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Mahabub, Md.S., Dutta, T., Khatun, M.,
Terao, T., Imam, Md.H., Sayem, HM,, Ha-  Liquefaction is one of the major catastrophic geohazards which usually occurs

que, Md.E,, Khan, P.A. and Jafrin, $J. (2023)  in saturated or partially saturated sandy or silty soils during a seismic event.

The Hidden Earthquake Induced Liquefac-  Evaluating the potential liquefaction risks of a seismically prone area can sig-
tion Risks in the Rohingya Refugee Camp

Hills & Surrounding Areas of Ukhiya, Cox’s

Bazar, Bangladesh—A Geotechnical Engi-
neering Approach. Open Journal of Earth- ~ ment based on Liquefaction Potential Index (LPI) values at different earthquake

quake Research, 12, 114-138. magnitudes (M = 5.0, 7.0 and 8.0) with a peak ground acceleration (a,,,) of 0.28
https://dot.org/10.4236/ojer.2023.123004 g in the Rohingya Refugee camp and surrounding areas of Ukhiya, Cox’s Bazar,

Bangladesh. Standard Penetration Test (SPT) results have been evaluated for

nificantly reduce the loss of lives and damage to civil infrastructures. This re-
search is mainly focused on the earthquake-induced liquefaction risk assess-
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Accepted: August 13, 2023 potential liquefaction assessment. The soils are mainly composed of very loose

Published: August 16, 2023 to loose sands with some silts and clays. Geotechnical properties of these very

loose sandy soils are very much consistent with the criteria of liquefiable soil. It
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is established from the grain size analysis results; the soil of the study area is
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Thi . . mainly sand dominated (SP) with some silty clay (SC) which consists of 93.68%

is work is licensed under the Creative

Commons Attribution International to 99.48% sand, 0.06% to 4.71% gravel and 0% to 6.26% silt and clay. Some

License (CC BY 4.0). Clayey Sand (SC) is also present. The silty clay can be characterized as medium

http://creativecommons.org/licenses/by/4.0/  (CI) to high plasticity (CH) inorganic clay soil. LPI values have been calculated

m to identify risk zones and to prepare risk maps of the investigated area. Based
on these obtained LPI values, four (4) susceptible liquefaction risk zones are
identified as low, medium, high and very high. The established “Risk Maps” can

be used for future geological engineering works as well as for sustainable plan-
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ning, design and construction purposes relating to adaptation and mitigation of
seismic hazards in the investigated area.
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Earthquake, Magnitude, Factor of Safety (Fs), Liquefaction Potential Index
(LPI) & Risk

1. Introduction

Liquefaction-induced ground damage is one of the primary causes of infrastruc-
ture destruction and this risk requires a critical assessment for sustainable de-
velopment concerning the safety of engineering structures, design and mitiga-
tion measures. As a result, liquefaction hazard maps are becoming increasingly
popular and are being incorporated into earthquake risk reduction and mitiga-
tion practices globally. Iwasaki et al [1] [2] originally introduced the liquefac-
tion potential index (LPI) for calculating and predicting earthquake-induced li-
quefaction risks and it has since been widely adopted and developed worldwide
[3]-[12]. The LPI values, which simulate the spatial variability of cohesive and
non-cohesive alluvial soils with layers of contrasting mixtures, have a clear cor-
relation with the findings of liquefied and non-liquefied soil at particular loca-
tions. Bangladesh is surrounded by Himalayan Syntaxis, including the Indo-
Burma Folded Belt in the southeast and the Dauki Fault in the northeastern part,
which have experienced high-magnitude (M > 7) earthquakes in the past [13].
Two neighboring countries (India and Myanmar) have also faced some great
and large-scale earthquakes and the consequences were devastating [14] [15].
Widespread liquefaction events were recorded in the alluvial deposits of Bangla-
desh after the 1885 Bengal Earthquake, the 1897 Great Indian Earthquake and
the 1918 Srimangal Earthquake [16] [17] [18] [19]. Some common consequences
of liquefaction were reported as sand boils, settlements and building fragility
[20] [21] [22]. According to paleoseismic studies [23] [24] [25], the liquefaction
phenomenon in the country’s northern and northeastern parts was triggered by
a series of seismic events along the Dauki fault. The northeastern and southeastern
regions of Bangladesh are the most vulnerable area because of their proximity to
the two major sources of earthquakes, ie., the Dauki Fault [24] and the Indo-
Burma Folded Belt [26]. Several researchers predicted that due to ongoing tec-
tonic deformation along the active Dauki fault and Indo-Burman plate boundary
faults, medium- to high-magnitude earthquakes might occur in this area [26]
[27]. The study area (Ukhiya-Teknaf) is located on this active Indo-Burman
plate boundary (Figure 1, red-colored box), which is considered for a potential
large-scale earthquake [15] [26] [28].

There are a number of active faults (Figure 1) in and around Bangladesh as a
consequence of the geodynamic development and complex neotectonic evolutions

of the Bengal Basin, particularly along its northern and eastern edges. Several of
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Figure 1. A simplified tectonic map of the Bengal Basin and its surroundings superimposed on the tectonic zonation map of
Bangladesh (modified after Hossain et al. [29].

these faults are regional and have the potential to produce earthquakes of mod-

erate to large magnitude. The rate of motion and recurrence interval indicates
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that the probability of earthquakes from the existing active faults is high and an
increasing trend of seismic (earthquake) activity has been observed in recent
years in and around Bangladesh [18] [29] [30]. The present investigated area is
located in seismic zone III (three) with a maximum peak horizontal ground
acceleration (PGA) value of a,,, = 0.28 g according to the Bangladesh National
Building Code [31] and shown in Figure 2(a). Historical (light gray, approx-
imate locations) and instrumentally (colored by depth) recorded earthquakes
within and around the Chittagong-Myanmar Fold Belt (CMFB) are shown in
Figure 2(b) based on the prepared map of Biirgi et al, [28] including the depth,
hypocenter and magnitudes of earthquake (=4.0). Latitudinal (ii) and longitu-
dinal (iii) cross sections of instrumental seismicity, where events outlined in gray

and black in (i) are plotted in gray and colored by depth, respectively.
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Figure 2. (a) The seismic zonation map [16] of Bangladesh; (b) Historical (light gray,

approximate locations) and instrumentally recorded (colored by depth) earthquakes within
and around the Chittagong-Myanmar fold and thrust Belt [28].

Due to mass migration, more than one million Rohingyas were shifted from
Myanmar to the Ukhiya-Teknaf hills of Cox’s Bazar district, Bangladesh. Hos-
sain ef al [32] discussed that Rohingyas live in an anti-humanitarian condition
in the Ukhiya hills of Kutubpalong, Balukhali and the Teknaf region [Figure 3(c)],
where they constructed many temporary shelters by cutting down the hillslopes
and trees of the Ukhiya Hills. The typical subsoil profile of Ukhiya and surround-
ing area consists of yellowish brown very loose to moderately dense medium to
fine-grained poorly graded sand (SP) and silty sand (SM). Some earthquake [30]
and geohazards incidents have already been reported in recent times [33] in and

around the investigated areas.

DOI: 10.4236/0jer.2023.123004

118 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2023.123004

A.T. M. S. Hossain et al.

89 90
/ L
¥ 92°00"E 92°40"E  92°60"E  92°8'0"E  92°100"E  92°120"E
/ z ‘
§ BHI :;
=4 =
2 2
5 5
z z
2 =
-+ st
I 5
a ]
= & £
& 2
3] 8§
& 2
£ z
: :
(@ Z | Legend 3
= ®  BH Point o
Z | [ swdy Area o 2 4 T z
£ Scale: F—+—+———+—+—+— £
' INDIA H ; = 2
a 92°20"E [ 92°40"E 92°6'0"E  92°80"E  92°10'0"E  92°12'0"E S
& 92"19‘0"E 92“29‘0"E
2 r4 z
(] o
= O
& g
& &
Pleistocene, 2!N | _ o $,>‘
Pliocene B' Q&
# 7 z
Pliocene, BAY OF BENGAL ° °
y “ y o =
Miocene a b T
‘ 40 Holocane N b
Oligocene \ =
[ "Tba | B
Eocene and w i 21y puccann,
= Paleocene 92“E
Phiocene,
Scale 1:1,000,000 ‘ e
L —r Sl
Description of Map Units Bedrocks:
“@m_ St. Marin limestone (Pleistocene)
e, orws Dihing and Dupi Tila Formation Undivided z z
Holocene Sediments: qra Dihing Formation (Pleistocene and Pliocene) S B3
Coastal Deposits: ora Dupi Tila Formation (Pleistocene and Pliocene) & e
[8il Beach and dune sand Tipam Group: S 5
Deltaic Deposits: oz Girujan Clay (Pleistocene and Neogene)
Mangrove swamp deposit (1t Tipam Sandstone (Neogene)
I Tidal mud Surma Group: .
[ &  Tidal deltaic deposits [N Boka Bil Formation (Neogene)
| & | Estuarine deposits [m  Bhuban Formation (Miocene)
%1 Deltaic silt [y Barail Formation (Oligocene) Legend
[ wa Deltaic sand Jaintia Group:
Paludal Deposits: 1 Jaintia Group includes: ® BH Point
we  Marsh clay and peat Kopili Formation (Late Eocene) 5 =z
Alluvial Deposits: Sylhet Limestone (Middle to Early? Eocene) P Study Area £
e x:m:ll ::t"d Tura Formation (Eocene and Paleocene) §- ‘:] Y -§
| b i s b
| = Alluvial silt and clay (L)aclgean SR Wil ek 3 - Low Hill Range (~40 m) I
* | Chandina alluvium Areas outside of Bangladesh - Medium Hill Range (~120 m)
“# Valley alluvium and colluvium Major City 9
; - Major Ci i ;
Alluvial Fan Deposits: 3 High Hill Range (~374 m)
Young gravelly sand AN F.aults - Approximately located - ’
Old gravelly sand River 0 5 10 20 km
Residual Deposits: AL Cor_“fad Scale } + i
» | Barind clay residuum -~ Political Boundary T T
m  Madhupur clay residuum .~ Section Line 92°10'0"E 92°20'0"E

Figure 3. The geological map of Bangladesh (a) modified after Alam et al, [34], geomorphology (b) and location map (c) with
boreholes point of the investigated area.

The hidden geohazards, mainly landslides and liquefaction, might occur in the

camp and surrounding area, particularly during the rainy season and might
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create substantial environmental as well as humanitarian disasters. Therefore,
people living in these areas are at high risk of landslides and seismic hazards.
The general geology, geomorphology and location map with boreholes point of
the investigated area are shown in Figures 3(a)-(c).

An earthquake-induced liquefaction might destroy the Ukhiya hills where the
Rohingyas constructed temporary shelters and the surrounding area where local
communities built up multistoried buildings. Despite this fact, no work has been
carried out until 2022 to address the potential risks of seismic liquefaction of the
Rohingya refugee camp and surrounding area, Ukhiya, Cox’s Bazar, Bangladesh.
Mahabub et al [35] carried out a research on the liquefaction hazards of granu-
lar soils along the west bank of the Jamuna River, Bangladesh. Hossain et al [32]
conducted preliminary research on the risk assessment of the Ukhiya Hills and
mentioned the importance of liquefaction risk estimation for a sustainable com-
munity living in the camp area. Based on this preliminary work, Dutta [36] con-
ducted a detailed research investigation funded by ANSO (the Alliance of Inter-
national Science Organizations) China to identify earthquake-induced liquefac-
tion risks in the Ukhiya Hills at different earthquake magnitudes. They conducted
a thorough investigation to identify risks and emphasized the importance of de-
veloping risk maps based on LPI values for urban planning, design and con-
struction of engineering infrastructures for sustainable community living for the
Rohingyas, where Rohingyas constructed temporary shelters. Moreover, Hossain
et al. [32] and Imam et al [37] reported on the hidden geohazards and site con-
ditions of the Rohingya refugee camp area.

This research mainly focuses on the liquefaction potentiality and risk assess-
ment of the Rohingya refugee camps and surrounding areas of Cox’s Bazar based
on LPI values at three earthquake mag-nitudes (5.0, 7.0 and 8.0). These earth-
quake magnitudes were considered for the liquefaction potentiality analyses
from the 165 years of historical earthquake records [31] at peak ground accelera-
tion values of 0.28 g for seismic zone III. Based on the framework, the factor of
safety, Fs = (CSR/CRR), was determined at the average depths of each soil layer
to address liquefaction potential. The liquefaction potential severity at the tar-
geted depth was then evaluated by the liquefaction potential index (LPI) pro-
posed by Iwasaki et al [1] [2] and Luna & Frost [10]. Moreover, the findings are
represented on maps to demonstrate the applicability and sensitivity of the pro-

posed framework for liquefaction potential risks.

2. Materials and Methods

A detailed geotechnical site investigation was carried out in the investigated area
in accordance with British Standards (BS) 5930 [38] to characterize the soils and
evaluate the liquefaction potential. Twelve boreholes were drilled in the project
area (Ukhiya) to collect disturbed and undisturbed samples. Liquefaction hazard
based on factor of safety and settlements were calculated by LiquefyPro Ciivl-

Tech (2015) software [39]. Output parameters were determined by giving SPT
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value, depth, ground water level, fines content, unit weight, lithlogy, earthquake
magnitude & peak ground acceleration (PGA) value parameters. SPT (N) num-
bers were recorded to interpret the ground condition. The light cable percussion
drilling method was used for collecting samples and the wash boring technique
was used as a means of advancing the borehole to enable the taking of tube sam-
ples. Geotechnical parameters were determined from laboratory experiments ac-
cording to BS 1377 [40] and the American Society for Testing and Materials
(ASTM) standards [41].

Assessing liquefaction potential is a critical task in geotechnical earthquake
engineering. There was no alternative method to evaluate liquefaction potential
except the factor of safety (Fs) until 1982. However, it is difficult to evaluate the
liquefaction susceptibility and its risk potential at any site solely based on the
factor of safety (Fs). As a result, factor of safety (Fs) and the liquefaction poten-
tial index (LPI) were applied simultaneously for assessing potential liquefaction
risk in this research. The LPI has been used as a popular tool due to the inclu-
sion of thickness, depth and safety factors for a particular soil layer to evaluate
the liquefaction and potential foundation damage. Therefore, the proposed frame-
work for liquefaction potentiality and risk assessment is shown in the flowchart
(Figure 4).

This research utilized an empirical criterion based on SPT-N values to calcu-
late the factor of safety (Fs). Seed and Idriss [42] proposed this simplified pro-
cedure based on SPT-N values to evaluate the liquefaction resistance of soils and
this method has been modified and improved over the years [42]-[49]. Later,
Youd et al. [50] proposed the following form:

Compute the cyclic stress ratio (CSR), which is related to the peak acceleration
(a,,0) at the ground surface during the design earthquake formulated by Seed
and Idriss [42]:

CSR::Z¥G:065(§EKJ£2%]Q (1)

Oy g Oy

where,

7,, = average cyclic shear stress induced by design ground motion;

0, = initial static effective overburden stress on sand layer under considera-
tion;

0, = initial total overburden stress on sand layer under consideration;

a.,.« = peak horizontal acceleration in g's;

r, = a stress reduction factor varies from a value of 1.0 at ground surface to 0.5
at a depth of about 30 m.

The following equation computes the cyclic resistance ratio (CRR) according

to Youd et al [50].
CRR =CRR,, - MSF (2)

CRR;; is the cyclic resistance ratio for magnitude 7.5 earthquakes and can be

calculated by:
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Figure 4. The proposed framework for evaluating liquefaction risks in the investigated area.

N
CRR,,_;s = ! +( l)6°+ 50 1 (3)

34-(No), 135 [10.(N,), +45] 200

MSF is the magnitude-scaling factor used for magnitudes smaller or larger
than 7.5. The MSF is calculated by Seed and Idriss [44]:

2.24
MSF = iﬂo— (4)

2.56
w

Cyclic resistance ratio (CRR) expresses the capacity of soil to resist liquefac-
tion. CRR is determined from the curves, which show the correlation between
corrected SPT blow-count [N,,] and the Cyclic Stress Ratio (CSR). It has been
suggested that the corrections (SPT value) should be applied according to the
following formula [51]:

N1(60) = NmCNCerCrCs (5)
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where,

N, = SPT raw data, measured standard penetration resistance from field;

Cy = depth correction factor;

C, = hammer energy ratio (ER) correction factor;

C, = borehole diameter correction factor;

C,=rod length correction factor;

C, = correction factor for samplers with or without liners.

The following equation presents the results of the liquefaction assessment
with a factor of safety (Fs) values against liquefaction.

Fs— CRR _ CRR;5

- x MSF (6)
CSR  CSR

The determined factor of safety (Fs) did not include two other essential crite-
ria. However, the thickness and depth of the liquefiable soil layer and the factor
of safety are crucial inputs for damage potential based on liquefaction and that
was proposed and assessed by Iwasaki et al. [1] [2]. According to Iwasaki et al.
[1] [2], the potential risks are determined based on the LPI in the following

ways:
LP|=J020F(Z)W(Z)dZ (7)

Hz) =1-Fsfor Fs < 1.0;

Hz) =0 for Fs > 1.0;

w(2) =10 - 0.5z for z< 20 m [where, z= depth in meter];

w(z) =0 for z> 20 m.

Where zis the depth of the midpoint of the soil layer (0.0 to 20.0 m) and dzis
the differential increment of depth. The weighting factor, w(2) and the severity
factor, H2), are calculated according to the expressions mentioned above.

For the soil profiles with a depth of less than 20.0 m, LPI is calculated using
the following expression [2] [10]:

LPI=>" wFH, (8)

=L

And, F;,=1 - Fs,for Fs; < 1.0;

F.=0for Fs; > 1.0.

Where H; is the thickness of discretized soil layers; n is the number of layers;
F. is liquefaction severity for ith layer; Fsis the factor of safety for ith layer; w;
is the weighting factor (=10 - 0.52) and zis the depth of /-th layer (m).

Therefore, it can be summarized that, within this paper’s scope, the soil’s li-
quefaction susceptibility has been evaluated based on a simplified approach,
modified by Youd et al [50] and settlement of soils has been calculated by the
Tokimatsu and Seed [48] method. Finally, the potential risks were determined
based on Liquefaction Potential Index (LPI), which included the factor of safety
(Fs) and was calculated from the software’s [52] output based on SPT value, fine
content, unit weight, lithology, earthquake magnitude (M), peak ground accele-
ration (PGA), depth and groundwater level input data. The determined Fs
(CRR/CSR) values were then used to calculate the LPI values. Whereas, LPI as-

DOI: 10.4236/0jer.2023.123004

123 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2023.123004

A.T. M. S. Hossain et al.

sumes that the severity of liquefaction is proportional to (1) the thickness of the
liquefied layer, (2) the proximity of the liquefied layer from the ground surface
and (3) the amount by which the factor of safety (Fs) is less than 1.0 for liquefia-

ble soil layers.

3. Results and Discussion

Potential risk assessments for earthquake-induced liquefaction are important for
reducing threats, implementing mitigation measures and promoting long-term
development in an area. Total risk is associated with the ground of the investi-
gated area and its soil types, grain size, density, groundwater level, settlement,
age, peak ground acceleration values and possible seismic events. This research
assesses potential risk based on the factual data, field and laboratory test results
of collected soil samples from the Rohingya refugee camp area. The basic geo-
technical properties of some soils are listed in Table 1.

A total of 23 samples were collected from different sites at particular depths
and analyzed by both dry and wet sieve testing methods. The obtained data from
the grain size test result shows 95.23% Sand, 2.94% Gravel and 1.83% Silt & Clay.
The grading properties of soil, such as uniformity coefficient (Cu) and coeffi-
cient of curvature (Cc) vary from 1.56 - 5.06 and 0.96 - 1.32 and these properties
suggest that these soils are loose to very loose, poor to well-graded sandy soil
(SP-SW) with fine content of less than 5% and consistent with USCS classifica-
tion [53] and have a substantial influence on liquefaction. From the grain size
distribution curves (Figure 5), it is observed that the soils are mainly uniformly
graded and sand samples fall within the range of 0.05 to 2.0 mm, which indicates
that these soils are susceptible to liquefy and the results are completely consis-
tent with Tsuchida [54] and Iwasaki [55].

Table 1. Basic Geotechnical properties of the Rohingya refugee camp area.

Grading Moisture Specific Cohesion Angle of Internal

Grain Size (%
Camp Depth Sample (%) Properties Content  Gravity (c) Friction
Name (m) No. .
Gravel Sand Silt+ Clay Cu Cc (%) - kPa Degree
0.60 - 1.06 D-1 0.56 98.41 1.03 2.05 1.10 25.45 2.59 - -
K 2.13-2.59 D-2 10.03 88.95 1.02 5.06 1.32 29.39 2.56 7.04 26.38
utupalong
Rohinghya 3.65 -4.11 D-3 17.11  82.09 0.80 4.30 1.14 18.53 2.55 - -
Camp  518.563 D-4 469 9470 061 292 126 1887 2.60 9.92 27.79
6.24 - 6.71 D-5 1.20 97.74 1.06 1.93 1.07 19.26 2.53 13.95 26.76
0.60 - 1.06 D-1 0.48 98.88 0.64 2.41 1.09 13.96 2.59 - -
2.13-2.59 D-2 0.18 99.48 0.34 1.92 1.11 13.19 2.56 4.48 34.29
Bhalukhali 3.65 - 4.11 D-3 1.63 97.37 1.00 2.42 1.21 13.04 2.55 17.40 16.75
Rohinghya
Camp 5.18 - 5.63 D-4 0.38 99.04 0.58 1.78 1.02 24.64 2.60 - -
6.70 - 7.16 D-5 0.77 98.65 0.58 2.64 0.97 20.07 2.53 13.43 23.46
8.22 - 8.68 D-6 0.53 99.35 0.12 1.56 0.96 25.02 2.55 - -
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Figure 5. Particle size distribution of the study area.

The natural moisture content values of selected disturbed samples from the
camp area range from 13.04% to 29.39% and these obtained moisture contents
show consistency with the moisture content values quoted by Bowles [56]. The
specific gravity values of the investigated area lie between 2.52 and 2.60, which
indicates that this soil is predominately cohesionless granular soil and the ob-
tained specific gravity values are closer to the recommended values of Grim [57]
and Bowles [56]. From the direct shear testing, a cohesion (c) value ranging
from 4.48 to 17.40 and an angle of internal friction (¢) ranging from 16.75 to
34.23° are measured and these results show initially a rapid increase in shear
strength with increasing shear displacement, while after reaching a shear dis-
placement of 200 mm, the shear strength increases slowly and reaches a peak
value of 40 kPa before it starts to decline. The shear strength parameter indicates
that these soils are granular very loose to loose sandy soils and consistent with
(c) and (@) values suggested by Bowles [58]. These recently deposited poorly
compacted Holocene to Pleistocene soil, such as channels deposit and Dupi Tila
formation, are susceptible to liquefaction because of sandy soil’s low shear strength
and dilatancy nature which triggered liquefaction during a seismic event due to
the increase in pore water pressure.

Considering the high importance of constructing temporary shelters for the
community living in the Ukhiya hills for millions of refugees, including local
people in the Ukhiya-Teknaf area, this study attempts to evaluate the factors of
safety (Fs) against liquefaction and corresponding liquefaction potential indices
(LPI) for the worst seismic scenario for the refugee camps and surrounding area
using an SPT-based semiempirical procedure. The factor of safety (Fs) values for
the study area are shown in Figure 6 at variable depths for magnitudes 5.0, 7.0
and 8.0 in both dry and wet seasons. The graphical distribution (Figure 6) shows
the comparative relations of the factor of safety (Fs) values against depths in the
dry and wet seasons for three different earthquake magnitudes; if the Fs values

are less than 1.0 that represents a liquefiable soil layer and is marked as a red
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point. In contrast, if the factor of safety (Fs) is greater than 1.0, the soil is
non-liquefiable and represents itself as a green marker. It is evident from the
charts that the liquefiable soil is concentrated at depths ranging from 0.5 m to
10.0 m for lower magnitudes (5.0), but it extends below these depths with up to
15.0 m for higher earthquake magnitudes (7.0 and 8.0). Moreover, a distinct
variation was observed in the case of dry and wet seasons for each particular
magnitude. Lower factor of safety (Fs) values was observed at higher earthquake
magnitudes.

According to Figure 7, the CRR and CSR against depth curves have been eva-
luated in the dry and rainy seasons. It has been noted that CRR values are highly
variable throughout the dry and wet seasons, varying from 0.05 to 1.25 for the
dry season and 0.05 to 1.0 for the rainy season. At low earthquake magnitudes
(M = 5.0), CRR values are high and at higher magnitudes (M = 7.0 & 8.0), the
obtained values are low (<0.5). On the other hand, a close consistency was ob-
served between the CSR and depth curves for the dry and wet seasons. The ob-
tained CSR values range from 0.18 to 0.40. The variation in CSR values is not

significant at greater depths but is prominent at shallow depths (Figure 7).
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Figure 6. The factor of safety (Fs) against liquefaction at particular depths for earthquake magnitude (M =
5.0, 7.0 & 8.0) with a peak ground acceleration of 0.28 g.
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Figure 7. Variation of CRR and CSR with depths at different earthquake magnitudes during
liquefaction assessment.

Settlement of soil is a common phenomenon that occurs during liquefaction
in loose sandy soils and affects ground structures. Settlement of the dry and wet
(saturated) soil was calculated based on the Tokimatsu and Seed [48] method for
all three magnitudes. However, it has shown a slight variation because of the
difference between the dry and wet seasons, but it remains steady for three mag-
nitudes (Figure 8). The maximum and minimum settlements observed at this
site are around 30 cm and 25 cm for low and high earthquake magnitudes, re-
spectively. The settlement amount decreases with increasing depth. The thick-
ness of the potential liquefiable soil layer is consistent with soil settlement. A re-
semblance is observed between these three magnitudes in terms of potential li-
quefaction depths based on the settlement amount (Figure 8).

The seismic soil liquefaction potential index (LPI) is determined for 12 specif-
ic sites across the Rohingya Refugee camp and surrounding area. The contour
maps based on LPI values are generated for the camp to show the spatial distri-
bution of liquefaction potential and these maps indicate the geographic variabil-

ity of liquefaction effects and different possible surface manifestations of lique-
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faction. The spatial distribution of soil liquefaction potential for earthquakes
with a 2% probability of exceedance is quantitatively presented in the form of
contour maps showing the liquefaction potential index (LPI). The risk maps of
LPI are prepared for the investigated area to predict the occurrence of potential
damage by liquefaction for the earthquake magnitudes M = 5.0, 7.0 and 8.0 (in
Richter scale) at maximum peak ground acceleration (0.28g) corresponding to
the seismic event for the 2475-year return period. LPI versus depth curves at
different earthquake magnitudes (M = 5.0, 7.0 and 8.0) are shown in Figure 9.
From the illustration, a distinct variation in LPI values is observed between low
and high earthquake magnitudes in terms of LPI values and depths in both sea-
sons. LPI is approximately 15.0 (0.0 - 15) for low earthquake magnitude (5.0) but
greater than 15.0 (0.0 - 30) for high magnitudes (7.0 and 8.0) at shallower depths
(<10.0 m). However, LPI values are extended up to 15.0 m for larger magnitudes

which are not observed at lower depths.
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Figure 8. Settlement versus depth curves for dry and wet conditions at different earthquake magnitudes (M = 5.0, 7.0 &

8.0).
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Figure 9. Liquefaction potential index (LPI) against depths for earthquake magnitude, M = 5.0, 7.0 & 8.0.

The potential risk for liquefaction is evaluated and classified based on LPI
values suggested by several researchers [2] [3] [10] [12]. This research proposes
a new classification by modifying the existing classifications for wide ranges of
LPI values, as shown in Table 2. Liquefaction risk maps are produced using de-
termined LPI values for different earthquake magnitudes (Figure 10, Figure 11)
are listed in Table 3. These risk maps show the liquefaction vulnerability at Uk-
hyia and some parts of Teknaf, including the Rohingya refugee camps, particu-
larly Balukhali and Kutubpalong areas. Liquefaction susceptibility values for
some sites are very high (LPI > 25) and are very unlikely or low at other sites
(LPI < 5). Some of the sites in the camp, namely Kutubpalong, Balukhali and
Nidania region, are highly vulnerable to severe liquefaction for high earthquake
magnitudes (M = 7.0 and 8.0) and the LPI values are higher than 25. However,
for the same area, the potential risk is medium (LPI < 15) and low (LPI < 5) for
low magnitudes (M = 5.0).

The calculated LPI values are listed in Table 3 and compared with the bore-
holes at different earthquake magnitudes (5.0, 7.0 and 8.0) for dry and wet sea-

sons. The comparison between the dry and wet seasons LPI results established
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that the potential risk of soil liquefaction is increased with an increase in the

earthquake magnitude and groundwater level. Based on estimated LPI values at

different earthquake magnitudes, four (4) susceptible liquefaction potential risk

zones are identified in the Rohingya refugee camp and surrounding area, as

shown in the prepared risk maps (Figure 10, Figure 11). These are classified as
low (0 < LPI < 5), medium (5 < LPI < 15), high (16 < LPI < 25) and very high

(26 < LPI < 56) risk zones. According to this classification, the variation in risk

categories for many locations changes from none or low to medium; medium to

high; and high to very high due to the seasonal variations (dry to wet seasons),

even though other parameters remain constant.

= 92e2lno~E 92° ‘t.o..E gzosllonE 92“8['0"E 92°1 P.O,E 92°1 ?'O"E 92°1 :1'0"E
o
2- =
& .
Magnitude=5

Z z
8 o
£ E
3 N
£ z
2 o
£ 3
A &
g z
8 o
£ B
- &
5 z
g- Legend ¢ LPI Point _:g_
& - Low (0-5) RCh(-JntourRI:nft;)I . 5

-Medium (5-15) : ohingya Refugee Camp
. B High (16 - 25) b ) . sen
e B Very High (26 - 29) Scales—+——+——+— |
N 920E 92°40°E 9260°E 928 0'E 9P00E  GP20E 9240E

Figure 10. Risk map based on liquefaction potential index (LPI) at low earthquake

magnitude (M = 5.0).

Table 2. LPI-based risk classification of the Rohingya refugee camp area and comparison with other authors.

LPI Iwasaki et al [2] Luna and Frost [10] Toprak and Holzer [12] Chung and Rogers [3] This Research
0 Not Likely Little to None None None None
0<LPI<5 Not Likely Little to None Low None Low (0 < LPI<5)
5<LPI<15 - Moderate Medium Moderate Medium (5 < LPI < 15)
High (16 < LPI < 25)
15 < LPI <100 Severe Major High Severe
Very High (26 < LPI < 56)
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Table 3. LPI and degree of risks at different earthquake magnitudes and locations during dry and wet seasons.

Dry Seasons

Wet Seasons

Earthquake
Boreholes No. Magnitude (M) Liquefaction Potential ~ Sensitivity &  Liquefaction Potential ~ Sensitivity &
Index (LPI) Risks Index (LPI) Risks
5.0 0.00 None 0.00 None
BH-01 7.0 0.00 None 5.75 Medium
8.0 0.00 None 11.02 Medium
5.0 0.00 None 0.00 None
BH-02 7.0 0.00 None 0.00 None
8.0 0.00 None 4.55 Low
5.0 0.00 None 0.00 None
BH-03 7.0 9.43 Medium 15.26 High
8.0 20.14 High 30.15 Very High
5.0 0.00 None 0.00 None
BH-04 7.0 2.73 Low 5.85 Medium
8.0 13.25 Medium 15.59 High
5.0 0.00 None 0.00 None
BH-05 7.0 5.57 Medium 12.27 Medium
8.0 20.39 High 25.45 Very High
5.0 0.00 None 0.00 None
BH-06 7.0 0.00 None 9.62 Medium
8.0 3.35 Low 21.87 High
5.0 8.05 Medium 1.01 Low
BH-07 7.0 31.37 Very High 2791 Very High
8.0 36.12 Very High 33.81 Very High
5.0 0.00 None 0.00 None
BH-08 7.0 2237 High 20.65 High
8.0 29.64 Very High 28.40 Very High
5.0 13.54 Medium 16.04 High
BH-09 7.0 34.30 Very High 35.53 Very High
8.0 38.93 Very High 40.16 Very High
5.0 1.68 Low 2.14 Low
BH-10 7.0 25.19 High 29.56 Very High
8.0 37.28 Very High 40.16 Very High
5.0 29.12 Very High 29.12 Very High
BH-11 7.0 51.06 Very High 51.06 Very High
8.0 55.76 Very High 55.76 Very High
5.0 10.08 Medium 8.20 Medium
BH-12 7.0 20.48 High 18.86 High
8.0 24.74 High 23.52 High
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Figure 11. Risk maps [(a), (b)] based on liquefaction potential index (LPI) at high
earthquake magnitudes (M = 7.0 and 8.0).

From the overall observations, it is established that the Rohingya refugee
camp area has a medium to very high potential for liquefaction based on sensi-
tivity and risk analyses. The areas consist of Dupitila and Recent sediment (channel
deposits) and have a considerable thickness of loose soil deposits with shallow

groundwater levels. These soils are more susceptible to liquefaction during the
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rainy seasons because of the increased pore water pressure and higher water ta-
ble. This study reveals that the higher susceptibility (Figure 10) of liquefaction at
some places (Nidania, Rajpalong) can be attributed to the higher thickness of
soft, loose soil deposits and higher groundwater tables at shallow depths for low
earthquake magnitudes (M = 5.0). It can also be observed from the LPI contour
maps (Figure 10, Figure 11) that a high degree of liquefaction damage is likely
to occur at several sites, such as Kutubpalong and Balukhali in the Rohingya
refugee camp area, during a severe (high) seismic event of magnitude 7.0 or great-
er (Figure 11).

Moreover, there is no proper balance between social, economic and environ-
mental aspects in the Rohingya refugee camp area and sustainability is very
much neglected. Sustainable development is a constitutional obligation in Ban-
gladesh. It is not reflected in the refugee camp area as per UN sustainable devel-
opment goals [59]. Lack of resilient infrastructures, a lack of a peaceful society,
healthy lives, scarcity of drinking water and sanitation and loss of biodiversity,
wetlands and forests in the camp area threaten the overall sustainability of the
camp hills [60]. By destroying the green, wooded eco-forest of Ukhiya, Rohin-
gyas constructed temporary shelters on the loose, unconsolidated sandy soils,
which are at high risk of seismic events. Furthermore, there is no sustainable

management of forests in the camp area.

4. Conclusion & Recommendations

Based on the overall observations, it is established that the Rohingya refugee
camp hill soils are medium to highly susceptible to liquefaction risk at earth-
quake magnitudes 5.0 or above, up to a depth of (+) 10.0 m but at lower magni-
tudes (M < 5.0), these soils are non-liquefiable (Fs > 1.0). Moreover, this depth is
extended to around 15.0 m for the higher magnitudes (M = 7.0 and 8.0) with a
factor of safety (Fs) value < 1.0. The determined grain size results, uniformity of
soil, sand content, pore water pressure change, geological material characteris-
tics and other geotechnical properties are very much consistent with the criteria
of liquefiable soils. Based on the determined LPI values, four (4) susceptible li-
quefaction potential risk zones are identified and these are summarized as low
(LPI = 0 to 5), medium (LPI = 5 to 15), high (LPI = 16 to 25) and very high (LPI
= 26 to 56) risk zones in terms of application and sensitivity in the Rohingya
refugee camp and surrounding area of Ukhiya, Cox’s Bazar, Bangladesh. The
prepared risk maps will provide a general understanding of the area’s vulnerabil-
ity to liquefaction and can be effectively used for seismic safety plans, design,
and hazard mitigation programs. Moreover, it will help the camp inhabitants
and local people in building their shelters (engineering structures) safely and
economically. Based on the observed risks, it is recommended that Rohingya
refugees must be temporarily relocated in a safer ground with the help of all
concerned authorities. Bangladesh National Building Code (BNBC, 2020) [31]

must be applied for future constructions & infrastructures development and de-

DOI: 10.4236/0jer.2023.123004

133 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2023.123004

A.T. M. S. Hossain et al.

sign in the Ukhiya and surrounding areas to save lives and properties during
high magnitude earthquakes.

There is currently no proper balance between the three (3) pillars (social,
economic and environmental) of sustainable development in the camp area to
manage hills as per the United Nations (UN) sustainable development goals
(SDGs). The hidden earthquake risks might create big environmental as well as
humanitarian disasters and crises in the investigated area. To mitigate these risks,
sustainable geotechnical and geological engineering solutions such as ground
improvement by applying different field compaction techniques, or facilitating
water drainage by developing a drainage system are recommended. The grouting
or deep mixing method before construction can also be recommended to stabil-
ize the soft and loose soil of the Ukhiya Hills. Finally, the established risk maps
will assist all concerned authorities, including planners, policymakers and engi-
neers in developing guidelines to increase public awareness, promote sustainable
infrastructure development, conduct seismic site characterization and mitigate
the risks of liquefaction. Risk maps can also be used for future geological engi-
neering works for sustainable planning, design and construction. This will ulti-
mately save lives and protect properties during severe earthquake events and
help to achieve sustainability in the Ukhiya-Teknaf regions of Cox’s Bazar, Ban-
gladesh.
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