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Abstract — The word "earthquake" now denotes a global catastrophic natural event. Dinajpur Municipality is
the most susceptible place to earthquake-induced liquefaction due to its geographical location. A crucial component
of characterising a geotechnical site is determining the liquefaction resistance of loose saturated sand. The article
employs a simplified approach reliant on the Standard Penetration Test's blow count (SPT-N) to evaluate the
liquefaction risk triggered by the earthquake in Dinajpur Municipality. SPT data was collected at 78 sites within
the study area. The potential risk of liquefaction was assessed at each site for several earthquake magnitudes,
including 6, 6.5, 7, 7.5, 8, and 8.5, with a peak horizontal ground acceleration (PGA) of 0.20 g. The liquefaction
risk was assessed using an estimated liquefaction potential index (LPI) for each location. The LPI values in the
examined region varied from 8.6 to 15.9 for earthquakes of magnitude 8.5, indicating a risk level from moderate
to extremely high. The LPI of locations was subsequently utilised to generate a risk map using geospatial
approaches. The LPI was determined to be negligible in the middle and central-southern regions of the study area.
The liquefaction susceptibility has been assessed as being significant in the northern and southwestern regions of
the study sites. These results may be used to improve the subsurface conditions in the study area for the
development of earthquake-resistant structures. The created risk map may serve as a significant signal for the
Bangladesh government's catastrophe mitigation strategy.
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1.0 INTRODUCTION

Globally, infrastructure loss and damage are caused by long-term geotechnical risks brought on by earthquakes.
One of the most damaging effects of an earthquake is liquefaction, which may seriously harm both human life and
infrastructure [1]. Because of increased pore water pressure and reduced effective stress after an earthquake,
granular soils undergo liquefaction, which is the process by which they change from a solid to a liquid state. Among
other things, liquefaction has various effects on buildings, bridges, underground pipelines, and essential services
[2-3]. Devastating historical occurrences have often struck Bangladesh, a nation that is prone to earthquakes [4].
The Dinajpur Municipality is in Bangladesh's northwest. Dinajpur's soil type is cohesionless (sandy), with a much
higher ratio of sand to silt than clay, due to its location in the Terai basin. Numerous fault lines in this region make
it vulnerable to earthquakes [5]. Because of the Jamuna fault, the Main Boundary Fault, and the active east-west
running fault, Dinajpur, in northern India, is a seismically active region. Because of these factors, any earthquake
in this area might cause significant harm to people and property, including educational institutions and other
buildings [6]. The frequency, size, and severity of earthquakes have all risen recently, even though they are not a
common issue in this area [7]. According to the seismic database, Bangladesh has seen more than 100 moderate-
to-major earthquakes since 1900, with more than 65 of them occurring since 1960. This indicates a significant rise
in earthquake frequency during the past three decades. These days, liquefaction brought on by earthquakes is a new
and urgent worry.

Consequently, liquefaction risk has been evaluated for several seismically susceptible cities using simplified

techniques. Determining this earthquake-caused geo-disaster has been the focus of several investigators. In this

field, notable works include those by Mayya and Chatterjee [8], Singh [9], Kumar et al. [10], Hossain et al. [11],

Ansari et al. [12], Subedi and Acharya [13], Nath et al. [14], Mase et al. [15], Rahman et al. [16], Sukkarak et al.
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[17] and Hossain et al. [18]. Researchers produced susceptibility maps to facilitate the viewing of seismic sites
[19]. A liquefaction hazard map is an essential product for identifying areas necessitating evaluations of
liquefaction risks for the proposed project. Most liquefaction studies have focused on comparatively pure sands.
Ground liquefaction has been examined in soils with grain sizes varying from very coarse sand to silty sand [20].
The simplified methods just assess the risk of liquefaction at designated sites. Drilling a borehole at every location
in a community is almost unfeasible. Conversations focused on specific point results fail to encapsulate the whole
context. The disaster mitigation policy must have a procedure for evaluating the severity of unsampled locations.
A statistical analysis of the geographical distribution of discrete data is an effective method for generating a
quantitative hazard map. Among the several statistical methodologies, geospatial analysis is the most pragmatic
and is used across a broad spectrum of research. Kriging interpolation is an effective geostatistical technique that
may precisely estimate values in unsampled locations [1]. This study is to evaluate the liquefaction susceptibility
and create geo-hazard maps for several seismic events in Dinajpur Municipality, Bangladesh. Soil distribution maps
for various strata are generated in ArcGIS, which is crucial for assessing soil liquefaction. This study utilises 78
borehole data from Dinajpur Municipality to create a soil distribution and liquefaction risk map.

1.1 Background

The most earthquake-prone region in Bangladesh is the northwest. The district of Dinajpur is located in the
northwest of Bangladesh, close to the Dhubri Fault and the Himalayan frontal push. These tectonic belts in
Bangladesh, Nepal, Myanmar, and north-eastern India have seen many historical earthquakes during the last 255
years (Figure 1) [15, 21]. With an epicentre around 250 kilometres from Dinajpur, the Great Indian Earthquake
near Shillong, Assam, was one of the strongest earthquakes in history [22].
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Figure 1 Earthquake location surrounding Bogura (1950-2023) [23]
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The northwest of Bangladesh (Rangpur and Dinajpur) was damaged by the Shillong earthquake, which also
destroyed infrastructure and railway connections, as well as masonry buildings throughout the nation [24]. In 1930,
the Dhubri earthquake, which had a magnitude of My = 7.1, occurred in Bangladesh's Garo Hills region. Numerous
buildings in Lalmonirhat, Rangpur, and Dinajpur have sustained damage. There has been concern recently about
the frequency of various seismic events and the destruction they may inflict. This suggests that the region is
experiencing a high level of seismic activity. The location of earthquakes in the study region is shown in Figure 1.
Furthermore, many lakes and other bodies of water have been filled in to provide more residential and industrial
space because of rapid industrialisation and population expansion. These areas are vulnerable to liquefaction in the
event of an earthquake. A liquefaction risk assessment for Dinajpur Sadar became necessary because of these
factors.

2.0 GEOLOGY AND SEISMOTECTONICS
Dinajpur Municipality is situated inside Dinajpur Sadar Upazila in the Dinajpur district of the Rangpur division.

Presently, it is classified as a first-class municipality, including 12 wards and covering an area of 24.50 square
kilometres. Figure 2 illustrates the geographical location of the study area.
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Figure 2 Geographical location of research area

The geology of the study area, characterised by ancient gravelly sand and clay residuum, is shown in Figure 3. The
two significant active tectonic plates are responsible for the catastrophic and lethal earthquakes that have affected
Bangladesh. The tectonic elements comprise the Arakan subduction-collision system to the east and the Himalayan
system to the north. The main elements of the Himalayan system are the Himalayan Frontal Thrust and the Dauki
Fault [25]. The study area is mostly comprised of Pleistocene alluvial deposits. Alluvial deposits consist of gravel,
clay, silt, and sand. Figure 3 illustrates that ancient gravelly sand constitutes the predominant section of Dinajpur
Municipality. Dinajpur was selected as the study area due to the prevalence of shallow focal earthquakes in and
around the region, attributed to many faults, including the Bogra Fault, Sub-Dauki Fault, and Assam Fault.
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3.0 DETERMINATION OF LPI

The LPI assesses liquefaction susceptibility and identifies possible damage and failure in locations prone to
liquefaction. The LPI is calculated by combining the liquefaction safety factors throughout the whole soil profile
depth of 0 to 20 m below the earth's surface at a specified site. Table 1 illustrates the liquefaction susceptibility
quantified by the Liquefaction Potential Index (LPI), as assessed by Luna and Fros [26] and Iwasaki et al. [27].
The LPI and FS for liquefaction is determined by juxtaposing the cyclic stress ratio (CSR), indicative of seismic
demand, with the cyclic resistance ratio (CRR), reflecting the soil's potential to withstand liquefaction. SPT report
data is often used to evaluate a geological unit's liquefaction potential at depths of up to 40 feet below the surface.
This study investigated the SPT number and other soil properties from 78 boreholes. Youd et al. [28] employed
many boreholes in various geological units of Dinajpur Municipality to assess the safety factors against
liquefaction. The LPI assessed for each SPT soil profile by empirical methods was used to generate a risk map for
the research area. The soil database was obtained from the Local Government Engineering Department (LGED)
and the Public Works Department (PWD) in Dinajpur, Bangladesh. The SPT-N levels of the soil varied between 2
and 38. The 78 borehole records indicate that the water table is located between 5.5 and 12 feet from the ground
surface. The Dinajpur area is in a high seismic intensity zone, characterised by a zone coefficient of 0.20 g [29].
Historical data of significant earthquakes, together with the present distribution of seismic activity, substantiates
the likelihood of a magnitude 6.5 or bigger earthquake occurring in or near Bangladesh, particularly near the city
of Dinajpur. This study examines earthquake magnitudes ranging from 6 to 8.5 and a PGA of 0.20 g to determine
the LPI for Dinajpur Municipality.
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Figure 3 Dinajpur Sadar Upazila geological map

3.1. Simplified Approach
3.1.1. Idriss and Boulanger Method

The LPI is evaluated for Dinajpur Municipality using a streamlined methodology from Idriss and Boulanger [30].
The following stages outline the procedure for assessing liquefaction risk:

Step 1:
22



The data gathered and utilised to estimate liquefaction susceptibility comprised groundwater elevation, SPT-N
value, soil particle size distribution, and soil density.

Step 2:

Total vertical stress (o,,) and effective vertical stress (o;,") were computed for the various soil layers. Both stresses
were considered. For each soil layer, the total vertical stress and effective vertical stress were calculated.

Step 3:

To determining the stress reduction factor (r), the Equations (1a-d) that follows may be used.

For, z<34m,

rq = exp [a(z) + B(2)M] (1a)
Here,

a(z) = =1.012 - 1.126 sin[ 7 + 5.133] (1b)

B(z) = 0.106 + 0.118 sin[ﬁ +5.142] (1c)
For, z > 34m,

g = 0.12 exp (0.22M) (1d)

According to the equation shown above, z represents the depth below the surface of the Earth in meters, and M
represents the magnitude of the earthquake.

Step 4:
Following the Equation (2), the cyclic stress ratio that was induced by the seismic event was calculated as follows:

CSR =0.65 x ? X 2 X 1y )

O-V
Where, a,,,, is the PGA, and g is the gravitational acceleration.
Step 5:

After a few adjustments, the field SPT-N value is now used to calculate the modified normalized SPT blow number
Nl, 60 (Equation 3a)

N, 60 = CN x Ngg (33)

The stress normalizing factor CN is obtained using an empirical formula (Equation 3b). Liao and Whitman [31]
proposed a straightforward analytical framework for potential application:

CN = 9.79 x \/JZ (3b)

Youd and Idriss [32] states that the cyclic resistance ratio is assessed using Equation (4).

Step 6:

1 (N1)so 50 1

CRR75 = 34—(N1)so 135 105(N1)go—45 200 “
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Step 7:

The preliminary liquefaction FS is calculated as follows (Equation 5):

FS =="-1 x MSF (5)

Where, CRR s denotes the cyclic resistance ratio for earthquakes having a moment magnitude (My) of 7.5. A
correction factor known as the magnitude scaling factor (MSF) is used for earthquakes with magnitudes less or
over 7.5. Equation (6), proposed by Youd and Idriss [32], is used for calculating the MSF.

0224

MSF = -2 (6)

M‘ZA}SG
Where, M,, denotes seismic magnitude.
Step 8:

Utilizing the provided formulae for factor of safety (FS) and liquefaction potential index (LPI), Luna and Frost [26]
evaluate the severity of liquefaction by the following expression (Equation 7a-c).

LPI = Z?:l w; FiH; (73.)
Here, F; = 1 — FS; for FS; < 1.0 (7b)
F; =0forFS; > 1.0 (7¢)

Where H; denotes the thickness of the discretised soil layers; n represents the number of layers; Fi indicates the
liquefaction severity for the i-th layer; FSi signifies the factor of safety for the i-th layer; w; is the weighting factor
(=10 - 0.5 z;); and z; refers to the depth of the i-th layer (m). The liquefaction classes according to the Liquefaction
Potential Index (LPI) are shown in Table 1 below.

Table 1 Liquefaction Severity Level

LPI Iwasaki et al. [27] Luna and Frost [26]
0 Very low liquefiable Effect: none
0<LPI<5 Low liguefiable Effect: Minor
5<LPI<15 High liquefiable Effect: Moderate
15 < LPI Very high liquefiable Effect: Major

4.0 SOIL DISTRIBUTION MAP

The design of the structure heavily relies on the geotechnical analysis. Understanding the sub surface’s condition
is crucial. For the sake of planning and design, a site investigation report is produced. It classifies soil conditions
below ground using the results of the hydrometer and sieve analyses. Soil may be classified into three basic types:
clay, silt, and sand. But most soils are a combination of many types. The Unified Soil Classification System (USCS)
divides fine-grained soils into many categories, such as SM (Silty Sand), CL (Clay with Low Plasticity), CH (Clay
with High Plasticity), MH (Silt with High Plasticity), ML (Silt with Low Plasticity), and SC (Clayey Sand). Using
the USCS, soil distribution maps are created at different depths. Using ArcGIS software, the distribution of soil
type maps at different depths is produced for Dinajpur Municipality (Figures 4-7).
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Soil grading is conducted with the data from 78 boreholes in this region. The USCS categorises soil types as SM,
CL, MH, ML, and SC. In Figure 4, the SM and CL soil types mostly encompass Dinajpur Municipality to a depth
of 1.5 metres. The soil classifications SC, ML, and MH include a segment of the north-eastern and central regions.
Figures 6 and 7 illustrate that changes in soil types are similar. The SC and ML soil types between 4.5 m and 10 m
occupy a limited area within the study zone. Figure 5 illustrates that MH soil types mostly occupy the region at a
depth of 4.5 metres. At depths of 10 and 12 metres, the SM and CL soil types occupy the most area inside the study
zone.
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5.0 LIQUEFACTION HAZARD MAP

The factor of safety against liquefaction was assessed using the most current and commonly used empirical methods
grounded on field exploration data. The susceptibility of the entire soil layer was determined by integrating the
computed FS. The LPI denotes the liquefaction of an entire stratum from the ground surface to a specified depth.
A basic Microsoft Excel spreadsheet was developed to compute the LPI of the chosen research area. All boreholes
in the study area were effectively used for LPI calculations corresponding to My values of 6, 6.5, 7, 7.5, 8, and 8.5.
Nonetheless, the LPI assessments for each drill site may not accurately reflect the whole vulnerability of Dinajpur
Municipality. The Kriging interpolation method was used to generate risk maps illustrating the actual liquefaction
susceptibility inside Dinajpur Municipality. Figures 8-13 depict the LPI distribution for the chosen study area using
a streamlined methodology. Although the liquefaction susceptibility is significantly pronounced when LPI exceeds
15.0, the legends provide further colour bars to explain the liquefaction phenomena more effectively. The factor of
safety against liquefaction for a moment magnitude of 6 in Dinajpur Municipality has been analysed over many
strata using the previously mentioned methodology, including the projected peak ground acceleration, soil
properties, and other variables. Figure 8 illustrates the hazard map, indicating that much of the district exhibits
significant resistance to liquefaction at low earthquake magnitudes. The majority of the territory is categorised as
"very low liquefiable”, while a little section is designated as "low liquefiable" in accordance with LPI criteria. The
liquefaction vulnerability shown in Figure 9 is derived from an analysis of liquefaction susceptibility, specifically
for earthquake magnitudes above My = 6.5.
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Aside from areas with limited liquefaction potential, the graphic distinctly demonstrates that the north-eastern
section of the region is not susceptible to liquefaction after an earthquake of magnitude My = 6.5. The legend bar
indicates that the LPI value varies between 0 and 1.94, with the exception of a small segment of Dinajpur
Municipality. Consequently, the legend bar displays a distinct colour. Figure 10 illustrates the impact of a moderate
earthquake magnitude. The LPI for My = 7 ranges from 1 to 5, indicating a "low liquefiable" zone. The majority is
classified as "low-liquefiable™, while a minor segment is classified as "high-liquefiable™, in accordance with LPI.
With My, = 7.5, the susceptibility to liquefaction increases correspondingly. Figure 11 illustrates the liquefaction
susceptibility map with a moment magnitude of 7.5. The fluctuations in the LPI values were shown using various
colours. Except for a minor section deemed "highly liquefiable”, most of the region is classified as "low liquefiable™
according to LPI criteria.

26



88°37'30"E 88°39'0"E S§°3TI0E RRO3ONE
1 L h i

Liquefaction Potential Map of Dinajpur Municipality Liquefaction Potential Map of Dinajpur Municipality

S

25739'0"'N
L

25°30°N
1

25°390"N

¢é
m
2573007N

Legend Legend

LPI Mw=7 LPI Mw=7.5
N 0.88 - 1.69 B 1.62-3.29
. [ 1.69-2.49 |, . PW329-497 |-
£ [1249-329 |f £ C1497-664 |f
4 Em329-4.10 |7 & Em664-832 |%
B 4.10 - 4.90 B 8.32 - 10.00
N 4.90-5.71 N 10.00 - 11.67

~

253607\
T
25936"0"N
25°36°0"N
1
25°36'0"N

0 05 1 2 Kilometers 0 085 1 2 Kilometers

Figure 10 LPI map using IDW interpolation for M,=7 Figure 11 LPI map using IDW interpolation for My=7.5

The figure indicates that areas formerly classified as "non-liquefiable" are now categorised as "liquefiable" with an
earthquake magnitude of M,, = 8. Figure 12 illustrates the liquefaction hazard map for My, = 8. The legend bar
indicates that the LPI value exceeds five (LPI > 5), with the exception of a small section of the study area, which
signifies a low-liguefiable zone. The regions are most susceptible to liquefaction, as indicated on the map, due to
an earthquake magnitude of My, = 8.5. Some regions of the Dinajpur Municipality remain stable owing to soil
integrity. Figure 13 illustrates the liquefaction hazard map for a magnitude 8.5 earthquake in the study area.
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Figure 12 LPI map using IDW interpolation for M,=8 Figure 13 LPI map using IDW interpolation for My=8.5

The effects of a major earthquake were depicted in detail on the liquefaction risk map. The majority of formerly
"low liquefiable" areas become significantly liquefiable at an earthquake magnitude of M., = 8.5. With the exception
of a little portion of the study region, the legend bar shows that the LPI value varied from 5 to 15, suggesting a very
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highly liquefiable zone (LPI1>15). Additionally, the legend bar shows that, except for a little portion of the study
zone, the LPI value ranges from 10 to 15.9. The LPI classifies a larger fraction as "highly liquefiable™, whereas a
small portion is classified as "very highly liquefiable.”

6.0 CONCLUSIONS

The research project aimed to produce risk maps and soil distribution maps for various soil layers in Bangladesh's
Dinajpur Mumwnicipality due to uncertainty in the liquefaction assessment method. The FS of the chosen locations
was estimated using a realistic method. After adding up the FS for a particular site, the severity of the liquidation
was evaluated at each distinct place. Using Kriging interpolation and geospatial analysis, a liquefaction hazard map
was created for the whole study area. It was discovered that the majority of the study area was extremely susceptible
to liquefaction at high earthquake magnitudes. Nonetheless, it was determined that the core Dinajpur Municipality
was secure from liquefaction. It was discovered that the study area’s north and southwest sides were very liquefied.
Planners, developers, and geotechnical engineers can use the prepared maps to learn more about Dinajpur
Municipality. The liquefaction hazard scenario that was constructed might serve as a helpful indicator for the
disaster mitigation plan. However, before the current technique can be included in the code of practice and
catastrophic recommendations, a more thorough investigation is required to confirm it.
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