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Abstract

Bangladesh is one of the world's most disaster-prone areas. The northwest region of Bangladesh is the most seismically
active region. Dinajpur is the district closest to the Himalayan frontal thrust, making it the most vulnerable to earthquake-
related liquefaction. Therefore, the in-situ parameters are used to assess the liquefaction susceptibility of the subsurface
geology for the Dinajpur district in terms of soil liquefaction safety factor (FS), the liquefaction potential index (LPI), and
the liquefaction probability (PL). This study used deterministic and probabilistic techniques to estimate the liquefaction
susceptibility of the area based on standard penetration test (SPT) N values. SPT data was collected at 160 different places
within the study area. In an earthquake scenario with Mw = 6.5, liquefaction resistance is evaluated at each location using
a 0.20g peak ground acceleration (PGA). The results of the SPT-based liquefaction assessment techniques were found to
be considerably different. The soil strata prone to liquefaction in different zones of the city have been determined based on
a common comparison. According to deterministic and probabilistic techniques, it has been found that, out of 160 locations,
36 and 50 sites are susceptible to liquefaction. Then, using geospatial techniques (IDW interpolation), hazard maps were
created depending on the potential for liquefaction of particular locations. Finally, using an independent secondary dataset,
the resulting hazard maps were validated to examine the developed approach. The obtained R? values for each regression
analysis event were more than 0.79. Therefore, the produced hazard map may be utilized successfully for planning,
management, and long-term development of the studied locations.

Keywords: Earthquake; Peak Ground Acceleration; Factor of Safety; Liquefaction Hazard Map.

1. Introduction

Bangladesh is prone to natural catastrophes because of its geographic position and geological characteristics. The
earthquake is one of the world's most devastating natural catastrophes [1]. Bangladesh and its adjacent regions are
susceptible to earthquakes because of their closeness to the convergent plate boundary between the Indian and Eurasian
plates [2-4]. Major earthquakes in the past have caused significant damage in and around Bangladesh, and devastating
moderate-magnitude earthquakes happen every few years [5]. Because of their dense populations, uncontrolled growth,
and non-engineered construction practices, these places are seismically risky [6]. In these regions, an earthquake with a
large magnitude adjacent to a megacity would cause a serious and severe risk to human life, housing, economic growth,
and development [7]. Dinajpur is one of the major districts in North Bengal, and it continues to develop as a result of
industry and urbanization [8]. Several infrastructures are being created to accommodate the rising demand. Infrastructure
destruction and damage are caused by a variety of geotechnical hazards all over the world. Earthquakes are a serious
geotechnical hazard that can induce liquefaction [9].
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Liquefaction is a physical process that can cause soil to collapse in an earthquake event. The soil's strength is greatly
reduced as a result of this occurrence, to the point that it can no longer support structures or remain stable. As a result
of this process, the earth's sediments will appear to flow like fluids [10-12]. Soil liquefaction occurs when saturated or
partially saturated sandy soils lose their strength because of earthquake shaking, resulting in soil liquid behavior. During
this process, the pore water pressure in the soil's core rises, reducing the total effective stress caused by earthquake
loading. Effective stress is reduced to a minimum when pore pressure equals total stress, causing soil particles to be
suspended in water and liquefaction [13]. According to Seed & Idriss (1967), the devastating occurrence of liquefaction
caught the attention of numerous scholars during the 1964 Niigata earthquakes, in which many structures were tilted
[14]. In 1999, there was a well-known incident of soil liquefaction that occurred in Adapazar, Turkey. As a result, a
significant portion of the city was destroyed, and a huge number of people died. During this earthquake, liquefaction of
the soil was detected [15]. According to Bray & Sancio (2006), the 1999 earthquake in the Adapazar area caused fine-
grained soils (clay and silt) to liquefy at 12 construction sites [16]. Due to the possibility of earthquakes, researchers
conducted a few investigations in and around Bangladesh to estimate liquefaction probability at the local level.

Ansary and Rashid [17] conducted a case study in 2000 using data from 190 bore holes from the Standard Penetration
Test to assess the Greater Dhaka Metropolitan Area, Bangladesh's vulnerability to liquefaction. A liquefaction
vulnerability map was created after the liquefaction potential was assessed using two simplified approaches. Based on
the findings of standard penetration tests, Islam and Ahmed performed an investigation in 2010 to evaluate the
liquefaction potential of a few specified reclaimed areas of Dhaka city. It was observed that some areas of the reclaimed
areas are liquefiable up to the filling depth [18]. In 2010, Mhaske and Choudhury carried out research to create a map
of Mumbai's overall sensitivity to soil liquefaction by defining three zones: critically liquefiable soil; moderately
liquefiable soil and non-liquefiable soil. The assessment of the factor of safety against soil liquefaction potential was
done using a simplified version of the Youd et al. (2001) approach. It was reported that locations such as Borivali,
Malad, Dahisar, and Bhandup are susceptible to liquefaction for earthquakes of moment magnitudes of Mw = 5.0 and
7.5 [19]. Shukla et al. (2013) performed a study to assess the liquefiable underlying soil in a portion of Delhi University
North Campus because the city continues to develop high-rise buildings and other mega structures despite having a good
number superstructure already. The analysis of the study found that the average depth of subsurface soil that is
liquefiable in the study region is greater than 8 meters. The study's final finding was that the region is extremely
vulnerable to earthquake liquefaction and needs the proper mitigation to lower down the risk [20]. Hossain et al. (2020)
conducted a recent case study in which they used a standard penetration test data to estimate the liquefaction potential
index for a small town (Moulvibazar) in northeast Bangladesh. The LPI values for each borehole's soil profile were
derived using the 25 bore log SPT-N data with an earthquake magnitude of Mw=8 and a peak horizontal ground
acceleration (PGA) of 0.36 g. The LPI values in town range from 0 to 42.33, with values ranging from 1.42 to 7.52 in
the Holo-Pleistocene zone and O to 42.34 in the Holocene flood plain area [21].

Sengupta and Kolathayar (2020) performed another case study, evaluating the liquefaction potential of a combined-
cycle power plant site in Bangladesh's Chittagong area. The liquefaction potential of the site was evaluated using the
SPT-N values of 33 boreholes located at 3-meter intervals from the ground level to a depth of 30 meters. Following
investigation, researchers indicated that the soil up to 15 meters deep had a considerable liquefaction risk at successive
depths in the majority of drilling locations [22]. Using information from 28 boreholes, Wadi et al. (2021) carried out a
similar case study at a sugar plant location in Nigeria's Upper Benue area to assess subsurface formation for soil
liquefaction analysis. According to the method in Idriss and Boulanger, the liquefaction parameters were calculated
(2014). According to the findings, there is saturated loose to medium-density sandy, silty clayey soil between 1.5 and
4.5 meters beneath the surface, and the liquefaction safety factor is less than 1 [23]. The study by Abdullah and Aal
(2021) was aimed at assessing and creating maps of Jeddah City's vulnerability to liquefaction in the Kingdom of Saudi
Arabia. By using data from 214 SPT boreholes, the liquefaction potential index (LPI) was evaluated. The findings
indicate that the majority of the city of Jeddah is located in a region with a relatively low liquefaction potential, with the
exception of the sites in the Abhur and Al-Hamra districts, where it is moderate to high [24].

Subedi and Acharya (2022) conducted the most current case study to estimate the liquefaction potential of the
Kathmandu valley, Nepal, utilizing borehole data comprising SPT-N values from 410 sites. For the assessments, certain
current and widely used analytical and computing methods were applied, and the findings were presented in the form of
liquefaction hazard maps. The evaluation results found that the majority of the sites had medium to very high liquefaction
susceptibility, with the center and southern sections of the valley being more sensitive to liquefaction and at greater risk
of liquefaction damage than the northern parts [25]. According to Tint et al. (2018), Yangon City, Myanmar, was recently
hit by several major earthquakes. As a result, the liquefaction potential index (LPI) was estimated using the Luna and
Frost Technique in 1998, after computing the safety factor of soil liquefaction using the simplified approach. Finally,
maps of liquefaction hazard were created that corresponded to seismicity and had a yearly probability of exceedance
values of 1%, 2%, and 10% in 50 years [26]. During the earthquakes in Bengal (1885), in Great India (1897), and in
Srimangal (1918), significant liquefaction cases were seen in Bangladesh's alluvial deposits [21]. Pleistocene monoliths
and alluvial deposits make up the town's subsurface soils (sand, silt, and clay). Due to its location in an earthquake-
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prone area, alluvial soil, and a high groundwater table, this area has a significant potential for liquefaction caused by
earthquakes. However, no research has been done to evaluate the liquefaction vulnerability of this region. Therefore,
liquefaction hazard evaluation for the city is necessary to secure a reliable urban development. The main objectives of
the current study are to determine the soil liquefaction safety factor, the liquefaction potential index (LPI), and the
liquefaction probability (PL) for the subsurface geology of the Dinajpur District. This assessment will be conducted
using simplified deterministic and probabilistic approaches. In order to calculate the LPI and PL values of the soil
profiles, the safety factors against liquefaction for different layers of soil are assessed using an Mw 6.5 earthquake
scenario with a PGA value of 0.20g. Finally, geospatial techniques were utilized to create severity maps for the study

area. The vulnerable zones were identified using the hazard map.

2. Seismotectonics and Surface Geology

Plate tectonics is intimately linked to earthquakes. Bangladesh is positioned near the plate borders of the Indian and
Eurasian plates in a tectonically active zone (Figure 1). Bangladesh is located to the north and east of the plate borders.
Significant thrust faults may be found in Bangladesh's north (at the base of the Himalayas) and east (in the Indo-Burma
mountainous regions) [6]. Dinajpur is the largest of Bangladesh's sixteen northern districts. Dinajpur is the district with

the greatest proximity to the mountain frontal thrust.
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Because the Indian and Eurasian plates collide, the Himalayan Ranges in the north and the Indo—Burman Ranges in
the east are produced, and the Bengal Basin is formed in the eastern half of the Indian Plate [30]. The northeast migrating
Indian Plate collides with the Eurasian Plate, causing earthquakes in North East India, Bangladesh, Nepal, and Myanmar.
Historically, five earthquakes of significant magnitude (M7.0) struck Bangladesh between 1869 and 1930. These
earthquakes occurred in 1869 in Cachar, 1885 in Bengal, 1897 in Great India, 1918 in Srimangal, and 1930 in Dhubri.
The earthquakes caused damage in Bangladesh's northern, northeastern, southeastern, and central regions [31]. The
Great Indian and Dhubri earthquakes have had a significant impact on the northern section of the country. These
incidents caused the most damage to railway lines and structures. The incidence and damage caused by several
earthquakes (magnitudes ranging from 4 to 6) within the nation or near the country's border have sparked concern in
recent years.

Bangladesh's geology is characterized by folded tertiary sedimentary rocks (sandstone, shale, and siltstone) in the
southeast and northeast, isolated Pleistocene monoliths (silt, clay, silt, and sand), and alluvial layers (sand, silt, and clay)
in the central, northwest, and eastern regions [32]. The study area is located in Bangladesh's northwestern area and is
characterized by a mountain frontal thrust (Figure 2).

Legend

— Boundary line
rb Barind clay residuum
afo  QOld gravelly sand 0.00065
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Figure 2. A geological map of the northwest part of Bangladesh. The details are taken from a geological map prepared by
Alam et al. [32]

The surface geology of the studied region exhibits four unique patterns. The Barind clay residuum and the old
gravelly sand run through the district's northern section. Young gravelly sand covers the northern section of the district.
The majority of the region in the south and southeast is covered with Barind clay residuum, along with young gravelly
sand and alluvial silt. Because of the city's increasing growth, the risk is becoming more serious. The presence of
cohesionless soil at shallow depths over much of the study area increases the risk of liquefaction.

3. Methodology
3.1. Deterministic Approaches

In most cases, the Seed and Idriss (1971) technique has proven to be a suitable fit and can be a feasible option for
liquefaction assessment among several simpler processes [33, 35]. The Tokimatsu and Yoshimi [34] approach yielded
positive outcomes in some cases. The original Seed and Idriss approach has been improved by Idriss and Boulanger [35,
36], which has proven to be effective in practice. As a result, these three deterministic techniques were used to assess
the liquefaction susceptibility.
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3.1.1. Seed’s Method

The cyclic stress ratio (CSR), which can be evaluated using the suggested equation, is the denominator component
of the liquefaction resistance [35].

CSR=0.65x% m? x =iy (1-a)

In Equation 1-a, CSR= cyclic stress ratio, a,,,,= highest horizontal ground acceleration due to earthquake, g=
acceleration due to gravity, ,= vertical total stress, 6, = (c,-u) = vertical effective total stress, u = pressure of pore
water, ry=stress reduction factor.

At the same time, the SPT-N value may be utilized to evaluate the cyclic resistance ratio (CRR). The CRR suggested
by Youd et al. [37] may be estimated using the equation below:

a+cx+ex?+gx3
1+bx+dx2+fx3+hx*

CRR, s = (1-b)
In Equation 1 — b, the terms, x=N, 4 pc, a=0.048, b=-0.1248, c=-4.421 X107, e=6.13X 10*, f=-3.285X 10,
g=-1.673X107,h=3.714 X 10,

3.1.2. Tokimatsu and Yoshimi (T-Y) Method

The seismic demand generated by a specific earthquake is described by the cyclic stress ratio (CSR). Tokimatsu and
Yoshimi [34] developed the following equation for CSR produced by earthquake ground movements.

CSR:O.1><(M-1)><amfxgwd (2-a)

In Equation 2-a, Stress reduction factor, r;=1-0.015z, M stands for Earthquake Magnitude and other terms explained
above.

Tokimatsu and Yoshimi [34] also established the Cyclic Resistance Ratio (CRR):

n

) ] (2-b)

CRR=a X C,[(F ) (12
where, a=0.45, C,=0.57, n=14, C;=80-9, C,=75 for extensive liquefaction situation and N,in Equation 2-b can be

calculated as Tokimatsu and Yoshimi [34].
3.1.3. Idriss and Boulanger Method
The following equation gives the cyclic stress ratio (CSR) generated by the design earthquake, as suggested by Idriss

and Boulanger [36]:

CSR=0.65x mT x — xry (3-a)

In Equation 3-a, CSR= cyclic stress ratio, a,,,= highest horizontal ground acceleration due to earthquake, g =
acceleration due to gravity, o= vertical total stress, o, = (c,-u) = vertical effective total stress, u = pressure of pore
water, ry=stress reduction factor.

For,z<34 m:
rq=exp[a(z)+B(z)M] (3-b)
where o (z)=-1.012-1.126 sin[lﬁﬁ.laa], B (2)=0.106+0.118 sin[ 11'A‘m+5.142 ].
For, z> 34 m,
r3=0.12 exp (0.22M) (3-¢)

where, z is the depth of the earth under the surface in meters and M represents the earthquake's magnitude. The soil's
ability to withstand liquefaction, as determined by the corrected N-value of each soil layer, is known as the cyclic
resistance ratio. Rauch [38] found the following equation for calculating CRR s.

1 (N 50 1
34-(NpDg, 135 107(Np) 45 200

CRRy 5= (3-d)
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3.1.4. Evaluation of Factor of Safety (FS)

The Factor of Safety is calculated using the following equation for various strata and earthquake magnitudes [35]:
CRR7 5
Fg(Factor of safety)= W X MSF 4

In Equation 4, the cyclic stress ratio is abbreviated as CSR, The cyclic resistance ratio for earthquakes of magnitude
7.5 is known as CRR; ; and The MSF stands for magnitude scaling factor.

3.1.5. Assessment of Liquefaction Potential Index (LPI)

To estimate local liquefaction potential, the Liquefaction Potential Index (LPI) is a single-valued measure. The safety
factor is integrated along with the soil profile to calculate the LPI at a given location. A weighting algorithm has been
implemented to provide the layers closest to the earth's surface with greater weight. The Liquefaction Potential Index
(LPI) introduced by Luna and Frost [39] can be stated as follows:

LPI=Yi; wiFiH; ®)
Here, F;=1-FS;, for FS;<1.0; F;=0, for FS;=1.0; W;=10-0.5,,, for z;<20m; W;=0, for z;>20 m.

where, n specifies the discretized layer number. H; is the discretized layer's thickness, F; signifies the severity of
liquefaction for a layer, which is a function of the FS described in Equation., FS; denotes safety factor for i-th layer,
w;=10-0.5z;, which denotes weighting factor and z; stands for depth of i-th layer in meter. Therefore, the Liquefaction
Potential Index is used to measure the liquefaction hazard. When the LPI surpasses 15.0, the location is considered to
be severely liquefied. A LPI of less than 5.0 suggests very little to minor liquefaction severity, whereas an LPI of 5 to
15.0 indicates moderate liquefaction [40].

3.1.6. Determination of Magnitude Scaling Factor (MSF)

The magnitude scaling factor (MSF) is used to adapt the induced CSR when an earthquake of any magnitude occurs.
Youd and Idriss [41] give a method for calculating magnitude scaling factor.

102-24

(6)

In Equation 6, earthquake's Richter magnitude is measured in Mw. The flowchart below illustrates the methodical
approach for determining the liquefaction safety factor, liquefaction potential index, and liquefaction probability for the
study region (Figure 3).

Y

3.2. Probabilistic Approaches

Toprak et al. [42] used logistic regression studies to create SPT-based probabilistic liquefaction boundary curves.

The logistic regression formula derived using the new global liquefaction database (total data sets = 440).
; R SR
Logit (P )=In T 104459_02295(1\]1)conzs+4'0573 In (MSF) (7

In Equation 7, Py = probability of liquefaction. CSR= cyclic stress ratio, must be evaluated according to Youd et al.
[41]. Using the magnitude scaling factor (MSF), the CSR values were modified to Mw=7.5. N, ¢, s, the adjusted
equivalent clean-sand blow count is calculated according to Youd et al. [41]. Juang et al. [43] used logistic regression
as indicated in Equation 8, on a data set of 243 samples with SPT values:

Logit(P,)=1In [f—lﬁl]:lo.l 129-0.25729N 40cs+3.4825 In(CSR; 5) (8)

In Equation 8, CSR is computed using the equation proposed by Seed et al. [44]. The N, (s values were calculated
using the corresponding clean-sand adjusted N values Youd et al. [37].

On the same database of 243 instances, Juang et al. [45] utilized the Bayesian mapping technique to estimate the
liquefaction probability (P;) as a function of safety factor (Fg). The factor of safety was calculated utilizing the SPT-
based technique described in Youd et al. [41]. The following Equation 9 illustrates this:

1

Ee g

A

PL:

In Equation 9, the regression coefficients A = 0.77 and B = 3.25, Juang et al. [45] were used to determine the
likelihood of liquefaction using the revised database of liquefaction case histories by Idriss and Boulanger [36, 46]. They
used a variety of theories to construct different probability models, including the principles of Maximum Likelihood
and Information Theory.
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Figure 3. Liquefaction susceptibility evaluation methodology

According to them, the Gaussian + M1 model and the Logistic + M1 model performed well among the numerous

models. The equation for the logistic+M1 model is as follows:

P _ 1
L texp[7.55(Fg-0.95)]

(10)

The liquefaction probability (P;) can be calculated as a function of cyclic stress ratio and cyclic resistance ratio, or
as a function of the safety factor (Fs). This PL-FS mapping function is unique to the Idriss and Boulanger [36] method;
thus, the safety factor (Fs) must be calculated by the Idriss and Boulanger [36] method.

Though both models may be utilized to predict the liquefaction probability, they chose to adopt a mixed model that
combines the Gaussian + M1 and Logistic + M1 models, as indicated in Equation 5.
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Fs-0.95 )+ 1
0.24 1+exp (7.55(Fs-0.95))

P =[1-6(

] (11)

In Equation 11, @ stands for the standard normal cumulative distribution function and Fg must be evaluated utilizing
the Idriss and Boulanger [36] method.

The chance of liquefaction was evaluated using a maximum likelihood method and an upgraded case history
database, as per Boulanger and Idriss [47]. Here, CSR;5 and N, 45 must be calculated from the deterministic
liquefaction triggering correlation proposed by Idriss and Boulanger [36].

(NDgocs (NDgocsy2  (NDgocs (N1) 038 4 .
{ H(W(l)(“\}Jr{ 1?2)(‘§}~+{ M‘((61(“\}31“{ ﬁ;(;)(“\}{z.(ﬁ'*11‘1((45}(7_5)

(12-a)

Prl(N1)6ocs,CSR7 5, 6 v=1am |=8( -

sIn(R)

After re-arrangement, the model created and suggested by Boulanger and Idriss [47] for practice may be represented
as the equation given below, according to Juang et al. [45]:

{In(Fs)+0.13}

013 (12-b)

P=1-o|
In Equation 12-b, F, must be calculated by the Idriss and Boulanger [48] method.

4. Liquefaction Analysis of Northwest Region of Bangladesh

Dinajpur is in northern Bangladesh, between 25°10" and 26°04' north latitude and 88°23' and 89°18' east longitude.
The topography of the area is generally flat, with a slight southerly slope toward which important rivers like the Dhepa,
Punarbhava, and Atrai flow. Since Dinajpur lies in the Terai basin, the soil is sandy, with a significantly higher sand-to-
silt ratio than clay. Because of the presence of several fault lines, this area is extremely vulnerable to earthquakes (Bogra
fault, Tripura fault, Sub Dauki fault, Shillong fault, and Assam fault). Figure 4 depicts a map of the Dinajpur district. It
has 13 upazilas: Kaharole, Khansama, Ghoraghat, Chirirbandar, DinajpurSadar, Nawabganj, Parbatipur, Fulbari, Biral,
Birampur, Birganj, Bochaganj, and Hakimpur . Birganj is the largest upazila in Dinajpur's 13-upazila district.
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Figure 4. Map of Dinajpur district

Dinajpur District is quickly developing as a result of industrialization and urbanization. Many infrastructures are
being constructed to satisfy the rising demand. As a result, subsoil investigations have been carried out at a number of
places in all parts of the city. The current research collected geotechnical test reports from a variety of government and
commercial institutions. A total of 160 soil test reports were obtained from various organizations and the essential data
was retrieved from the soil test reports. The gathered sets of data can cover the majority of the region. Figure 5 shows
the position of the boreholes.

1466



Civil Engineering Journal Vol. 8, No. 07, July, 2022

0 2.755.5 1 16.5 22
Miles

Legend

+ Data Point

Dinajpur District Boundary

Figure 5. Borehole point locations in dinajpur district

To calculate the cyclic stress ratio, effective and total overburden pressure was computed utilizing borehole data. In
addition, the cyclic resistance ratio was calculated using SPT and N at various layers. Using the deterministic techniques
mentioned above, the liquefaction factor of safety was determined. After that, the smoothing function was used to add
the FS values together to get the LPI for the entire stratum. It is important to determine the liquefaction susceptibility of
the entire stratum rather than FS at separate strata to measure the liquefaction susceptibility. As a result, LPI values are
utilized to describe the extent of liquefaction in a given area. Using probabilistic approaches, the probability of
liquefaction was also estimated. Following that, liquefaction severity is discussed using PL values. For the computation
of the cyclic stress ratio, which is the produced stress in liquefaction a predicted earthquake magnitude and peak ground
acceleration are required. The likelihood of a magnitude Mw = 7.0 or greater earthquake in or around Bangladesh,
specifically close to the Dinajpur district, is justified by the history of increasing earthquakes as well as the current
frequency of seismic circulation. A magnitude 7.0 or larger earthquake is also possible, according to the suggested
Bangladesh National Code (BNBC-2015).

Technical explanation is also required for an approximation of PGA. Dinajpur is positioned in seismic zone Il, with
a zone coefficient of 0.15, according to the previous BNBC-1993 seismic zonation map of Bangladesh, resulting in
0.15g peak ground acceleration. In recommended BNBC-2015, the existing seismic zonation map is updated to account
for maximum anticipated earthquake motion in various parts of the country. According to the most recent BNBC-2015
seismic zonation map, Dinajpur lies in seismic zone Il and has a zone coefficient of 0.2 and a probable PGA of 0.2g.
Proposed PGA value is higher than the previous coefficient, making the zone very vulnerable to earthquakes. Following
the preceding discussion, the revised BNBC-2015 guideline proposes using the magnitude and peak ground acceleration
values of 6.5 and 0.20g, respectively, for earthquakes.

5. Results and Discussions

In the present research, the liquefaction safety factor, liquefaction potential index, and liquefaction probability were
evaluated using data from 160 sites in the Dinajpur district. Liquefaction susceptibility was estimated using parameters
for instance, the existence of sandy soil at a level of less than 20 m, shallow GWT (less than 10 m), and SPT-N collected
from the borehole report. The soil of Dinajpur is primarily alluvial, with a significantly larger proportion of sand and
silt than clay. According to the 160 boring logs, the water level was 0—6 meters below the earth's surface.
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Utilizing the three available deterministic methods mentioned above, the factor of safety (FS) for liquefaction was
assessed for the study area. The safety factors (FS) for different layers of soil are assessed using an Mw 6.5 earthquake
scenario with a PGA value of 0.20g. The factor of safety against liquefaction has been determined using the lowest
safety factor among the estimated values. This safety factor may then be used to produce maps using Arc-GIS software
that display the research area's safety factor hazards. Figure 6 shows the research region's FS mapping for 6.5 earthquake
magnitudes at 3 meters of depth.
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Figure 6. Borehole point locations in dinajpur district

About 35 of the 160 locations have FS values that are less than 1 and have been identified as liquefaction-prone. As
shown by the image, the soils in the regions of Khansama, Chirirbandar, Dinajpur Sadar, Parbatipur, Bochaganj, and
Biral were discovered to be liquefied with FS less than one. This may be due to the presence of filling land at shallow
depths, followed by a layer of medium-sized sand that contains silt. The depth of the groundwater table below the surface
is likewise shallow here.

Similar to this, the factor of safety for depths of 6 and 9 meters is also determined, and the danger map for each is
shown in Figures 7 and 8, respectively. When taking into account the aforementioned magnitude, FS is determined to
be less than 1 for 33 sites and 22 sites, respectively, at 6 m depth and 9 m depth, out of the 160 sites in the research
regions. The risk map that was created also revealed that while certain areas in the South and Northwest are deemed to
be securing from liquefaction, few places in the center of the map are. The location of the groundwater table in these
certain places is at a greater depth. Due to the presence of clayey particles in the sand with SPT-N values of 25 and
above, the majority of these locations display FS greater than 1.3-1.9.

The determined safety factor was then summed and weighed to establish the vulnerability of the layer, which is
known as the LPI. According to Idriss and Boulanger (2006) [36] and Seed and Idriss (1971) [35], 36 locations had high
liquefaction severity, whereas 35 sites had high liquefaction severity according to the Tokimatsu and Yoshimi (1983)
[34] method of liquefaction analysis. On the other hand, according to Seed and Idriss (1971) [35], 7 locations had
extremely high liquefaction severity. Figures 9-a to 9-e shows a comparison of LPI values for arbitrarily selected
boreholes using the three different methods for different earthquake magnitudes.
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The pattern of variability is consistent across all graphs. The Seed and Idriss (1971) [35] technique yielded higher
LPI values, while the Tokimatsu and Yoshimi (1983) [34] approach yielded lower LPI values, and the Idriss and
Boulanger (2006) [36] method yielded LPI values in the middle of the two. On the other hand, the Tokimatsu and
Yoshimi (1983) [34] technique, produces greater LPI values at smaller earthquake magnitudes. However, these discrete
results do not represent the entire district's scenario. As a result, geospatial analysis (particularly IDW interpolation) was
employed to represent the concentration of liquefaction vulnerability and probability of liquefaction over the study area
in order to fulfill the demand. In the studied region, LPI calculations for 6.5 magnitude earthquakes ranged from 0 to
23, with very low and very high liquefaction danger (Figure 10). When the LPI score surpasses 15.0, the severity of
liquefaction is very high. To better explain liquefaction phenomena, the legends display additional color bars.
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Liquefaction Potential Map of Dinajpur District
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Figure 10. Liquefaction hazard map of Dinajpur district (Seed method) by IDW interpolation
The majority of the region is “low liquefiable,” with the exception of a tiny part that is “high liquefiable,” according
to LPI definitions. Furthermore, with the exception of a tiny portion of land that is "marginally liquefiable," the majority

of the region is "non-liquefiable™ (FS > 1.2) according to factor of safety definitions. According to the Idriss and
Boulanger (2006) [36] technique, LPI values for earthquake Mw= 6.5 ranged from 0 to 19, as shown in Figure 11.
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Figure 11. Liquefaction hazard map of Dinajpur district (Idriss and Boulanger method) by IDW interpolation
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With the exception of a tiny portion of the research zone, the LPI value ranges from 5 to 15, as shown by the legend
bar. The rest of the section shows LPI values from 0 to 5, as well as LPI > 15. The variation in LPI values was displayed
by different colors. The majority of the region is “low liquefiable,” with the exception of a tiny part that is “high
liquefiable,” according to LPI criteria. Figure 12 shows LPI values ranging from 0 to 20 according to the Tokimatsu and
Yoshimi (1983) [34] technique.
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Figure 12. Liquefaction hazard map of Dinajpur district (Tokimatsu and Yoshimi Method) by IDW interpolation

The district's southern portion has been judged to be more resistant to liquefaction, while the district's center and
northwestern sections have been determined to be more susceptible. With high LPI values, Upazila Biral, Birganj,
Khansama, Parbatipur, and portions of Dinajpursadar are particularly vulnerable.

The six probabilistic techniques listed above were used to assess the probability of liquefaction. Out of 160 sites, 50
were identified to be vulnerable to liquefaction (P, = 65%), according to Juang et al. (2002) [43], Logistic Regression
and 49 sites, according to Juang et al. (2012) [45], Logistic+M1 and 51 sites, according to Juang et al. (2012) [45],
Mixed model and 46 sites, according to Boulanger et al. (2012) [47]. Figures 13-a, and 13-b compares the liquefaction
probability obtained using the six probabilistic techniques for arbitrarily selected boreholes in a liquefaction-prone soil
layer for an earthquake of magnitude 6.5.
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Figure 13. (a) Borehole 19 liquefaction probability comparison, (b) Borehole 33 liquefaction probability comparison

Boreholes 7, 16, 19, 26, 32, and 33 exhibit the same fluctuation pattern. Boulanger and Idriss (2012) [47], Juang et
al. (2012) [45], Logistic+M1, Juang et al. (2012) [45], Mixed Model all come out with higher probability values. Juang
et al. (2002) [43], the Bayesian mapping technique, and the Toprak et al. (1999) [42] Model all exhibit lower values.
Juang et al. (2002) [43], Logistic Regression, provides probability values that are intermediate between Boulanger and
Idriss (2012 [47]), Juang et al. (2012) [45], Logistic+M1, Juang et al. (2012) [45], Mixed Model, and Juang et al. (2002)
[43], Bayesian mapping technique and Toprak et al. (1999) Model [42]. However, in a small number of boreholes, this
pattern does not appear. The results obtained are consistent with those found previously [49].

According to Juang et al. (2002) [43], the PL—FS relationship is depicted in Figures 14-a, and 14-b, with probability
computed using logistic regression analysis and the Bayesian mapping technique. In the Bayesian mapping technique,
probability is proportional to the factor of safety. The expression of the equation differs in the logistic regression
technique, but the trend is identical to that of the Bayesian mapping technique. The Mixed Models and logistic + M1,
according to Juang et al. (2012) [43], can be used to determine liquefaction probability. The probability of liquefaction
is shown as a function of the safety factor in both models. As a result, the probability versus factor of safety is shown as
a smooth curve in Figures 15a and 15-b, and the results of both models coincide. The findings are in accordance with
what has already been observed by Sharma et al. (2018) [49].

100 100 .
Juang et al.(2002), Logistic Juang et al. (2002), Bayesian
Regression ‘ mapping function
80 80 _
9 M=6.5 = M=6.5
b iy
£ 60 £ 60
2 ® 2
< <
& 40 o 40
20 \;. 20 "
C S,
® e 0 bad Son
S0 100 150 200 2.50 S0 100 150 200 2.50
Factor of safety Factor of safety
(@) (b)

Figure 14. Relationship between probability and factor of safety evaluated by Juang et al. (2002)
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Boulanger (2004)

Figures 16-a to 16-f show the hazard map of Dinajpur district for a magnitude M=6.5 earthquake based on
probabilistic methodologies by IDW interpolation. The stratum with the highest possibility of liquefaction is reserved
as the liquefaction probability for that borehole when producing the hazard maps.
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Figure 16. (a) Probabilistic liquefaction hazard map of Dinajpur District (Boulanger and ldriss 2012[47]) by IDW
interpolation (b) Probabilistic liquefaction hazard map of Dinajpur District (Toprak et al. 1999 42]) by IDW interpolation (c)
Probabilistic liquefaction hazard map (d) Probabilistic liquefaction hazard map of Dinajpur District (method of Juang et al.
(2002) Bayesian Mapping) by IDW interpolation (e) Probabilistic liquefaction hazard map of Dinajpur District (method of
Juang et al. (2012) [45] Mixed Model) by IDW interpolation (f) Probabilistic liquefaction hazard map of Dinajpur District
(method of Juang et al. (2012) [45] Logistic + M1) by IDW interpolation.
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Figure 17. Second set of data used for validation of developed procedure
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After that the Probability of liquefaction of the validation points were extracted from the hazard map. Regression
analysis was conducted using the secondary data sets, and the results are displayed in Figure 18.
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Figure 18. Observed and predicted probability of liquefaction (PL) values at validation points by IDW interpolation a)
Method of Boulanger and Idriss (2012) [47] b) Method of Juang et al. (2012) [45] Logistic + M1 c) Method of Juang et al.

(2012) [45] Mixed Model d) Method of Juang et al. (2002) [45] Bayesian Mapping.

In these figures, observed probability is plotted on the horizontal axis and probability from the prepared map is
plotted on the vertical axis. The linear relationship between observed and predicted values has an R? value greater than
0.79 in all cases. The larger regression coefficient was seen for Juang et al. (2012) [45], Logistic+M1. The extracted

value shows good consistency for the empirical methods.
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6. Conclusions

This study mainly aims to attract interest in the present situation of liquefaction severity in Dinajpur district caused
by seismic motion. The analysis is based on simplified deterministic and probabilistic methods using standard
penetration test borehole data. Conventional approaches for assessing seismic soil liquefaction possibilities focus solely
on a single value of peak ground acceleration and a single magnitude of earthquake. Based on the presence of sandy
stratum up to a maximum of 20 meters, GWT at low depth (below 7m), and lower N-value (3—-35), the city's vulnerability
to liquefaction has been assessed. The findings are assessed in terms of soil liquefaction safety factor, liquefaction
potential index, and liquefaction probability. Due to uncertainties in the liquefaction evaluation procedure, the results of
this research were finally represented as seismic hazard maps, which show the study region's susceptible zones. Based
on the outcomes, the following conclusion may be drawn:

e Out of 160 locations, deterministic processes revealed that 36 sites, including Kaharole (01), Khansama (03),
Chirirbandar (05), Dinajpur Sadar (05), Nawabganj (01), Parbatipur (03), Fulbari (02), Biral (08), Birampur (01),
Birganj (02), Bochaganj (04), and Hakimpur (01) had high liquefaction severity.

e According to probabilistic approaches, it has been determined that 50 sites, including Kaharole (03), Khansama
(03), Chirirbandar (07), Dinajpur Sadar (06), Nawabganj (02), Parbatipur (03), Fulbari (03), Biral (10), Birampur
(03), Birganj (02), Bochaganj (06), and Hakimpur (02), are likely to liquefy.

o For the research region, the adjusted N value necessary to prevent liquefaction ranges from 13 to 16 at depths of 3
m to 16 to 19 at depths of 6 m.

o The relationships between the probability of liquefaction and the factor of safety (FOS) obtained in this study are
supported by, Juang et al. (2001) [43] and Sharma et al. (2018) [49].

¢ Since all possible combinations of ground accelerations and earthquake magnitudes were not considered in this
study for the estimation of liquefaction potential, uncertainty in seismic loading wasn't taken into account.

o The derived hazard maps developed by probabilistic approaches were further validated to check the developed
procedure using an arbitrarily collected secondary dataset. In every regression analysis event, the obtained R? values
exceeded 0.79. As a result, the created hazard maps for liquefaction susceptibility were justified by the greater
regression coefficient. This produced hazard map may be utilized successfully for the Dinajpur district's planning,
mitigation, and sustainable development.
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