Journal of Rehabilitation in Civil Engineering 13-2 (2025) 218-242

Journa of
Rehabilitation
I

Journal of Rehabilitation in Civil Engineering

Journal homepage: https://civiljournal.semnan.ac.ir/

Seismic Microzonation and Probability of Ground Failure
Assessment Caused by liquefaction for Bogura District, Bangladesh

Md. Belal Hossain '; Md. Mahabub Rahman >*

1. Associate Professor, Department of Civil Engineering, Hajee Mohammad Danesh Science and Technology
University, Bangladesh

2. Lecturer, Department of Civil Engineering, Hajee Mohammad Danesh Science and Technology University,
Bangladesh

* Corresponding author: mmr.civil@hstu.ac.bd

ARTICLE INFO ABSTRACT
Article history:
Received: 18 May 2024 The aim of this study is to create a Mercalli intensity map and
Revised: 10 August 2024 evaluate the ground failure probability caused by liquefaction in
Accepted: 31 October 2024 the Bogura district. To generate a Mercalli intensity seismic
microzonation map, first the shear wave velocity (Vs) was
Keywords: determined by analyzing data from 345 soil test reports. The
Seismic zonation; conversion of Vs to site amplification factor (AF) and Peak Ground
Ground failure probability; Acceleration (PGA) was carried out using the widely used
SPT data; empirical equations, considering earthquake magnitudes 1850—
Bogura; 2023. Finally, the susceptibility of liquefaction was evaluated for
Hazard map. the study area using 345 borehole data, considering a probable

earthquake magnitude and site-specific PGA. Some of the
frequently used empirical methods are utilized for the evaluation,
and the results are presented in the form of hazard maps indicating
factors of safety, liquefaction potential, and ground failure
probability. The results demonstrate that the least and maximum
PGA are both 0.06 g and 0.16 g, while the AF ranges from 1.903 to
3.98 between the minimum and maximum. Moreover, the surface
acceleration (SA) varies between 0.143 g and 0.51 g. Based on the
Mercalli Intensity seismic microzonation map, 22.45% of the areas
have intensity VII, 72.9% of the regions have intensity VIII, and
4.65% of the areas have intensity IX. The hazard map reveals that
2% of the study region is judged to be at extremely high risk for
ground failure due to liquefaction during the scenario earthquake.
Additionally, it was determined that 13% and 44% of the study
region's regions were at high or moderate risk of ground failure
under the aforementioned earthquake scenario. The intensity and
hazard maps created for Bogura district are crucial to achieving
sustainable development goals.

E-ISSN: 2345-4423

© 2025 The Authors. Journal of Rehabilitation in Civil Engineering published by Semnan University Press.

This is an open access article under the CC-BY 4.0 license. (https://creativecommons.org/licenses/by/4.0/)

How to cite this article:

Hossain, M. B., & Rahman, M. (2025). Seismic Microzonation and Probability of Ground Failure Assessment
Caused by liquefaction for Bogura District, Bangladesh. Journal of Rehabilitation in Civil Engineering, 13(2), 218-
242, https://doi.org/10.22075/jrce.2024.34111.2086



https://doi.org/10.22075/jrce.2024.34111.2086
https://civiljournal.semnan.ac.ir/
mailto:mmr.civil@hstu.ac.bd
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22075/jrce.2024.34111.2086
https://orcid.org/0000-0003-1580-483X

Md. B. Hossain; Md. M. Rahman/ Journal of Rehabilitation in Civil Engineering 13-2 (2025) 218-242 219

1. Introduction

The preliminary stage in a seismic risk mitigation study is seismic micro-zonation. It necessitates a
multidisciplinary strategy that includes significant insights from geology, seismology, and
geotechnical engineering [1]. Using geologic and geotechnical data, which may identify, regulate,
and prevent geological risks, i1s becoming increasingly important in micro-zonation, particularly in
the development of urban infrastructure [2,3]. There are three basic stages of seismic micro-
zonation studies: establishing the local geological and geotechnical site characteristics, evaluating
probable ground reaction, and analyzing factors relating to ground motion on the surface. Seismic
micro-zonation is considered to split a territory into discrete zones with varied possible hazardous
earthquake impacts. Also characterizing their particular seismic susceptibility for the design of
infrastructure and planning for land use [4,5]. Micro-zonation is a widely used approach in
earthquake risk and hazard assessment. It can be defined as the categorization of ground motion
parameters, taking into account source and field circumstances [4]. Seismic vulnerability and
performance were assessed by different researchers around the world. There are various types of
structure like steel fame [6,7], RC frame [8,9], oldest masonry structures [10] were analyzed under
seismicity.

Liquefaction is a secondary potential danger caused by seismic loading, with earthquakes being the
primary hazard. It is a technique by which soil sediments beneath the water table momentarily lose
their strength and act like viscous fluids [11]. In general, saturated sandy soils settle and become
packed when subjected to seismic loading. However, the existence of pore water in the void space
causes a rise in pore pressure, which rises gradually with each cycle of loading, causing the soil to
lose shear strength and stiffness and thus drawing liquefaction [12]. In previous decades,
liquefaction-induced geological and structural damage has been recorded in several places around
the world in loose, submerged sands and other gravelly soils [13]. For instance, the devastating
effects of major earthquakes, such as the incidence of soil liquefaction at numerous places, were
replicated in the 2010 Chilean earthquake [14]. In addition, several liquefaction-related structure
collapses were seen after Japan's 2016 Kumamoto earthquake [15]. Also, several damages were
caused by liquefaction in the Emilia-Romagna earthquake in 2012 and the Gorkha earthquake in
2015 [16]. To reduce these structural damages, various researchers around the world assess soil
liquefaction in specific regions. The researchers used cone penetration test data and SPT data to
determine liquefaction numerically [17-19]. In recent days, machine learning has been a new
approach to evaluating this catastrophic event [20-22]. Like soil liquefaction, other geohazards like
land slide risk assessment and slope collapse analysis are also crucial to reducing losses during
earthquakes [23,24]. The previous research findings have provided a significant understanding of
the circumstances that promote liquefaction, including fine, loose, and saturating silty sands, low-
plastic silty clays, and non-plastic silts, where a considerable decline in shear strength occurs [25].
In addition, it has been found that moderate earthquakes (Mw = 5 to 6) as well as earthquakes with
a high magnitude (Mw > 7) can cause liquefaction [26]. Bogura is the most important northwest
district of Bangladesh. This area's population has risen at least 50 times since the turn of the
century. It has 2926 grid points that are 1 km by 1 km and has a population of more than a million
(Fig. 1). The geological location of this area makes it prone to earthquakes. The Bogura area has
had about 21 large earthquakes with magnitudes that varied from 5 to 7.14 over the preceding 108
years. Although the Bogura district is seismically vulnerable, there is no Mercalli intensity risk map
for seismic activity. GIS may be effectively used to create spatial distribution maps using various
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interpolation techniques [27]. Previous researchers find more accuracy to using GIS in mapping
groundwater and landslide susceptibility mapping [28,29].
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Fig. 1. Research area (grid dimension 1 km x 1 km).

The purpose of this research is to produce an intensity map using universally applicable equations
and GIS for the Bogura district. This is accomplished by calculating the Vs using data from 345
boreholes. Since the determined Vs from the SPT-N value gathered from the boring log data was 15
meters deep, it was then converted up to a depth of 30 meters. To convert Vs to the site AF, the
McGuire [30] and "Atkinson and Boore" [31] equations are utilized. The PGA is also computed
using the McGuire equation, considering earthquakes 1850-2023. Using the equation with the
biggest AF between the two, the PGA was transformed into the SA. Finally, the SA has been
transformed into the Modified Mercalli Intensity (MMI) scale to facilitate understanding.

Furthermore, this research is the first to evaluate the PG in the Bogura District as a result of soil
liquefaction. This area has a large risk of liquefaction brought on by earthquakes because of its
alluvial soil, high groundwater table, and placement in an earthquake-prone area. The region's
susceptibility to liquefaction hasn't been investigated, though. Therefore, to provide trustworthy
urban development, a liquefaction hazard evaluation for the metropolis is required. The
vulnerability of liquefaction phenomena in the subsurface layer of the study region is calculated in
terms of FOS and LPI. Idriss and Boulanger [32] are utilized to determine FOS, and Iwasaki et al.
[33] are utilized to calculate LPI. This analysis is conducted by taking into account an earthquake
magnitude of Mw = 6.5 with an estimated site-specific PGA value. Then PG is determined from
LPI, utilizing an empirical approach proposed by Li et al. [34]. Finally, all the numerical values are
used to produce spatial distribution maps using ArcGIS software.
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2. Study area

2.1. General

The city of Bogura, also called Bogra, is located in the northwestern part of Bangladesh in the
Bogura District, in the fertile Bengal Delta region, which is the largest in the district. A major
component of Bogura city's geomorphology is shaped by natural processes occurring along the
Ganges-Brahmaputra-Meghna (GBM) river system.

2.2. Geomorphology

A Following are detailed descriptions of the soil classification in Bogura District based on a digital
soil map developed by the Food and Agriculture Organization (FAO). A soil classification map for
Bogura district is shown in Fig. 2. The map indicates that Bogura is primarily covered by four soil
types. These soil types include alluvial silt, alluvial sand, alluvial silt and clay, and clay residue.
Alluvial sand covers 6% of the total area in Bogura district. Approximately 32% of Bogura district
is covered by alluvial silt. These fine particles are smaller than sand but larger than clay. Out of the
total area of Bogura district, 12% is covered with this type of soil. Alluvial silt and clay soils tend to
be smooth, cohesive, and may exhibit some stickiness when wet [35]. Clay residuum refers to a
type of soil formed directly from the weathering and decomposition of parent rock material without
significant transport or deposition. In the case of Bogura district, 44% of the area is covered with
this type of soil.
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Fig. 2. Surface geology of Bogura created by FAO.

2.3. Seismicity

Fig. 3. shows that Bangladesh is bounded by many different kinds of geological blocks that have
caused numerous earthquake events in the past few years [32]. In terms of geology and plate
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tectonics, five key faults are important for the occurrence of destructive earthquakes. Among them
the Bogra fault is a kind of gravity fault. It is extremely near to the town of Bogra and the Jamuna
River. The deposition of a substantial volume of sedimentary material within the Bogra graben was
caused by displacement along the Bogra fault [36]. Bogura District is generally considered
seismically moderate vulnerable. The district is situated away from major tectonic plate boundaries,
which are typically associated with high seismic activity.
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Fig. 3. Bangladesh with tectonic elements, faults, and seismicity (Mw > 4) [37].

As a result, Bogura District experiences relatively moderate seismicity compared to other regions
prone to earthquakes. However, it is important to note that Bangladesh as a whole lie in a
seismically active zone, known as the Bengal Basin. In seismic zonation map Bogura district is
categorized in zone 3 with zone coefficient 0.28 [38]. Historical seismic data indicates that Bogura

District has experienced occasional low to moderate seismic events, typically with magnitudes
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ranging from 4 to 5 on the Richter scale. Considering the low to moderate seismicity of the region,
the structural integrity of buildings and infrastructure in Bogura District is not typically designed to
withstand high-intensity earthquakes. However, local construction practices have improved over
time, with increasing awareness of seismic risks in the country.

2.4. Geotechnical conditions

The potential for liquefaction can be estimated by considering the properties of subsurface present
in a particular region [39]. For this research, a dataset consisting of 345 borehole data points with
standard penetration tests (SPT) was employed. Among these, ten boreholes were specifically tested
by a private company to acquire precise information about the study area. The remaining data were
gathered from geotechnical investigation reports of 335 locations within the study area, which were
conducted by different government and local private laboratories. The geotechnical investigation
reports collected for this study involved various test results. These are SPT, particle size analyses,
Atterberg's limits, unit weight, and triaxial tests etc. Statistical analysis was conducted to assess the
variability of the data, including the calculation of the number of data points (n), minimum and
maximum values, mean value (n), standard deviation (), and coefficient of variation (COV). These

results are presented in Table 1.

Table 1. Statistical analysis of the geotechnical characteristics.

Descriptive statistics SPT FC (%) LL PL PI
Mean 19 44.04 44.7 17.0 27.68
Median 15 30 45 17 28
Mode 10 20 46 16 30
Standard Deviation 12.76 29.16 1.40 1.17 2.44
Kurtosis -0.52 -1.65 1.52 5.34 0.85
Skewness 0.75 0.31 -1.2 0.14 -0.78
Minimum 0 3 40 10 20
Maximum 50 95 48 24 36
COV (%) 66.56 66.23 3.13 6.88 8.83
Count 1452 1293 624 624 624

Additionally, Fig. 4a-c illustrates the variation of geo-technical parameters with depth. Fig. 4a
reveals that approximately 60.8% of the borehole exhibit N values that are below 20, while over
35% of the locations have N values less than 10, particularly at shallow depths. Additionally, the
average SPT-N values for the soil in the study area at depths of 1.5 m, 3 m, 6 m, 9 m, and 12 m are
8, 10, 16, 26, and 35, respectively. Similarly, Fig. 4c shows how the fine content (FC) of Bogura
soils varies with depth. The FC values have a mean of 44.04 and the range of the FC values is from
3 to 95%. This suggests that low FC is present in shallow depths over a significant portion of the

research region.

The plasticity index (PI) values for the majority of the soils in the research region lie between 20
and 36%, as shown by Fig. 4b (mean = 27.68, standard deviation = 2.44, and coefficient of variation
= 8.83%). According to Table 1, the LL and PI mean values are determined to be 44.72% and
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27.68%, respectively, which amply demonstrates the presence of medium-plasticity soils in the
studied region. It's interesting to note that the research area's soil liquefaction susceptibility is
supported by the study area's lower SPT-N value, the abundance of cohesionless soils with low

fines content.
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Fig. 4. Depth wise variation of (a) SPT-N, (b) plasticity index (PI), and (c) fines content (FC) showing

standard deviation (o) and mean (p) of the data.

2.5. Hydrological conditions

Groundwater plays a serious role in the phenomenon of soil liquefaction and the swelling of fine
sediments [40]. Groundwater at higher elevation increase the likelihood of liquefaction occurring
during an earthquake [41]. Fig. 5 displays a geographical map of the research region that displays
the ground water level.

The interpolation map of GWT depicts that approximately 88.96% of the borehole locations had a
GWT ranging from 0.15-4.5. More than 50 % had a GWT ranging from 0.15- 3. This indicates that
the Bogura district is vulnerable to liquefaction during seismic events.
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Fig. 5. Groundwater spatial mapping produced from borehole data.
3. Methodology

3.1. Seismic micro-zonation

To evaluate the seismic hazard and intensity at every site, an attenuating law for PGA is necessary.
Since the soil in Bangladesh is like the type of soil used in the McGuire legislation and the MMI
values could be attained with some transformation, the attenuation law of McGuire [42] was used in
this study. Fig. 6 shows the flowchart of seismic zonation analysis.

3.1.1. Estimation of Vs from SPT

There are numerous empirical equations that can be utilized to compute the Vs from uncorrected
SPT-N. Three empirical equations from Lee [43] are applied in this work since other Eqns. attempt
to focus on a single relationship between uncorrected N and Vs. However, Lee focused on different
soil types and proposed Eq. 1 for sand, Eq. 2 for sand silt, and Eq. 3 for sand clay [44].

V, = 57.4 N04° (1)
V, = 105.64 N°-32 2)
V, = 114.43 NO31 3)

Where, N is obtained from field test.
3.1.2. Evaluation of Vs (< 30m)

The determined Vs was up to a depth of 30 meters. Therefore, by utilizing the mean Vs of 15
meters and employing Boore's law (Eq. 4), it is possible to compute the Vs at a depth less than 30
meters [45][46].

log Vs (30) =a + blogVy(d) 4)



226 Md. B. Hossain; Md. M. Rahman/ Journal of Rehabilitation in Civil Engineering 13-2 (2025) 218-242

Where, a and b are regression factor. a = 0.013795 and b = 1.0263 for 15m depth [47].
V¢(d) = Vs average value up to 15m
3.1.3. Estimation of PGA

A PGA attenuation law has not been created for Bangladesh due to a lack of strong-motion data. In
this investigation, the McGuire attenuation [42] was used since the land in Bogura district is like the
land to which the McGuire legislation applies [48]. The relationship is as follows (Eq. 5).

y = 0.0306 e%89Mr~117¢-02s (5)

In the above equation, y = PGA, M = magnitude of surface wave, s = 0 (rock) and s=1 (alluvial), r
= Hypo central distance =vVd? + h?, d = epicenter to location distance, h = focal depth.

3.1.4. Estimation of AF

In places where Vs profiles are available, the site AF is calculated using Eq. 6 [49], the relationships
between the average shear wave velocity (AVSgepen) and AF is-

log(AF) = —0.734 X log (AVSgeptn) + 1.98 (6)
The following Eq. 7 is used to calculate the AVSgep¢p.
d
AVSdepth = - (7)
i=1 V_l

" n

Where, the variable "h;" represents the layer thickness (m), while depth is "d" and "vi" represents
the Vs of im layer out of a total of n layers present at that depth. Eq. 6 calculates the AF, which is
generally lower than the AF obtained from another equation. However, in certain exceptional
situations, Eq. 6 yields higher values. A second equation created by Boore and Atkinson [50] is used
to determine the AF. Only shear wave velocities at depths of less than 30 m are appropriate for the
AF provided by this equation. Only linear amplification is considered in this analysis since, at low
PGA, the nonlinear term does not change compared to the linear term. The following Eq. 8
measures the factor.

InAF =c * In (Vsi) (8)

ref

For Bogura, Characteristic site period is about 0.313- 0.688. Because of the poorer conditions at
the site that corresponds to the deeper site, the ¢ value for this study is chosen for a time of 0.5 s.
So, the value of ¢ = —0.9384 and V,..; = 760 m/s [50].

3.1.5. Estimation of SA

The PGA value is multiplied with AF to obtain the surface acceleration.
SA = PGA * AF

3.1.6. Conversion of PGA to MMI

SA and MMI connection are being developed by Trifunac and Brady [51]. The MMI is calculated
using the following Eq. 9.

log PGA; = 0.014 + 0.3(MMI) 9)
where, PGA; refers to the surface's PGA.
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3.2. Determination of earthquake magnitude parameters

The evaluation conducted in this research provided site-specific maximum ground accelerations,
called PGAs, for the research region. In assessing liquefaction vulnerability, these PGAs as well as
an estimated earthquake magnitude were taken into account. The liquefaction vulnerability for the
research region is assessed in terms of FOS, LPI and PG. As stated in the sections below, these
parameters were derived using conventional methods. In ArcGIS, the resultant data were
interpolated using the Kriging interpolation and shown as risk zonation maps in terms of the FOS,
PG, and LPI. Moreover, graphical and statistical visualizations were prepared using OriginPro.
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Fig. 6. Flowchart of seismic analysis.

3.2.1. Determination of the FOS

In this investigation, FOS is determined by the Eq. 10 discovered by Idriss and Boulanger [32]. The
framework specifies the cyclic resistance ratio (CRR) of the soils, and the cyclic stress ratio (CSR)
is the stress (loading) generated in the ground as a result of a design seismic event that causes

liquefaction.
FOS = =222 + MSF * K, (10)

Where, CRR- < is the CRR calibrated for an earthquake with Mw = 7.5. Additionally, the magnitude
scaling factor (MSF) is incorporated to account for the influence of shaking duration, while the
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factor K, is sustained static shear stresses. The values of MSF and K, were determined using Eq. 11
and Eq. 12, respectively.

—Mw
MSF = 6.9¢ = — 0.058 (< 1.8) a1
Ko =1-Cy In(2) (< 1.1) (12)

In the above equation, C,; can be obtained by Eq. 13.

1

Co = 18.9-2.55vV(N1)g0

(£0.3) (13)
The CRR was calculated using the N value corrected by field procedure and overburden pressure,
and the uncorrected SPT-N value was corrected using Eq. 14.

(N1)6o = NCNCgCpCRCs (14)
Where, (N1)eo is adjusted field N value. N is obtained from field. Cn, Cg, Cg, Cr, and Cs are the

correction factors for overburden stress, borehole diameter, type of hammer used, rod length, and
type of samplers used, respectively.

The CRR; 5 is assessed using Eq. 15.

CRR, 5 = exp <(N1)eocs + ((Noeocs)z n (Mf + (Mf - 2.8) (15)

14.1 126 23.6 25.4

In Eqn. 15, (N;)eocs stands for soil fines content correction.

Eq. 16 and Eq.17 are used to calculate (N )gocs :

(N1)soes = (N1)so + A(N1)e0 (16)
9.7 157 \?2
A(N1)eo = exp (1'63 * fcroor (FC+0.01) ) (17
In the above equation, FC represents the finer percent. The CSR is then computed using Eq. 18.
Tmax _ 3max Ov.
CSR = 0.656—,v = 0.65 e o, 1d (18)

Where, ‘a,,q,’ denotes the PGA, ‘g’ represents gravitational acceleration, o, and o,,'are the total
and effective overburden stress, respectively, and 7, is the stress reduction factor as given in Eq. 19.
For,z < 34m,

rd = exp[a(z) + B(z)M] (19)
In the above equation,

a(z) = —1.012 — 1.126sin[(z / 11.73) + 5.133]

B(z) = 0.106 + 0.118sin[(z / 11.28) + 5.142]

For,z > 34m,

rd = 0.12 exp (0.22M)
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Where ‘7’ is the soil layer thickness (m) and M is the magnitude of the earthquake.
3.2.2. Estimation of the LPI

The LPI at the desired locations is calculated by Iwasaki et al. [33]. The LPI is assessed by Eq. 20
up to a depth of 20 m or less of soil layer from the ground surface.

LPI = [ F(z)W(z)dz (20)
where z = layer thickness; F(z) = function of FOS and obtained by:

when FOS < 1thenF(z) =1

when FOS > 1thenF(z) =0

In the above equation, W(z) is a factor determined by Eq. 21:

W (z) =10 — 0.5z 21)

According to the LPI value, the susceptibility to liquefaction can be categorized into four distinct

groups: extremely low, low, high, and extremely high.

3.2.3 Evaluation of PG

To conduct a quantitative assessment, the possibility of ground failure caused by liquefaction
(referred to as PG) was determined using Eq. 22 as presented in reference [34].

1

Po=— (22)

G 1+e471-0.71+LPI

where LPI represents the liquefaction potential, can be calculated using Eq. 11.

4. Results and discussion

4.1. Seismic hazard and intensity

In field investigation, the SPT number and the estimation of the V; are very important parameters.
The V; is used to determines the mechanical characteristics of any soil [52]. In order to determine
the I in-situ testing is always preferable for accurate result. However, the necessary equipment’s
required for the determination of V5 in the field are very costly, and due to the rise in noise levels
associated with this experiment in town areas, it is not always practical. As a result, an indirect
method is utilized to calculate the V; in laboratory. The V; from the SPT-N value was calculated
using data from 345 boreholes. Fig. 7 displays the location of the bore hole in the study region. In
many cases, data collection efforts yield ground profiles that extend to a depth of up to 15 meters.
However, an important criterion for categorizing a site is the average Vs within the top 30 meters of
the earth. Consequently, it becomes necessary to convert the Vs at 15 meters to estimate the value at
30 meters. The shear wave's expected speed is considerably lower than its real rate. Although Vs
and SA are related, high SA is produced by low shear waves. The Vs determined through
calculations fulfills the majority of the necessary criteria. In this study, site class D is selected due to
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the Vs falling within the range of approximately 180 to 360 m/s at a depth of 30 m. The Vs has been
linked to the acceleration that occurs on the surface of the ground as a result of the earth's shaking.
The intensity of PGA varies depending on the location. The PGA value is influenced by several
factors, including the earthquake's magnitude, the distance between the hypocenter and the soil, and
the shear wave velocities. Research information is obtained from the USGS's Earthquake Catalog,
which includes earthquakes with a magnitude of 4.0 or higher that took place within a 500-
kilometer radius of Bogura (latitude: 24.848, longitude: 89.373) between the years 1915 and 2023
(a span of 108 years) [53].
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Fig. 7. Location of borehole.

The earthquake's date and time, earthquake center coordinates, depths, and magnitude are various
parameters of these data. The calculated intensity of the PGA for the studied region is shown in Fig.
8. The surface-level PGA and the bed-level PGA are different from one another. To get an AF that
can convert the PGA value to the SA, an equation is therefore required. Two equations are used to
generate the surface acceleration, and the larger AF is chosen. The larger AF value for the Bogura

district is shown in Fig. 9.
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With regard to the earthquake's magnitude (4.0 Mw), which will occur within a 500 km radius of
Bogura (latitude: 24.848, longitude: 89.373) and last for 108 years, the distribution of areas with
PGA is as follows: 28.81% of the areas have PGA between 0.062 g and 0.082 g, 49.76% have PGA
between 0.082 g and 0.102 g, 16.58% have PGA between 0.102 g and 0.121 g, and 3.31% have
PGA between 0.121 g and 0. According to the findings, the distribution of regions with AF is as
follows: 23.34% have AF values ranging from 1.92 to 2.32, 41.87% have AF values ranging from
2.32 to 2.72, 30.28% have AF values ranging from 2.72 to 3.13, 4.14% have AF values ranging
from 3.13 to 3.53, and 0.37% have AF values ranging from 3.53 to 3.78.
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Fig. 10. SA value for each grid point (1km X 1km) of Bogura district.
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The results also indicated that the conversion of PGA to SA has an impact on 37.53% of SA
(0.143g-0.2169), 47.23% of SA (0.216g-0.29g), 10.60% of SA (0.29g-0.369), 2.85% of SA
(0.36g9-0.43g), and 1.79% of SA (0.437g-0.51g). Additionally, 22.45% of the areas with MMI VI,
72.9% of the regions with MMI V111, and 4.65% of the areas with MMI IX will be impacted by the
conversion of SA to MMI.
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Fig. 11. MMI value for each grid point (1km X 1km) of Bogura district.

The SA values for each grid point (1km x 1km) in the Bogura district are shown in Fig. 10. The
largest value is selected from the two equations for AFs. On the Earth's surface, the impact of an
earthquake is referred to as intensity. There are a variety of severity levels depending on reactions,
including waking, shifting furniture, chimney damage, or destruction. Currently, the Modified
Mercalli Intensity Scale is widely used. MMI determines the seismic hazard for the town of Bogura.
The MMI scale is a single integer; hence, the number in the current research is rounded to 0.5. The
MMI intensity is shown in Fig. 11 for each grid point (1 km x 1 km) in the Bogura area.

4.2. GIS modeling of FOS, LPI and PG

The empirical procedure was used to measure the liquefaction vulnerability of Bogura District,
Bangladesh. The findings have been presented through GIS modeling of LPI, FOS, and PG. These
maps will offer valuable knowledge to urban planners and the general public about how to reduce
liquefaction geohazards. Consequently, these maps serve as a valuable tool for disaster mitigation
and management. Additionally, contour maps have been developed to depict the fluctuation of FOS
values across the city. These contour lines indicate areas with equivalent FOS values and provide
insight into the increase or decrease of FOS as one moves inward or outward within the region.
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4.2.1. FOS distributions

An assessment of the potential for liquefaction in the Bogura district was conducted, resulting in the
development of LPI maps. Each borehole's potential for liquefaction was evaluated using the value
of FOS. Fig. 12 shows the variation of FOS values for each borehole at various depths. Boreholes
with FOS values over 1.2 are protected against liquefaction since they don't have any liquefaction
potential. The thick red line in the graph indicates the safe area's perimeter, while the blue line
shows the average FOS values.

Factor of Safety

Depth (m)

e Safe Region Boundary e Average Factor of Safety

Fig. 12. Dimensional distribution of FOS values for the Bogura district.

It is clear in the Bogura district that the liquefaction potential is greater at the surface and reduced
with depth. Because the soil underlying the structures has not been sufficiently improved using
ground improvement techniques to prevent liquefaction, liquefaction of the topsoil might result in
damage to or failure of the structures. The average FOS values are at their lowest at depths of 3 m
and 6 m, indicating a significant likelihood of liquefaction. The average FOS values rise below
these depths.

4.2.2. Spatial distribution of FOS

The FOS against liquefaction at various depths for BH 14 is sampled in Table 2 using the
techniques stated above. There is much disagreement among scientists as to whether soil may
liquefy until FOS = 1.2. Sonmez [54] was stated that soils could be liquefied up to the range of 1 <
FOS < 1.2. Based on the FOS values, the hazard level in the Bogura District has been classified as
follows:

v" FOS > 1.2: Safe condition

v 1.0-1.2: Moderate hazard level, indicating a high likelihood of liquefaction

v" FOS < 1.0: High hazard
In Fig. 13a-e, interpolated maps representing the spatial distribution of FOS values of the research
region at depths of 3, 6, 9, 12, and 15 m are displayed. ArcGIS software was used to create the FOS
and liquefaction potential maps of the research areas. The standard Kriging interpolation approach
was used on all maps. These maps for liquefaction danger show the potential for liquefaction in
various soil layers for an earthquake of the expected size. It was discovered that the locations are
liquefiable at shallow depths. The maps provide clear evidence of a decrease in liquefaction
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potential as depth increases. It is imperative to identify the soil layer that is most susceptible to
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liquefaction in order to assess the level of risk accurately.
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Fig. 12 demonstrates that the average factor of safety (FOS) values in the study area reach their
minimums (less than 1.2) for most of the borehole locations at depths of 1.5, 3, and 6 m, indicating
a high susceptibility to liquefaction. The red colors of the legends in Fig. 13a—e also depict the
minimal FOS (less than 1.2). For depths of 1.5, 3, and 6 m, red color occupies most of the research
region. As shown in Fig. 13a, the FOS values for Mw = 6.5 at 3 m deep below the surface were
calculated using soil data from several places in the research region using the deterministic
approach. For Mw = 6.5, about 55.12% of the study region's FOS is less than 1.2, indicating
liquefaction risks. A 36.07% FOS range of 1.2 to 1.58 and an 8.81% FOS range of 1.58 to 2.32
suggest that there is no chance of liquefaction in such areas. Fig. 13b—e show liquefaction
probability zonation maps for Mw = 6.5 at depths of 6, 9, 12, and 15 m below the surface,
respectively, with 55.03%, 73.96%, 95.11%, and 98.37% of the study zone designated as safe. The
study's danger maps demonstrate that as soil depth below ground level rises from 9 to 15 m, the soil
strata become less liquefiable.

4.2.3. LPI map

An example LPI calculation is shown in Table 3, and the study area's LPI zonation maps were
created using the LPI values for all 345 boreholes and the Mw=6.5 earthquake magnitude. Fig. 14
displays the LPI's geographical distribution.
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Fig. 14. LPI map of Bogura for M= 6.5.

In areas where the LPI exceeds 15, the occurrence of severe liquefaction is more probable, while
locations with an LPI value below 5 are unlikely to experience such events [33][54]. The created
maps are examined for additional interpretation, and Fig. 15 compares the proportion of study area
sites that fall inside each of the different liquefaction susceptibility zones.
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According to the comparison study, 3% of the sample region is located in a zone with a very high
potential for liquefaction due to earthquakes of magnitude Mw = 6. For the aforementioned
earthquake scenarios, 53% of the sample territory is situated in a high liquefaction hazard area,
while the remaining 21%, 13%, and 10% area may be categorized as a moderate, low, or nil
liquefaction hazard, respectively.

4.2.4. PG mapping

Fig. 16 illustrates the PG map of Bogura district for the seismic scenario of Mw = 6.5 based on the
interpolation approach. The calculation procedure for each location is tabulated in Table 3. The
region highlighted in red signifies a zone of significant risk, whereas the dark cyan area represents a
zone of minimal risk. Analysis reveals that the central and eastern sectors of the Bogura exhibit a
moderate vulnerability to ground failure in comparison to the western regions.

Table 2. Sample FOS calculation using for Mw = 6.5 of BH14.

o, o,
(Ni)so  (Nygocs Cn (kKN/m?)  (kN/m?)

Depth of - Borelog ry CSR CRR MSF CRR,s FOS

From To

0.0 1.5 6 11.61 1.70  24.45 2445 0.989 0.18 0.14 1.14 0.12 0.82
1.5 3 12 17.41 1.70 49.5 34785 0.966 0.25 0.20 1.14 0.17 0.81
3 4.5 10 1597 149  74.55 45.12 0.941 0.28 0.18 1.14 0.16 0.66
4.5 6 16 21.56 133 100.35 56.205 0913 0.29 025 1.14 0.22 0.87
6 7.5 22 26.57 1.21  127.05 68.19 0.883 0.29 0.38 1.14 0.33 1.26
7.5 9 29 31.73 1.11  154.95 81.375 0.851 0.29 0.70 1.14 0.61 2.39
9 10.5 24 26.61 1.03 182.4 94.11 0.819 0.28 0.38 1.14 0.33 1.32
10.5 12 23 26.11  0.97 210 106.995 0.787 0.28 0.36 1.14 0.31 1.29
12 13.5 29 31.99 0091 238.8 121.08 0.754 0.27 0.73 1.14 0.64 2.71
13.5 15 31 33.80 0.86 268.2 135.765 0.723 0.26 1.00 1.14 0.87 3.84

The north-south central part indicates a high-risk zone, which has a PG ranging from 0.7 to 0.9. The
western part of the Bogura district shows a safe region against ground failure due to an earthquake
scenario of Mw = 6.5. In the research region, it has been determined that 2% of the total area is
classified as being at a very high risk of experiencing ground failure caused by liquefaction during
an earthquake scenario with a magnitude of 6.5. Additionally, 13% and 44% of the area within the
study region are categorized as being at high and moderate risk, respectively.
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Table 3. Calculation of LPI-based PG using Li et al. [34] at Thanthania hazi para, Sadar (24.8387° N,

89.3719°).
Depth (m) FOS F(z) Layer Thickness, H W(z) F(z) * W(z)*H LPI PG
1.5 082 0.1774 1.5 9.625 2.561 10.572  0.942
3 0.81 0.1883 1.5 8.875 2.506
4.5 0.66  0.3357 1.5 8.125 4.091
6 0.87 0.1277 1.5 7.375 1.412
7.5 1.27  0.0000 1.5 6.625 0
9 2.39  0.0000 1.5 5.875 0
10.5 1.32  0.0000 1.5 5.125 0
12 1.30  0.0000 1.5 4.375 0
13.5 2.71  0.0000 1.5 3.625 0
15 3.85  0.0000 1.5 2.875 0
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Fig. 16. PG map of Bogura for Mw=6.5.

Conversely, 21% of the area are identified as no risk. These findings align with the previous results
obtained through the analysis of FOS and LPI. (See Fig. 17 for a visual representation of these
results.) Fig. 18 displays a graph of Equation (15) alongside the data points (PG, LPI) acquired
through the previously described procedure. It is important to note that there are numerous discrete
data points where PG equals 1 or 0. This can be attributed to the fact that the intersection of the
"failure" group and the "no failure" group only occurs within the LPI range of 2 to 12.
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Fig. 17. Area in (%) of the degree of risk according to PG for Mw = 6.5.
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Consequently, all cases with LPI values greater than 12 would have PG equal to 1, while all cases
with LPI values less than 2 would have PG equal to 0. Despite achieving a high coefficient of
determination (R?) in the curve-fitting process, certain discrete data points deviate significantly
from the regression curve. Equation (22) allows for the interpretation of the PG, in relation to a
specific limit state probability index (LPI) obtained from Equation (20). This interpretation is based
on the deterministic model of FOS, which incorporates Equations (15) and (18). This article briefly
discusses the importance of the PG-LPI mapping function, which describes the link between the
estimated LPI and the PG parameter. As shown by the findings previously provided, if the index
LPI is employed directly for evaluating liquefaction risk, a separate set of criteria must be pre-
calibrated for a distinct deterministic model of FOS that is put into Eq. (20). This supports the
earlier findings that Lee et al. [11] published. The possibility of liquefaction-induced ground failure,
in contrast to LPI, offers a "uniform platform" for evaluating liquefaction risk.

5. Conclusions

The geotechnical devastation caused by seismic risks has been catastrophic. Bogura District was
impacted by the 7.8-magnitude earthquake that struck Nepal in 2015 and the 6.0-magnitude
earthquake that struck Dhekiajuli, Assam, India, in 2021. In addition, many earthquakes of minor to
medium size have recently affected the Bogura district. Although the Bogura district is seismically
sensitive, there is no Mercalli intensity risk map for seismicity. In the present investigation, an
intensity map was generated utilizing universally applicable equations. To create a final intensity
map, SA, AF, and PGA were calculated, and the numerical value was represented using GIS.
According to the developed Mercalli intensity spatial distribution map, intensities VII and IX will
have an influence on the majority of the research region. This is an indication of massive harm in
the construction of the Bogura.

Additionally, the current study is the first of its type to assess the PG due to soil liquefaction in the
Bogura District. To calculate the PG, the susceptibility of liquefaction phenomena in the subsurface
stratum of the research region was determined in terms of FOS and LPI. Then the numerical values
of FOS and LPI were visualized utilizing GIS. Depending on their color designation, red denotes
extremely dangerous areas, while green denotes areas that are safe from liquefaction. As soil depth
below ground level increases from 9 to 15 meters, the vulnerability of soil liquefaction reduces,
according to the spatial interpolation maps produced for the study. This may be explained by the
increased overburden pressure to which the soil layers above and below are subjected, resulting in
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soil rigidity. The liquefaction hazard maps indicate that a majority of locations in the study area,
especially in the central and eastern regions, are at high risk of experiencing liquefaction. The
quantitative characteristics of the liquefiable strata are depicted in the subsequent map, which shows
the likelihood of ground failure. This map also highlights the specific area where ground failure
resulting from liquefaction is most probable. The majority of the research area has a medium-to-
high likelihood and danger of ground failure, according to the findings. For the planning and design
of any construction, including moderate-to-tall buildings, the Mercalli risk map and the spatial
interpolation PG map may be utilized as sources of information.
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