 2) 6.8 0.04–0.06 0.05–0.18
Dauki (central segment) 7.6 0.04–0.07 0.06–0.14
Dauki (eastern segment) 7.1 0.03–0.04 0.04–0.08
Dauki (easternmost segment) 6.6 0.02–0.025 0.03–0.05
Dauki (western segment) 7.4 0.04–0.065 0.06–0.13
Jamuna 6.5 0.04–0.08 0.05–0.18
Jamuna (Madhapur segment) 6.9 0.08–0.68 0.12–0.9
Kaladan (segment 1) 7.1 0.03–0.04 0.03–0.07
Kaladan (segment 2) 7.3 0.03–0.04 0.04–0.08
Paoma (segment 2) 6.9 0.03–0.04 0.03–0.08
Paoma (segment 3) 7.0 0.05–0.11 0.06–0.19
Sylhet 7.1 0.07–0.24 0.09–0.32
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the site effect and use the PGA and design spectra of the surface for further analysis and 
urban development planning.
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