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Abstract

Liquefaction can intensify the destruction caused by an earthquake; thus, a region with high liquefaction potential could
be more disastrous. Bangladesh is surrounded by the Indo-Burma Folded Belt in the east, the Dauki Fault and Himalayan
Syntaxis in the north that are known to have occurred high magnitude earthquakes (e.g., M, > 7) in the past. Therefore,
assessing seismic hazards in the regions that are economically growing fast is of great interest. Among many other hazard
assessment parameters, soil liquefaction potential index (LPI) can be used to assess seismic hazards. In this study, we
have assessed the seismic hazard potential for a small town (Moulvibazar) in the northeast Bangladesh documenting
liquefaction potential indices for different surface geological units using an earthquake of moment magnitude M,, 8
having a peak horizontal ground acceleration (PGA) of 0.36 g. Twenty-five standard penetration test (SPT) boreholes
were completed within the study area to obtain SPT-N values for two surface geological units: (1) Holo-Pleistocene low
elevated terrace deposits (Zone 1) and (2) Holocene flood plain deposits (Zone 2). Using the SPT-N values, the LPI values
have been calculated for the soil profile of each borehole. The LPI values in the town vary from 0 to 42.33, whereas values
from 1.42 to 7.52 are in Zone 1 and values from 0 to 42.34 are in Zone 2. It has been predicted that 42% and 78% areas
of Zone 1 and Zone 2, respectively, might exhibit surface manifestation of liquefaction. The results of this study can be
used for seismic risk management of Moulvibazar town.

Keywords Earthquake - Liquefaction - Surface geology - Standard penetration test (SPT) - Simplified procedure -
Liquefaction potential index (LPI)

1 Introduction water-saturated Quaternary loose sediments exist down

to a depth of 20 m.

Liquefaction can cause extensive damage during an earth-
quake. The 2018 Sulawesi Earthquake in Indonesia, 1999
Chi-Chi Earthquake in Taiwan, 1989 Loma Prieta and 1964
Alaska Earthquakes in USA, 1964 Niigata Earthquake in
Japan have revealed how soil liquefaction can increase the
intensity of the damage caused by seismic shaking [10, 19,
21, 34, 36, 38, 46]. Therefore, it is necessary to assess the
liquefaction potential of earthquake prone areas where

About 80% landmass of Bangladesh is covered by
the Quaternary loose and soft sediments [3]. Extensive
liquefaction phenomena were documented in alluvial
deposits of Bangladesh after the 1885 Bengal Earth-
quake, 1897 Great Indian Earthquake, and 1918 Sriman-
gal Earthquake [23, 29, 42]. Paleoseismic investigations
revealed liquefaction phenomena in the northern and
northeastern parts of the country, which are believed
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to be caused by a number of seismic events along the
Dauki fault [25-27]. Earthquake of moderate to large
magnitude may occur in this region as a result of contin-
uing tectonic deformation along the active Indo-Burman
plate-boundary faults [24, 41]. The northeast region of
Bangladesh is the most vulnerable to earthquake given
that this region is close to the two potential sources, i.e.,
Dauki Fault [26] and Indo-Burma Fold Belt [41].

In the present study, liquefaction potential of
Moulvibazar, a rapidly growing district town in the
northeastern part of the country, has been evaluated
for future urban planning and development of the town
Fig. 1. The seismic zoning map of Bangladesh [8] deline-
ated this town within the most vulnerable seismic hazard
prone zone of Bangladesh, where the peak horizontal
ground acceleration (PGA) value is assigned as 0.36 g.
The subsurface soils of the town down to a depth of
more than 20 m are composed of the Holo-Pleistocene
and Holocene loose and soft sediments [32]. The epi-
center of the 1918 Srimangal Earthquake (M,, 7.6) was
close to Moulvibazar town, and extensive liquefaction
phenomena were observed in this region including the
town area after this quake [42, 43]. Therefore, liquefac-
tion potential assessment for the town is essential for a
safe and resilient urban development. Present study is
aimed at preparing an earthquake-induced soil liquefac-
tion hazard map for Moulvibazar town using a design

Location Map of the Study Area

earthquake of My, 8 having a horizontal peak ground
acceleration (PGA) of 0.36 g.

Earthquake-induced soil liquefaction potential is gener-
ally evaluated from standard penetration test blow counts
(SPT-N) using the simplified procedure that was originally
proposed by Seed and Idriss [37]. Later, the simplified pro-
cedure has been updated, calibrated, and validated by
many researchers [48]. The procedure is applied to esti-
mate the factor of safety (F,) against liquefaction, where
F, > 1 designates that a soil layer will not liquefy and F <1
indicates that a layer will liquefy during cyclic loading [30,
37]. lwasaki et al. [16] introduced liquefaction potential
index (LPI), where F_ is a function of the thickness of lique-
fiable layer and depth of the layer from the ground surface.

Although this region has high potentiality to cause
earthquake-induced liquefaction, no study has been con-
ducted yet to assess the liquefaction hazard for this town
of Bangladesh. Therefore, the infrastructures of the town
are being constructed without considering seismic and
liquefaction hazard. Present study attempts to assess the
factor of safety of liquefaction using simplified procedure
[48] to figure out liquefaction potential index (LPI) for the
subsurface geological materials of Moulvibazar town. The
factors of safety of liquefaction for various soil layers are
evaluated using a scenario earthquake of M, 8.0 having
a PGA value of 0.36 g to estimate the LPI value of the soil
profiles. A liquefaction hazard map has been prepared
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Fig. 1 Location map and surface geology map along with the borehole locations in Moulvibazar town
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using contour lines of the LPI values, and the cumulative
frequency distribution (CFD) of the LPI values of different
surface geological units.

2 Study area

Moulvibazar town is located on the bank of the Manu River
in the northeastern part of Bangladesh Fig. 1. The town has
its present area of about 10.36 km? and total population of
about 56,537 with population density of 5,457 per square
kilometer [5]. It is further growing rapidly with increase in
both population and masonry structures.

2.1 Geomorphology and geology

From the geomorphological point of view, this town is
characterized by a landscape with Holocene flood plain,
low elevated terrace, and sporadic hillocks [32]. As seismic
hazard assessment and site characterization are still at nas-
cent state in Bangladesh, it is no wonder that this rapidly
growing town is still lacking investigation as per the risk
assessment of ground failure by seismic soil liquefaction
hazard.

The area exhibits two major surface geological units:
the Holo-Pleistocene low elevated terrace and Holocene
flood plain deposits Fig. 1. The Holo-Pleistocene low
elevated terrace unit occupies the southeastern corner of
the town, while the Holocene flood plain unit covers the
rest of the area of the town. Table 1 represents soil clas-
sification of the geological materials of Moulvibazar town
according to the Unified Soil Classification System (USCS),
and their geologic ages. Among them, the Holocene ter-
race deposits are mainly composed of silty clay, clayey
silt, and sand. The sand grains are generally medium to
fine grained. Mineralogical composition of the geological
materials of this unit is chiefly quartz, feldspar, mica, and
dark colored minerals. This unit covers about 7.00 km? area
of the town and has elevation of 13-20 m. On the other
hand, the Holo-Pleistocene low elevated terrace deposits
are chiefly comprised of clayey silt to silty clay with sand.
Mottling of color is present in these red to yellowish red
and grey geological materials. This unit covers 3.00 km?
area of the town with elevation varying from 13 to 25 m.

2.2 Seismotectonics

Bangladesh occupies major part of the Bengal Basin Fig. 2,
which is one of the largest sedimentary basins in the world
[2, 31]. This pericratonic basin, as well as Bangladesh, in
the northeast of the Indian shield, is surrounded in the
north and east by actively converging plate boundaries
of the Himalaya and the Burman Arcs, respectively [6, 7,
28, 31]. The tectonic condition of Bangladesh and its adja-
cent area have made this region potential for earthquake.
Paleoseismic records and modern earthquake data in the
foredeep areas of the Himalayan and Burman arcs suggest
that active faults are bounding these blocks [7, 40]. These
faults are also regarded as plate boundary faults Fig. 2.
Record of several earthquakes around the Bengal Basin
implies that this basin is seismically active.

Moulvibazar town lies in the greater Sylhet region
where a number of earthquakes occurred in the past
[4]. Geologically, this town is located in the Sylhet Basin
which is also known as Surma Basin or Sylhet Trough [17].
Shillong Massif is in the north of the Sylhet Basin. The fron-
tal deformation zone of the Burma Arc lies to the east of
this basin [17]. The interplay between the rising Shillong
Massif and the Indo-Burman fold belt is responsible for
evolving this Miocene, actively subsiding basin [14]. Steck-
ler et al. [40] and Morino et al. [25, 26] described the Dauki
fault as a major active structure in this region.
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Fig.2 Tectonic and paleoseismic map of Bangladesh. Bengal Basin
is outlined by dotted blue circle, Surma Basin is demarcated by red
circle, and Dauki Fault is represented by orange line Reproduced
from Steckler et al. [41]

Table 1 Classification of

Surface geological unit
the geological materials of 9 9

USCS soil type Geological age

Moulvibazar town according
to the unified soil classification
system (USCS)

Holocene flood plain deposits

Holo-Pleistocene low elevated terrace

deposits

CL, ML, SC, SM, SP
CH, CL, MH, ML, SM, SC, SP

Holocene
Holo-Pleistocene
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Bangladesh has been divided into four major seismic
zones based on the peak horizontal ground acceleration
(PGA) [8]. The zones are Zone |, Zone I, Zone lll, and Zone
IV, having PGA value of 0.12 g, 0.20 g, 0.28 g, and 0.36 g,
respectively Fig. 3. Moulvibazar town lies within the Zone
IV, which has PGA value of 0.36 g. It is notable that the
Sylhet region has the maximum PGA value in the country,
implying the most vulnerable zone for seismic hazard.

3 Methodology
The standard penetration test blow counts (SPT-N) are gen-

erally used worldwide to evaluate liquefaction potential
analysis using design earthquake [9, 18, 31, 35, 47, 48]. The
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Fig.3 Seismic zoning map of Bangladesh (BNBC 2014)

simplified procedure [37], later updated, calibrated, and
validated by Youd et al. [48], has been used for evaluating
liquefaction potential from the SPT-N values of the geologi-
cal materials of Moulvibazar town. Using the SPT-N values
at each 1.5 m interval starting at a depth of 1.5 m from
the ground surface to a depth of 20 m, the factor of safety
against liquefaction (F) at each 1.5 minterval and liquefac-
tion potential index (LPI) for each SPT-N profile down to a
depth of 20 m have been calculated to observe the severity
of liquefaction at each borehole site. The liquefaction haz-
ard map of the study area has been prepared using the LPI
values of the SPT-N profiles located at different surface geo-
logical units of the study area.

3.1 Dataset

The SPT-N profiles of 25 boreholes were used for this study.
The SPT-N values and disturbed samples were collected
from each borehole at each 1.5 m interval down to a depth
of 20 m. Decision for the selection of boring sites has been
made following the surface geological units of the area.
The locations of the boreholes are manifested in the sur-
face geological map of the study area Fig. 1. Among them, 5
boreholes are on the Holo-Pleistocene low elevated terrace
deposits, and 20 boreholes are on the Holocene flood plain
deposits.

The subsoils of each borehole down to a depth of 20 m
are classified using Unified Soil Classification System (USCS).
The groundwater level at each borehole was recorded after
24 h from the completion of the borehole, and topographic
elevation was also recorded during the site investigation.
The grain size distribution data are obtained by mechani-
cal sieve analysis of coarse-grained soils and hydrometer
analysis of fine-grained soils to determine the percentages
of silt and clay. The groundwater level varies from 0.013 m
to 3.5 min the boreholes of the study area. In Table 2, the
geological and geotechnical properties of a soil layer that
are required for liquefaction potential analysis are shown
from borehole MIv-08 and the bore log of this borehole is
presented in Fig. 4.

The epicenter of 1918 Srimangal Earthquake (M,, 7.6) was
located about 30 km away from Moulvibazar town [42, 43].
According to the report of Stuart [42], all the brick build-
ings in Moulvibazar town were damaged and many of them
were thrown drown. The Moulvibazar town was in the area
enclosed by Isoseist line no. 2 of the intensity map of the 8

Table 2 Geological and geotechnical properties (geological age, lithology, soil type, fines content (FC), unit weight above groundwater level
(v4), and unit weight below groundwater level (y,)) of a subsoil layer from borehole Mlv-08

Age Lithology Soil type FC (%) ¥4 (kKN/m?) ¥, (kKN/m?) GWT (m) Depth (m) SPT N value
Recent Silt ML 20 14 17 1 1.5 1
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Fig.4 Borehole. M|V.-O8 (for, — . Department of Disaster Sciences & Management
example) showing lithological Project: CBEHA at Moulvibazar Town University of Dhaka
|nf3rmat|og with SIPT_I}I values Bore Hole No: Mlv-08 Ground Water Level: Im
and groundwater leve Location: Upazila Parishad, Moulvibazar Date: 07-03-2016

Co-ordinate : Lat: 24.49064° N, Long 91.75874° E Legend | |
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July 1918 Srimangal Earthquake. The description of the dam-
age in the area enclosed by Isoseist line no. 2 is comparable
with VIl to VIIl in the MMI scale, which is equivalent to the
PGA value of 0.15-0.25 g according to the relationship of
Trifunac and Brady [44] and Tselentis and Danciu [45]. How-
ever, in the seismic zoning map of Bangladesh [8], the peak
horizontal ground acceleration (PGA) for Moulvibazar town
is assigned as 0.36 g. Therefore, we used the PGA value and
earthquake magnitude as 0.36 g and M,y 8.0, respectively,
for calculating the factor of safety (F,) against liquefaction.

3.2 Calculation of factor of safety (F,)
against liquefaction

The factor of safety (F,) against liquefaction is defined in
terms of cyclic stress ratio (CSR), cyclic resistance ratio (CRR),
and a magnitude scaling factor (MSF) [48]:

F = <CRR7'5 ) MSF 1)

CSR
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F,.>1 indicates a non-liquefiable soil layer, whereas
F, <1 indicates a liquefiable one. The cyclic stress ratio,
being proportional to the peak horizontal ground accel-
eration (a,,,,), is the amount of cyclic stress generated
during an earthquake (cyclic loading). The cyclic resist-
ance ratio, in contrary, is the required stress for changing
the condition of a soil from solid to liquefied state for an
earthquake of magnitude M,, 7.5 (CRR, ). The MSF is used
to adjust the CRR, s for other earthquake magnitudes.
The standard penetration resistance (N, )¢, Of clean sand
equivalent is used to calculate the CRR, .. An example of F|
calculation for borehole MIv-08 is shown in Table 3.

The CSR [37] is expressed as:

CSR:O.65x<%>x<ﬁ>xrd )
g Ote

where a,,,., peak horizontal ground acceleration, g = gravi-
tational acceleration, o, = total stress, o,, = total effective
stress, and ry = stress reduction coefficient.

In this study, the term r, was calculated by the following
equation [48]:

(1.000 — 0.41132% + 0.04052z + 0.0017532")

ry =
47 (1.000 — 0.4177295 + 0.05729z — 0.0062052'5 + 0.00121022)
3)

where z=depth below ground level.
The CRR; 5 was calculated by the following equation
[48]:

1 (M) s0cs 50 e

34 - (N1 )60cs 135 [10 ’ (N1)60cs + 452]2 200
@)

where the term (N, ), . is the normalized standard pen-

etration test blow counts (SPT-N) to an overburden pres-
sure of about 100 kPa, when a hammer energy ratio or

CRR; ;5 =

hammer efficiency is 60%, which is further corrected for
fines content (FC) as follows [48]:

(N1)60cs=a+ﬁ(N1)60 (5)

where @ and g are the coefficients and determined by the
following relationships:

a=0ForFC <5% (6Q)
190
a = exp [1.76 - F_Cz] For5% < FC < 35% (6b)
a=5.0ForFC > 35% (6€)
B =1.0ForFC < 35% (6d)
099+ FE° | For5% < FC < 35%
ﬂ_exp[ . +1000] or5% < FC < 35% (6€)
p =12ForFC <35% (6f)

The term (N, )60 denotes normalized SPT-N, adjusted
to approximately 110 kPa overburden pressure that is
further calculated by the equation below:

(N1)60 = N (GG GRE, 7)

where N, = SPT-N value, Cy = N,,, normalization factor
regarding overburden stress, C; = 60/100 = corrected
hammer energy ratio, C; = borehole diameter correction
factor, C; = correction factor for rod length, and C; = sam-
pler correction.

Again, the term C, is expressed mathematically as
follows:

Table 3 Factor of safety (F,) calculation for the subsoil profile of borehole MIv-08

FC(%) dmax GWT(M) o, (kPa) o (kPa) ry  CSR Depth(m) N, G G G G G (Ny), (M), CRRis Fi
90 036 1.0 225 1760 099 029% 1.5 1 2384 06 1 08 1 114 6373 0082 027
13 036 570 3738 097 0349 3.0 1 163 06 1 08 1 078 2702 0056 0.16
15 036 870 5266 096 0375 45 3 1378 06 1 08 1 198 4577 0068 0.8
87 036 1020 5295 095 0432 60 3 1374 06 1 08 1 197 7374 0090 021
80 036 1283 6448 094 0439 75 3 1245 06 1 08 1 179 7151 0088 020
6 036 181.3 1028 092 0381 9.0 15 098 06 1 08 1 709 7162 0088 023
90 036 2400 11737 081 0388 135 4 0923 06 1 08 1 177 7026 0083 022
98 036 2745 13716 076 0356 15.0 16 0854 06 1 08 1 655 12869 0139 039
90 036 2940 14194 071 0345 165 11 0839 06 1 08 1 443 10318 0115 033
87 036 3210 15423 066 0325 180 13 0805 06 1 08 1 502 11.029 0122 037
87 036 3480 16651 062 0308 19.5 1M 0775 06 1 08 1 409 9910 0112 036
28 036 4271 2309 059 0259 21.0 14 0658 06 1 08 1 442 9594 0109 042
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Pa 0.5
te

where P, = 100, because Cy normalizes N, to an effective
overburden pressure of about 100 kPa.

3.3 Calculation of liquefaction potential index (LPI)

The factor of safety (F) only determines whether a soil
layer will liquefy or not. It is not possible to quantify the
severity of liquefaction based on the factor of safety only.
The severity of liquefaction can be quantified and catego-
rized spatially using the liquefaction potential index (LPI).
Therefore, the severity of liquefaction can be mapped
using different LPI values that exist at different locations
of an area [12].

Iwasaki et al. [15, 16] introduced thickness and depth of
the susceptible soil layer in addition to F, in the LPI calcula-
tion. The LPl is proportionally related to (1) the thickness of
the liquefiable soil layer, (2) the distance between the sus-
ceptible soil layer and the ground surface, and (3) the dif-
ference of the factor of safety value from 1.0, when F < 1.

The LPI defined by Iwasaki et al. [16] is as follows:

LPI = ZOF(Z)W(Z)d(Z) 9)
F(z)=1—F forF, < 1.0 (10a)
F(z) = OforF, > 1.0 (10b)
W(z) = 10 — 0.5zforz < 20m (100)
W(z) =0forz > 20m (10d)

where zis the depth of the soil layer from the ground sur-
face in meters.

According to lwasaki et al. [16], the surface manifesta-
tion of liquefaction will occur where the LPI>5, and lig-
uefaction will be severe, where the LPI> 15. Holzer et al.
[13] examined that the liquefaction triggered sand boils
and lateral spreading were corresponding to the values of
LPI=5 and LPI= 12, respectively. Based on the LPI values,
Iwasaki et al. [16] classified the severity of liquefaction as
very low (LP1=0), low (0 <LPI<5), high (5<LPI<15), and
very high (LPI> 15). Other such classifications schemes
are also available [10, 18, 19, 21, 39]. However, for hazard
mapping, we adopted the LPl-based liquefaction hazard
categories of lwasaki et al. [16], which has already been
used by many authors [11, 32, 33].

Holzer et al. [12, 13] used the cumulative frequency dis-
tribution of the LPI values of a surface geological unit to
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Fig.5 Cumulative frequency distributions of LPI for two surface
geological units of Moulvibazar town. Parentheses of the legend
represent the number of SPT profiles used for each unit

predict the percentage of area of the unit that will show
surface manifestation of liquefaction, when LPI > 5 Fig. 5.

4 Results and discussion

The LPI values of 25 SPT-N profiles and other information
are provided in Table 4. The liquefaction hazard map for
Moulvibazar town has been prepared based on the LPI
values and cumulative frequency distribution of the LPI
values for each unit Fig. 6. The contour lines of equal LPI
values have been drawn at an interval of 5 LPI value to pre-
dict the LPI values for the areas where the SPT-N profiles
are not available. The liquefaction hazard map also repre-
sents the likelihood of surface manifestation of liquefac-
tion of each surface geological unit as percentage, where
the LPI value is equal to or greater than 5. Thus, the study
area is divided into two liquefaction hazard zones based
on the surface geological units: Zone 1 (Holo—-Pleistocene
low elevated terrace deposits) and Zone 2 (Holocene flood
plain deposits). Zone 1 covers southeastern corner of the
mapped area that contains five LPI values, and Zone 2
covers rest of the mapped area that contains twenty LPI
values.

Cumulative frequency distribution of LPI is a quantita-
tive approach to estimate how much area of a surface geo-
logical unit will show surface manifestation of liquefaction.
Large and small percentage of area predicted to liquefy
by cumulative frequency distribution of LPI is consistent
with historical earthquake [12]. However, in Zone 1, 42% of
the total area will show surface manifestation of liquefac-
tion, whereas in Zone 2, 78% of total area will show surface
manifestation of liquefaction.

The liquefaction hazard is classified based on the LPI-
based hazard index of Iwasaki et al. [16].The classification
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Table 4 Calculated liquefaction potential index (LPI) of every SPT profile for a scenario seismic event of My, 8 and PGA (a,,,,,) of 0.36 g

Boreholeno.  Coordinates Elevation (m) GWT(m)  Drilling LPI Surface geology unit
- - depth (m)
Latitude (N)  Longitude (E)

Miv-01 24.48041 91.77394 21 0.01 21.0 2.15  Holo-Pleistocene low elevated terrace
Miv-02 24.47982 91.76828 17 0.50 21.0 5.51 Holocene flood plain

Miv-03 24.48678 91.76947 18 1.00 21.0 8.62  Holocene flood plain

Miv-04 24.47507 91.76911 13 0.20 21.0 1.24  Holo-Pleistocene low elevated terrace
Miv-05 2447794 91.76584 13 0.40 21.0 0.71 Holocene flood plain

Miv-06 24.48301 91.7533 19 0.70 21.0 550 Holocene flood plain

Miv-07 24.48913 91.75758 18 0.60 21.0 2.07  Holocene flood plain

Miv-08 24.49064 91.74874 17 1.00 21.0 4234  Holocene flood plain

Miv-09 24.4837 91.76405 16 0.20 21.0 1443  Holocene flood plain

Miv-10 24.48404 91.77181 19 0.70 21.0 0.00  Holocene flood plain

Miv-11 24.48878 91.77338 19 2.00 21.0 2233  Holocene flood plain

Miv-12 24.48317 91.77881 23 2.00 21.0 26.82  Holocene flood plain

Mlv-13 24.47447 91.77465 20 3.50 21.0 7.52  Holo-Pleistocene low elevated terrace
Miv-14 24.48968 91.76527 20 1.50 21.0 1.52  Holocene flood plain

Mlv-15 24.47189 91.76575 13 2.00 21.0 146  Holo-Pleistocene low elevated terrace
Miv-16 2447563 91.75935 17 1.50 21.0 0.02  Holocene flood plain

Miv-17 24.48145 91.75873 16 2.50 21.0 18.04  Holocene flood plain

Miv-18 24.47923 91.75278 17 2.00 21.0 7.50  Holocene flood plain

Miv-19 24.48759 91.74865 18 2.50 21.0 18.69  Holocene flood plain

Miv-20 24.49544 91.75404 14 3.00 21.0 27.02  Holocene flood plain

Miv-21 24.47756 91.74643 20 2.00 21.0 6.62  Holocene flood plain

Mlv-22 2447613 91.78362 25 3.50 21.0 5.99  Holo-Pleistocene low elevated terrace
Miv-23 24.48676 91.78498 15 2.00 21.0 2646  Holocene flood plain

Miv-24 24.49091 91.78162 19 1.00 21.0 22.85  Holocene flood plain

Miv-25 24.49662 91.77921 17 3.00 21.0 2334  Holocene flood plain

Fig.6 Liquefaction hazard 91°450°E 91°4530°E 9146 0E 91°4630°E o14T0'E

map of Moulvibazar town.
Liquefaction hazard potential
is indexed as very low for
LP1=0; low for 0 < LPI<5; high
for 5<LPI<15; and very high
for LPI1>15.The 42% and 78%
areas of Zone 1 and Zone 2,
respectively, will show surface
manifestation of liquefaction
during a scenario earthquake
of M,, 8 having peak horizontal
ground acceleration (PGA) of

Liquefaction Hazard Map of Moulvibazar Pouroshava
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of liquefaction hazard for the mapped area is as follows:
(1) very low for LPI=0, (2) low for 0 < LPI <5, (3) high for
5<LPI< 15, and (4) very high for LPI> 15.

From Fig. 6, it is observed that Zone 2 (Holocene flood
plain deposits) shows higher LPI values than that of Zone
1 (Holo-Pleistocene low elevated terrace deposits). There-
fore, the Holocene loose sandy and silty soils are more
susceptible to liquefaction than that of the Pleistocene
terrace deposits [21].

In Fig. 7, two borehole logs of two zones containing
lithological and SPT-N value information are presented to
show the variation in lithology and SPT-N values due to the
sedimentary deposits of different geological age.

Holo-Pleistocene yellowish brown to reddish brown
clay, clayey silt, and sand make up the upper 20 m of
the subterranean soils of Zone 1. The presence of loose
sandy soils with groundwater level at shallow depth
increases the liquefaction susceptibility [1]. In Zone 1,
the SPT values indicate that clayey soils are very soft
to hard, and the sandy soils are loose to very dense in
nature. Liquefaction potential analysis yields that this
zone has very low to high liquefaction hazard, i.e., LPI

(a)

values from 1.24 to 7.52, Fig. 6. Usually, the Pleistocene
sediments are less susceptible to liquefy. However, the
Holocene deposits (1 m to 7 m thick) consisting of loose
sandy to silty soils present in the valleys of the Pleis-
tocene terrace reveal high liquefaction susceptibility.
For example, during the 1886 Charleston earthquake,
the Pleistocene sand deposits have been liquefied [22].
Holzer et al. [12] also revealed that the Pleistocene fan
and sand deposits may liquefy during strong ground
shaking. In the report of the 1918 Srimangal Earthquake,
Stuart [42] mentioned that two small hollows were pre-
sent on the ground of a tea factory that was located on
the Pleistocene deposits close to the study area.

The Zone 2 (Holocene flood plain deposit) is comprised
of, up to 20 m depth, light grey to dark grey clay, silty clay,
silt, and sand. The clayey soils of this zone are very soft
to hard, and sandy soils are very loose to very dense. The
LPI values of this zone range from 0 to 42.34, indicating
very low to very high liquefaction hazard. Low LPI values in
the middle part of Zone 2 indicate that thick silty clay and
clayey silt layers exist within 20 m depth at these borehole
locations Fig. 6.

(b)
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Fig. 7 Lithological logs with uncorrected SPT-N values: a Borehole No. Mlv-13 from Holo-Pleistocene terrace deposits (Zone 1) and b Bore-

hole No. Mlv-19 from Holocene flood plain deposits (Zone 2)
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Table 5 Liquefaction potential index (LPI) value changes with the depth of groundwater level (GWL)

BHno. LPIat different groundwater level (GWL) BHno. LPIat different groundwater level (GWL)
Om 1.5m 3m 45m 6m 9m 10.5m Om 1.5m 3m 45m 6m 9m 105m

1 215 1.88 1.67 154 151 0 0 14 2.00 1.52 1.22 0.92 061 0.05 0.00
2 5.56 5.42 5.29 515 5.01 473 459 15 1.86 1.56 1.26 0.94 062 0.00 0.00
3 8.88 8.49 8.10 769 727 0.5 0.15 16 0.02 0.02 0.01 0.01 0.01 0.01 0.02
4 1.24 1.20 1.16 111 1.06 097 092 17 20.29 1899 9.73 9.31 195 184 178
5 0.77 0.54 0.32 0.12 000 0.00 0.00 18 7.77 7.57 7.36 7.13 690 0.00 0.00
6 5.79 5.17 4.54 390 326 194 1.26 19 20.08 19.28 8.26 8.01 774 7.9 6.89
7 213 1.97 1.79 161 143 1.03 0.82 20 30.73 2894 27.02 19.00 1412 949 430
8 49.08 3461 2268 1381 835 140 1.04 21 6.82 6.67 6.51 6.35 6.17 0.00 0.00
9 1492 11.18 7.15 228 203 150 1.21 22 9.38 7.94 6.40 0.23 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 23 2849 27.00 15.85 6.91 653 571 528
11 2395 2275 2145 1203 511 467 446 24 2430 2295 22.07 12.03 511 467 446
12 2882 2735 16.22 729 692 6.14 573 25 2669 2507 2334 1551 1082 6.62 643
13 10.48 9.27 7.97 1.81 155 1.01 0.72

The groundwater level plays an important role in cal-
culating factor of safety (F,) and LPI values [10]. The SPT
borings of this study were performed during monsoon,
when groundwater level of this area was at shallow depth
(0.013 m to 3.5 m). The groundwater level at shallow depth
has eventually increased the LPI values and surface mani-
festation of liquefaction Table 5.

The epicenter of the 1918 Srimangal Earthquake (M,,
7.6) was located within a radius of 30 km from Moulvibazar
town. During Srimangal Earthquake, widespread spouting
out of sand and water (liquefaction) was reported within
a radius of more than 100 km (Sylhet, Agartala, Comilla,
Kishoreganj, and Netrokona) from the epicenter [42]. Our
study also suggests that widespread and severe liquefac-
tion would occur in the saturated sandy and silty soils of
the Quaternary (Pleistocene and Holocene) alluvium of
Moulvibazar town during a scenario earthquake of M,,
8 having a peak horizontal ground acceleration (PGA) of
0.36 g in Moulvibazar town. Lee et al. [20], Holzer et al.
[12], and Rahman et al. [31] also predicted that severe
liquefaction would occur in the Quaternary (Pleistocene
and Holocene) sandy and silty alluvium during a scenario
earthquake of magnitude greater than M, 7 having a
peak horizontal ground acceleration (PGA) of greater than
0.15¢.

5 Conclusions

In this study, we have assessed liquefaction susceptibility
of subsurface geological materials of Moulvibazar town
using liquefaction potential index (LPI) from geotechni-
cal properties of soil and groundwater depth, and subse-
quently prepared a hazard map for a scenario earthquake
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of magnitude 8.0 M,, having a peak horizontal ground
acceleration (PGA) of 0.36 g. The SPT N values and soil sam-
ples from 25 boreholes were used for this study. Factor of
safety of each soil layer of the SPT profiles was calculated
using the simplified procedure, and the factor of safety of
all layers encountered in a borehole down to a depth of
20 m was summed up to calculate the LPI value for a bore-
hole. From field survey and borehole investigations, two
surface geological units were identified in the study area:
(1) Holo-Pleistocene low elevated terrace deposits and (2)
Holocene flood plain deposits, and they were denoted as
two hazard zones, i.e.,, Zone 1 and Zone 2, respectively.
The liquefaction hazard map represents spatial variation
of degree of hazard by means of contour lines of equal
values. The LPI values vary from 0 to 42.33 within the town,
whereas values from 1.42 to 7.52 are in Zone 1 and values
from 0 to 42.34 are in Zone 2. Thus, Zone 1 represents very
low to high and Zone 2 shows very low to very high lique-
faction hazard potential. The cumulative percentages of
LPI revealed that 42% and 78% of the surface areas of Zone
1 and Zone 2, respectively, would exhibit surface mani-
festation of liquefaction during a scenario earthquake of
magnitude 8.0 M,, having a PGA of 0.36 g.

The liquefaction hazard map of Moulvibazar town
can be used for site-specific seismic site characterization
and microzonation, and guidelines preparation for plan-
ners and policy makers for seismic risk management of
Moulvibazar town.
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