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Abstract

Rainfall-induced landslides seriously threaten hilly environments, leading local authorities
to implement various mitigation measures to decrease disaster risk. However, there is a sig-
nificant gap in the current literature regarding evaluating their effectiveness and the asso-
ciated community risk perception. To address this gap, we used an interdisciplinary and
innovative approach to analyse the slope stability of landslides, evaluate the effectiveness
of existing structural mitigation measures, and assess the risk perception of those living in
danger zones. Our case study focused on the Kutupalong Rohingya Camp (KRC) in Cox’s
Bazar, Bangladesh, which is home to over one million Rohingya refugees from Myanmar.
Although various structural and non-structural countermeasures were implemented in the
KRC to mitigate the impact of landslides, many of them failed to prevent landslides from
occurring. We utilised a variety of methods from the physical sciences, including the infi-
nite slope, limit equilibrium (LEM), and finite element (FEM) approaches, to calculate the
factor of safety (FoS) for specific slopes. Additionally, in the social sciences domain, we
conducted a questionnaire survey of approximately 400 Rohingya participants to assess the
community’s perception of the interventions and the degree of disaster risk. Our findings
indicated that slopes with a gradient greater than 40° were unstable (FoS < 1), which was
present throughout the entire KRC area. The effectiveness of the LEM and FEM methods
was evaluated for four dominant slope angles (40°, 45°, 50°, and 55°) under varying loads
(0, 50, and 100 kN/m?). The slopes were found to be stable for lower slope angles but
unstable for higher slope angles (>50°) and increased overburden loads (50-100 KN/m?).
Different mitigation measures were tested on the identified unstable slopes to assess their
effectiveness, but the results showed that the countermeasures only provided marginal pro-
tection against landslides. Survey results revealed that at least 70% of respondents believed
that concrete retaining walls are more effective in reducing landslide occurrence compared
to other measures. Additionally, about 60% of the respondents questioned the reliability
of the existing structural mitigation measures. The study also found that the cohesion and
friction angle of lower sandstone and the cohesion of upper soil layers are important fac-
tors to consider when designing and implementing slope protection countermeasures in the
KRC area.
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1 Introduction

Landslides frequently occur in the tropical and sub-tropical regions where intense mon-
soon and elevated terrains accompanied by thick alluvial, colluvial, and residual soil covers
are observed (Garland and Olivier 1993; Larsen and Torres-Sanchez 1998; Hungr et al.
2014; Zhuang et al. 2018). It is a common geological phenomenon frequently occurring in
hilly/mountainous areas and causes severe life and property losses (Kjekstad and Highland
2009; Petley 2012; Froude and Petley 2018). Using countermeasures’ rational design is
necessary to protect people and infrastructure at risk. The mechanisms causing the failure
of slopes and logical analysis of slope stability to select proper countermeasures are urgent
topics of interest for research. The performance evaluation of the chosen landslide counter-
measures is crucial to improve the disaster resilience of the people at risk of slope failure.
The perception of the local community on the implemented landslide mitigation measure is
also essential for disaster risk reduction (DRR).

The studies of the landslide mechanisms and behaviours of slope materials under excess
load and rainfall provide an advanced understanding of the landslide process. Landslide
characterisation is described through various means, e.g. landslide mechanisms and occur-
rence force (Leroueil 2001; Take et al. 2004; Huang et al. 2022), failure mode analysis/sim-
ulation (Liu et al. 2015; Sidle and Bogaard 2016; Han et al. 2019a), sensitivity/reliability
analysis (Rathod and Rao 2012; Nguyen and Likitlersuang 2019; Huang et al. 2020), and
the design of effective countermeasure and their field optimisation (Popescu and Sasahara
2009; Han et al. 2019b; Chen et al. 2021). In addition to the physical science investiga-
tion, socio-economic analysis of the landslide issues helps to infer the vulnerability of the
people living on dangerous slopes and effectively promotes the disaster risk governance
(Antronico et al. 2020; Vij et al. 2020; Alam and Ray-Bennett 2021; Huang et al. 2021).

The uplifted south-eastern hilly region of Bangladesh is frequently affected by numer-
ous landslides during the monsoon. Similar hill ranges in north-east India and Myanmar
are also landslide prone due to the intense rainfall and uplifted tertiary hill ranges of this
region (Singh and Singh 2013; Bhusan et al. 2022). In Bangladesh, landslide-induced
fatalities in the Chittagong hill tract are reported yearly. Landslides are now becoming
a recurrent natural hazard and are classified as an emergent national threat (Alam 2020;
Ahmed 2021; Sultana and Tan 2021). In the last twenty years, landslides caused more than
700 fatalities and more than 1000 injuries. The 2017 landslide event alone caused more
than 150 fatalities. Although government and local authorities implemented a significant
amount of landslide protection measures, these are insufficient to prevent landslide-induced
disasters in the hilly south-eastern region of Bangladesh (Ahmed 2021). As a case study,
we assessed the slope stability of shallow landslides occurring in the Kutupalong Rohingya
Camp (KRC) area in Bangladesh (Fig. 1). Following the brutal mass killing and genocide
in the Rakhine State of Myanmar, over a million Rohingya people fled to Bangladesh in
2017 and took shelter in the KRC area (UNHCR 2019). The KRC comprises elevated ter-
rains, low-rounded hills, and valleys. This refugee settlement causes razes of the forest, hill
cutting, and excess load on the hill slope, which results in numerous shallow landslides
in the monsoon (June—September) and damage to property and lives. For the humanitar-
ian crisis-affected population to cope with such natural disasters is troublesome work. It
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Fig. 1 Location map of the Kutupalong Rohingya camp (KRC) area

worsens during the monsoon season as they live in the temporary makeshift camp and the
fragile conditions of the shelters (Alam et al. 2020). Without systematic and effective land-
slide countermeasures, the resident of the KRC area cannot protect their lives and infra-
structure from landslide disasters. A detailed slope failure process, extent, and stability
analysis is an inevitable task to design and optimise countermeasures effectively (Sultana
and Tan 2021).

The entire KRC area has been affected by hundreds of landslides from 2017 to the pre-
sent (Figs. 1 and 2). To characterise them for overall slope stability and reliability analysis,
average values of the shear strength parameters and four dominant and representative slope
angles (40°, 45°, 50°, and 55°), where most landslides occurred, were considered. The
area is also composed of almost monotonous lithology and structural setup. Three differ-
ent slope stability analysis methods were used: geographic information system (GIS)-based
infinite slope stability, limit equilibrium method (LEM), and finite element method (FEM).
The factor of safety (FoS) determined using these methods was correlated and described
the stability state of the slopes. Reliability or sensitivity analysis also assessed uncertainty
in the geotechnical properties of the slope materials. The unstable slopes identified from
the comparative analysis were further investigated by incorporating the existing landslide
mitigation measures. In this way, the performance of the countermeasures to protect the
slope was assessed, and the pitfalls of current measures were evaluated (He et al. 2022;
Jiang et al. 2022). The results obtained from different slope stability analysis methods can
be used in the future to select and implement proper landslide countermeasures in the KRC
area.
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Fig.2 Landslides in the Kutupalong Rohingya camp

The perception of the local community on the landslide countermeasures is equally
essential to increase their resiliency against landslides. Therefore, a structured and system-
atic social questionnaire survey was conducted to understand the community response to
landslide mitigation measures and their perception. This innovative approach to studying
landslide slope stability and its performance and community perception will immensely
contribute to DRR strategies.

2 Geological setting and landslide occurrence

The geology of the KRC area is simple and consists of Pliocene to Recent clastic sedimen-
tary deposits (Alam et al. 2003; Kamal et al. 2022b). Tipam sandstone, Girujan clay, and
Dupi Tila sandstone formation comprise the entire KRC area (Reimann and Hiller 1993;
Hossain et al. 2019). Sandstone and silty shale-type lithology dominate this area. 2 to 5 m
residual soil cover is also observed; compositionally, they are identical to the underlying
geological units. The camp area has a narrow stream network and rugged geomorphologi-
cal features of low-rounded hills and valleys. Before the Rohingya settlement, hills were
covered with dense vegetation, and valleys were used for agricultural purposes. After the
Rohingya settlement, significant land-use changes were observed, and numerous landslide
and flash flood events were reported in the KRC area (Ahmed et al. 2020; Alam 2020;
Zaman et al. 2020; Hossain and Moniruzzaman 2021; Sakamoto et al. 2021).

Landslide occurs mainly in the residual soil and upper loose, fractured, and partially
weathered bedrock of the Pliocene to Pleistocene geological formations (Kamal et al. 2022b).
Geological observation of the existing landslide site demonstrates that slide and slump-type
slope failures are dominant (Fig. 3). Semicircular sliding plane and well-developed multiple
landslide heads were observed where the upper soil has a greater thickness. Otherwise, com-
plex slide and flow-type failure mode is prominent. The landslides in this area are primarily
observed in the steep slopes (>40° slope angle) of natural and anthropogenic reworked origin.
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Fig. 3 Schematic geological section of landslides occurring in the KRC area (Kamal et al. 2022b)

Field geological investigation shows a small amount of pore water in the residual soil dur-
ing the dry period. Still, it increases after the rainfall, and no groundwater influence on land-
slides was also noticed, as the groundwater table is below the landslide depth in the KRC area.
The primary cause of landslides in this area identified through geological fieldwork was low
material strength, heavy rain, infiltration due to forest cover removal during the monsoon, and
anthropogenic overburden load on the slope.

3 Methodology

This study adopted a cross-disciplinary approach for characterising landslide disaster risk
from extensive slope failure. The cause and mechanism of the landslide were evaluated by
comparative slope stability analysis using three widely used methods. From this analysis, the
stable and unstable slopes were identified. The parameters necessary for slope stability analy-
sis were collected through rigorous fieldwork in the study area. The sensitivity or reliability
of the stability analysis was also evaluated using probabilistic computation. The performance
of the existing landslide mitigation measures was also assessed using the probabilistic slope
stability methods. A social questionnaire survey of n=404 respondents was also conducted
to evaluate the community’s perception of landslide risk and the effectiveness of the imple-
mented slope failure countermeasures. A brief description of the adopted methods is summa-
rised in the next section.

3.1 Spatial (deterministic) slope stability method

The simple infinite slope stability model is used to determine the spatial distribution of the
factor of safety (FoS) in the KRC area. The FoS value is defined concerning the shear strength
of the slope soil mass as in Eq. (1),
T
FoS = L (1)

Ta
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where Ty is the shear strength based on the Mohr—Coulomb failure criterion, and 7, is the
shear stress acting in the tangential direction of the slip surface due to the gravity load of
the soil mass. A schematic illustration of the infinite slope is shown in Fig. 4.

The shear and normal stress acting on the slip surface of the infinite slope (Fig. 4) is
constant and is expressed as:

T =yz cosa sina,

o =yz cos’a

In the present study area, the water table is far below the slip surface; therefore, the
impact of the pore pressure on the landslide is ignored. The statement also justifies that
before the Rohingya settlement in this area, no landslide or relict of the landslide was docu-
mented. After the Rohingya settlement, a large overburden load facilitates slope failure.
After ignoring pore pressure, the equation for FoS calculation can be written as:

¢ +yz cos®atan ¢’

FoS = @)

yzcosasina

The sliding depth of the landslides in the KRC area is calculated by spatial interpolation

of all the sliding depths collected during the landslide inventory survey. This method is

implemented in the GIS environment by inputting different raster layers created by inter-

polating geotechnical field and laboratory measurements (density, cohesion, sliding depth,

friction angle, etc.) and surface slope raster created from elevation model in 0.5 mx 0.5 m

raster grid. The computed FoS values for each raster cell by Eq. (2) were classified as

unstable, critically stable, and stable according to their FoS value of <1, 1-1.5, and < 1.5,
respectively.

3.2 Limit equilibrium method (LEM)

The factor of safety (FoS) for the limit equilibrium method (LEM) was determined by
Spencer’s method (Spencer 1967). It satisfies both the moment and force equilibrium and
considers parallel interslice forces. In Spencer’s method, the interslice forces (Fig. 5) are
substituted by an equivalent resultant force Q inclined by a constant angle of 4.

The two-force equilibrium for parallel and perpendicular slices is expressed by:

Fig.4 Infinite slope model for
the spatial factor of safety deter-
mination

T=1Yzcos a sin o
6 =Yz cos’a
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Fig.5 The 2D stability analysis using Spencer’s limit equilibrium method. a Forces act on a single slice of
a slope, b Spencer’s method assumption in which interslice forces X;_;, X;,, V;_;, Vi, are replaced by a
single force Q acting at the midpoint of the slice’s base

XF. =0,
T, — Q;cos(a;—0)—W;sina; = 0 )
and £F, =0,
Ni'+U,-+Qsin(al-—0)—Wl-cosai=0 4)
The Mohr—Coulomb criterion is regarding the shear strength of the ground,
Tyrr = ¢; X L+ N/ tan ; 5)

where Ty 1 is the shear strength of the soil mass, and L is the length of the slice’s base. The
shear force T acting on the slice base is,

TULT
T (6)

i

FoS =

From Egs. (3) and (6),

¢;XLi+W, cosa;,—U;

0= Fos — W, sing; .
! tan g, xtan (a;,—0)
(1 + T) X cos(a—0)

If the overall moment for the centre of the rotation is zero, then the moment of the internal
interslice force Q must be zero,

20; X R; X cos (ai—H) =0 ®)

where R; is the distance from the centre of rotation to the midpoint of each slice.
Therefore, the sum of the internal forces of the entire sliding mass in the vertical and hori-
zontal directions must be zero

2Q; % cosf =0 )
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¥Q, X sin 6 = 0 (10)

However, since the inclination of the equivalent interslice force Q is constant, Egs. (9)
and (10) are mathematically identical, and both yield

20,=0 (1)

Solving Egs. (8) and (11) results in two FoS values for a given failure surface, assuming
a value of interslice force inclination 0. However, a single value of 0 satisfies both moment
and force equilibrium. Hence, an iterative procedure to derive this value and the corre-
sponding FoS is applied using the ‘Rocscience Slide’ software.

3.3 Finite element method (FEM)

The finite element slope stability analysis method uses the shear strength reduction of the
critical geotechnical parameters (¢’ and ¢”) to calculate the factor of safety (FoS) (Griffiths
and Lane 2001). The finite element method (FEM) is frequently used for slope stability
analysis alone or in addition to LEM and other methods (Duncan 1996). In this method,
the slope materials’ original shear strength parameters (¢’ and ¢”) are reduced by dividing
them with a factor called the strength reduction factor (SRF). As the SRF increases, the
slope material strength gradually decreases until the slope reaches the state of equilibrium.
The value of SRF at the equilibrium state is considered the factor of safety (FoS) of the
slope. The reduced shear strength parameters ¢’ and ¢/ are expressed as follows:

and

_, [ tan¢’
— 1
@ =10\ "SRE
It should be noted that the SRF is represented as the incremental multiplier (£M,) in
Plaxis 2D. When the value of XM, obtained during the analysis is generally constant for
several successive steps, then an equilibrium state has been considered fully attained. The

shear strength parameters used for FoS simulation and reliability analysis are shown in
Table 1.

3.4 Reliability analysis

The factor of safety (FoS) value used to determine the stability state of any particu-
lar slope should be commensurate with the uncertainties related to its calculation and

Table 1 Mean shear strength
parameters and standard
deviation values were used for

Lithology  Unit weight (kN/m%)  Cohesion (kPa) Internal
friction angle

the LEM and FEM stability and (deg.)
reliability analysis Uppersoil  17.320.34 10.67+2.15  33.23+197
Sandstone  16.38+0.69 6.32+1.85 37.6+1.93
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the consequences of failure (Duncan and Wright 2005). The uncertainties associated
with the geotechnical properties of the slope materials are the most crucial factor that
prompted several authors to use the reliability and probability of failure (PF) (Kamien
1997; Babu and Mukesh 2015). The probability of failure is determined under speci-
fied design conditions when a slope is unstable or FoS < 1. For the PF calculation, the
distribution of values of the shear strength properties was determined by the 3c rule
described by Dai and Wang (1992).

However, in recent years, it has been realised that the safety factor alone is not a
sufficient measure for risk assessment. It is difficult to evaluate how much safer a struc-
ture becomes as the factor of safety increases (Duncan 2000; Whitman 2000).

Usually, the appropriate value of the allowable value of the safety factor is based
on experience and engineering judgement. Conceptually, geotechnical structures with
an aspect of safety of more than 1.0 should be stable. Still, in practice, the acceptable
value of the safety factor is significantly greater than unity due to uncertainties related
to material variability, measurement and model transformation uncertainty (Phoon and
Kulhawy 1999).

Their correlation with FoS values determined the impact and contribution of differ-
ent shear strength properties on slope stability. Different slope stability analysis sce-
narios were developed using the dominant slope failure angles observed during the
fieldwork. 40°, 45°, 50°, and 55° slope angles are dominant in the KRC to landslide,
and different magnitudes of overburden loads (0, 50, and 100 kN/mZ) are assumed. The
probabilistic analysis was accomplished through the limit equilibrium method and was
implemented in Slide software. From the variation of probability of failure and FoS
value, slope failure’s consequences are also discussed.

3.5 Evaluation of landslide mitigation measures

To protect the critical settlement and makeshift temporary shelters against landslides
or slope failures, different mitigation measures were implemented in the Kutupa-
long Rohingya Camp (KRC). The essential measures of mitigation observed during
the fieldwork in March 2022 were the reinforced terrace (benching) slope, concrete
retaining wall, reinforced concrete block structure, slope covering by geo/sandbag, and
nature-based slope stabilisation using tree plantation (Fig. 6). Immediate measures
to prevent rainfall infiltration slope covering with polythene were also implemented
in some vulnerable slopes. During fieldwork, it was found that the landslide mitiga-
tion measures successfully protected against slope failure. But in the various loca-
tion, it was observed that the slope failed, although mitigation measures were present.
A performance evaluation of the existing landslide mitigation measures was done to
investigate the actual cause and pitfall of the slope stabilisation measures. The perfor-
mance evaluation of the mitigation measures was carried out by the limit equilibrium
method. The necessary data, such as retaining wall strength, slope terrace geometry,
and geobag strength, were collected during the fieldwork (Supplementary Table S1).
The strength of the concrete retaining structures was measured by the Schmidt hammer
rebound process, and the geobag strength was measured by laboratory investigation of
the filling sand materials.
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Fig. 6 Different landslide mitigation measures implemented in the KRC area

3.6 Social survey procedure

The statistics of the previous landslides and affected households in the KRC area were
analysed to describe the landslide disaster risk (IOM 2021; Kamal et al. 2022a). The
data on the community’s perception of landslide risk, resiliency, and mitigation meas-
ures’ performance were collected using a structured questionnaire. A total of n=404
respondents were questioned from 19-24 March to respond in different formats (see
Appendix A): close questions (yes/no), multiple choice questions (5 options), and open-
ended questions. The second author led the fieldwork activities in the KRC with the
help of six trained field assistants. Before conducting the survey, all the necessary insti-
tutional ethical approvals, permission to enter the camp and conduct surveys, and con-
sent from the refugee leaders and respondents were taken. The survey team was trained
beforehand, completed risk assessments, and conducted the survey in the Rohingya lan-
guage. The dataset collected was analysed using SPSS software, and descriptive statis-
tics were used to analyse the responses quantitatively.
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4 Results
4.1 Spatial (deterministic) slope stability

The distribution of the factor of safety (FoS) determined by the infinite slope stability
method in a spatial grid is shown in Fig. 7. Stability of slopes is classified into three cat-
egories based on FoS, e.g. unstable (FoS < 1), critically stable (1 <FoS<1.5), and stable
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Fig. 7 a Distribution of factor of safety (FoS) calculated using deterministic slope stability (infinite slope)
method; b enlarged view
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(FoS>1.5). The FoS distribution follows the pattern of elevation and slope. It decreases
exponentially with slope angle (Fig. 8). Several authors also reported the exponential
decrease of FoS with slope angle (Lofroth et al. 2021). The visual inspection of the model
result shows that the unstable slopes are concentrated along the steep slopes. Significant
slope destabilisation is observed when the slope angle is higher than 40° and critically sta-
ble between 28 and 40° (Figs. 7b, 8). In KRC, the abundance of slope angles more ele-
vated than 40° is much smaller, also reflected in the unstable (< 1) FoS value. Although the
unstable slope’s abundance is less, critically stable slope abundance is much higher in the
KRC area. A qualitative comparison of the previous landslide inventory with the produced
instability map agrees with the spatial distribution of the FoS values determined using the
infinite slope stability framework. Landslide locations were mainly confined within unsta-
ble and critically stable areas. The unstable area suggested by the FoS value is frequently
concentrated in camps no 4, 5, 8W, 8E, 10, 13, 17, 18, and 20.

4.2 Comparison of LEM and FEM slope stability

Limit equilibrium slope stability is determined for 40°, 45°, 50°, and 55° slope angles,
and with overburden loads of 0, 50, and 100 kN/m? are illustrated in Fig. 9 and Table 2.
The factor of safety (FoS) decreases with increasing slope angle. FoS value of 1.54, 1.37,
1.27, and 1.13 is obtained for 40°, 45°, 50°, and 55° slope angles, respectively, without any
overburden load. The slip surface is semicircular and extends from the top of the slope to
the base. With increasing slope angle, the base of the slip surface shifted a little distance
(Fig. 9) upward. When an overburden load is applied to the ground surface, the FoS value
decreases. For 40° and 45° slope angles, the factor of safety value linearly reduces with
increasing overburden load but does not attain unstable conditions (FoS < 1). But in the
case of a 50° slope angle, the unstable condition is reached for 100 kN/m? loading, whereas

Fig.8 Correlation of slope
angle and factor of safety (FoS)
calculated from the enclosed area

of Fig. 7b
3.0
2.5
stable !

2.0 A ' ! J
w
£ |

1.5 i

critical
1.0 4 z ’ J
unstable
0.5 ' 4
20 30 40 50 60 70

Slope
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Fig.9 Safety factor determined for different slope angles under natural conditions without anthropogenic
overburden load using the LE method

the unstable condition for a 55° slope is run on both 50 and 100 kN/m? loading. A particu-
lar slope angle safety factor value was reduced with increasing load from 0 to 100 kN/m>
The radius of the slip surface also decreased (Supplementary Fig. S1). The safety factor
(FoS) values determined using LEM are always higher than the FoS values determined
using the infinite slope stability method in the GIS grid.

Finite element method (FEM) slope stability is determined for the same stratigraphy,
slope angle, and loading as the LEM stability analysis. The factor of safety (FoS) values
obtained using FEM are close to the LEM values shown in Table 2.

The distribution of incremental displacement and strain with increasing slope angle is
shown in Fig. 10. The FoS value obtained for a 40° slope angle is 1.56 under natural condi-
tions without any stable overburden load. But when an anthropogenic load is applied, the
FoS value decreases to 1.28 and 1.12 for 50 and 100 kN/m? loads, respectively. Decreas-
ing trends of FoS with anthropogenic overburden loading occur for all the slope angles
and are illustrated for the 45° slope angle in Supplementary Fig. S2. The displacements
of slope materials are highest along a narrow semicircular zone which is also attributed to
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T;bISeZI (’jfhe fac.tordotlf Sa;?;fy Slope angle Loading Factor of safety Reliability
(FoS) is determined for different (KN/m?) (FoS) analysis

slope angles and loading

FEM LEM PF (%) RI

40° 0 1.56 1.54 0 5.34
50 1.28 1.34 0 4.37
100 1.12 1.20 0.1 2.98
45° 0 1.44 1.37 0 3.98
50 1.18 1.20 0.4 2.71
100 1.05 1.06 12.9 1.13
50° 0 1.32 1.27 0.1 3.03
50 1.08 1.08 11.3 1.22
100 0.95 0.98 76.2 -0.73
55° 0 1.26 1.13 5.8 1.6
50 0.95 0.98 64.7 -0.34
100 0.83 0.87 99.2 -2.48

PF probability of failure, RI reliability index

maximum strain (Fig. 10). These are possible locations of the slip surface during the slope
failures. These slip surface configurations are in good agreement with the LEM-derived
slip surfaces.

4.3 Probability of failure and parameter sensitivity

The reliability of slope stability analysis was carried out to determine the probability of
failure (PF) and reliability index (RI) of the particular slope, as shown in Fig. 11 and Sup-
plementary Fig. S3. The distribution of field shear strength parameters (c, ¢, y) has nor-
mal distributions. The factor of safety (FoS) value distribution with variable shear strength
parameters also showed normal distribution (Fig. 11). With increasing slope angle, the FoS
distribution graph approached the left. The probability of failure (PF) is the area deline-
ated by FoS =1 line and FoS distribution graph; here, it is indicated by the red shaded area
(Fig. 11).

The PF value is null for all slope angles in the case of zero anthropogenic overbur-
den load except 55°, which has a 5.82% failure possibility. Failure probability increases
with anthropogenic overburden load. For 100 kN/m? overburden load, >75% PF value is
obtained for 50° and 55° slopes. Their FoS are also less than 1; i.e. they are always unsta-
ble and susceptible to failure. The reliability index (RI) for each of the cases analysed is
also shown in Table 2. It shows that all slopes have positive RI except three with less than
1 FoS value. An RI value of more than three is considered entirely safe for work, and here
the majority of positive values are more than three or close to 3. These slopes are safe with-
out protection measures.

The correlation of FoS values with shear strength parameters (¢, ¢, y) is equally essen-
tial to determine which factor impacts the slope stability more. The scatter or convergence
plot of the shear strength parameters (c, ¢, y) with FoS is shown in Fig. 12. A significant
positive correlation exists between the upper soil and lower sandstone layers cohesion (c”)
and FoS, and the correlation coefficients are 0.51 and 0.75, respectively. The lower sand-
stone layer’s internal friction angle (¢) also shows a significant positive correlation (0.42).

@ Springer



Natural Hazards

FoS=1.56

Incremental displacements

FoS =144

Incremental displacements

FoS=1.32

FoS=1.26

Incremental displacements

Incremental cartesian strains

00 m Bw um me v B z2s B0 2 60

Incremental cartesian strains

Fig. 10 Safety factor determined for different slope angles under natural conditions without anthropogenic

overburden load using the FE method

The unit weight (y) seems to have no significant correlation. From the analysis of the scat-
ter or convergence plots of the critical shear strength parameters, it is observed that ¢’ and
4 ’ . . . .y
¢’ of lower sandstone and ¢’ of the upper soil layer are essential components in the stabili-

sation of slopes.

4.4 Effectiveness of landslide mitigation measures in the KRC area

The comparative slope stability analysis using the limit equilibrium (LEM) and finite
element (FEM) modelling shows that slope failure occurs when the slope angle and
existing overburden loads from dense shelter construction are significantly high. It is
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Fig. 11 Results of reliability analysis of slope. a Probability of failure (PF) different slope angle under the
natural condition without anthropogenic overburden load and b with 100 kN/m? overburden load

also observed that among 40°, 45°, 50°, and 55° slope angles and 0, 50, and 100 kN/m?
loading, unstable slope conditions exist only for 100 kN/m? loading on 50° slope and
both 50 and 100 kN/m? loading on 55° slope. These unstable slopes are protected with
different slope stabilisation measures in various locations in the KRC area (Fig. 6). The
concrete retaining wall performs significantly well by protecting slope failures for all
conditions. It also brought the radius of the slip circle much smaller than the other miti-
gation measures (Fig. 13a). But for higher loading (> 100 kN/m?), some probability of
failure also exists for the present retaining wall design parameters, which is evident that
a retaining wall protected slope failed after torrential rainfall in camp 15 cause some
fatalities in 2021.

The terracing of the slopes with the reinforced bamboo wall increases the factor of
safety to a safe limit for 50° and 55° slopes with 100 and 50 kN/m? loading, respectively.
Also, the failure probability is significantly low, and the reliability index is close to 3
(Table 2). But for the 55° slope with > 100 kN/m? loading, the slope remains unstable with
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the bamboo wall reinforced terracing landslide mitigation measures (Fig. 13b). Hence,
landslides in the terrace-protected slopes are occurring and seen in various places in the
KRC area.

Implementing slope covering with geo/sandbag (Fig. 14b) protects the slope margin-
ally (FoS = 1) with a fair share of failure probability for the high slope and loading. For
the geo/sandbag-type mitigation measures, it was observed during the fieldwork that the
failure of the mitigation measure (geo/sandbag cover) itself causes disaster and fatali-
ties. For example, a 20-year-old woman died in camp 21 (Chakmarkul) in 2021.

4.5 Landslide disaster risk and perception of mitigation measures

This section focuses on the landslide disaster risk based on the observations from fieldwork
and analysis of landslide statistics in the KRC area. Also, the local community’s percep-
tions of the landslide mitigation measures are discussed through survey data analysis and
descriptive statistics. Due to improper and unplanned construction of landslide mitigation
measures, many of the landslide mitigation measures failed to give protection against land-
slides in the KRC area, as shown in Table 3 and Fig. 14. In some locations, the failure of
the landslide countermeasures itself caused fatalities, but the actual slope remains intact.
Nevertheless, apart from some failures, landslide countermeasures substantially reduced
the number of landslide occurrences and affected households in the KRC area from 2018 to
2021 (Fig. 15). In 2018, 422 individual landslides caused damage to over 4000 households,
which was reduced to 260 landslides and 1200 affected households in 2021.
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Fig. 13 Safety factor determined for slopes protected against landslide by a concrete retaining wall and b
terrace with the reinforced bamboo wall

Fig. 14 Examples of landslide
mitigation measure failure in the
Kutupalong Rohingya camp—a
retaining wall failure and b geo/
sandbag cover failure

In the questionnaire survey, n=404 respondents were asked about various aspects of
the impacts of landslides, mainly regarding their mitigation measures. The questions were
multiple, primarily choice, and categorical (Appendix A). The responses are graphically
shown in Figs. 16 and 17. Among the 404 adult respondents, 57% were male, and 43%
were female. They all migrated to the KRC due to humanitarian crises in Myanmar’s Rakh-
ine State. About 71% of the surveyed respondents were aged between 20 and 40 years, 24%
between 41 and 60 years, and 8% were over 60 years of age (Fig. 16a). Landslides, flash
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Table 3 The factor of safety (FoS) for different slope angles and loading after implementing landslide miti-
gation measures

Mitigation measure type Slope angle Loading Factor of safety (FoS)  Reliability analysis
(KN/m?)
Before After PF (%) RI
Reinforced terrace slope 50° 100 0.98 1.129 0.80 2.40
55° 50 0.98 1.122 2.20 1.97
100 0.87 0.997 49.1 0.01
Concrete retaining wall 50° 100 0.98 1.102 16.5 0.98
55¢ 50 0.98 1.355 1.10 2.34
100 0.87 1.018 41.2 0.23
Geo/sandbag cover 50° 100 0.98 1.065 9.20 1.34
55° 50 0.98 1.153 0.20 2.87
100 0.87 1.014 36.6 0.36
Fig. 15 Landslide occurrence 500 5000
and affected households in the M Landslide
Kutupalong Rohingya Camp 2 4004 ; | Household |- 4000 «
(KRC) from 2018 10 2021. (Data = =
. <=
source: IOM 2021) '% 3004 L3000 %
5 £
5 200 2000 B
E 2
ES = &
Z 100 F1000 <

2018 2019 2020 2021
Year

floods, cyclones/windstorms, and fire hazards were identified to be frequently occurring
in the camp areas. Among these hazards, 41% and 30% of respondents had low and high
exposure to landslides, respectively, whereas 25% and 4% were not aware of landslides,
respectively. The highest number of respondents confronted cyclones/windstorms.

Respondents strongly agreed (80%) that mitigation measures can prevent landslides
(Fig. 17); however, a majority of them were doubtful about the effectiveness of the existing
mitigation measures (e.g. 23% and 43% ‘strongly disagree’ and ‘disagree’, respectively).
About 59% negatively responded to the question, “What do you think about the perfec-
tion of the mitigation measure construction work?’, whereas 29% were positive, and 11%
remained neutral. In response to whether (unsafe and unplanned) mitigation measures con-
tribute to more disasters, approx. 52% of the respondents were neutral or did not think
about it; none strongly agreed; 13% agreed with this question; and 32% and 3% disagreed
and strongly disagreed, respectively (Fig. 17).

Respondents were also asked which mitigation measures could prevent slope failure
in the KRC area. About 70% answered that a concrete retaining wall could be better per-
formed to reduce landslide risk. However, many also suggested that modifying the existing
slope by decreasing the slope inclination and planting trees could be a better landslide pre-
vention technique with minimal environmental disturbance.
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Fig. 16 a Basic characteristics (gender: inner circle, and age group: outer circle) and b different levels of
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Fig. 17 Respondents answer the questions on the performance of the landslide mitigation measures

5 Discussion and conclusion

The physiography and geological characteristics of the landslides in the KRC area, as
observed during the fieldwork, suggest that most of them are rotational slide-type fail-
ures and have two stratigraphic layers: upper residual soil and lower sandy formation.
Different methods for slope stability analysis give different types of results (Cheng and
Lau 2014; Khan and Wang 2020). The factor of safety (FoS) obtained from spatial (infi-
nite slope geometry) stability analysis is much less than that obtained from point-wise
analysis using LEM (Spencer’s) and FEM methods. The distribution of FoS obtained
from the spatial (infinite) analysis shows an exponentially decreasing trend of FoS
with varying slope angles. Similar results are also accepted on the fibrous sediments
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by Lofroth et al. (2021) on the Baltic coast of Sweden. The spatial distribution of
landslides locations collected from the field is also in good agreement with the results
obtained using spatial (infinite) analysis (Fig. 7b). If the state of equilibrium (FoS=1)
is set to 1.25 or 1.5, the agreement of the spatial (infinite) analysis results has better
accuracy (Dolojan et al. 2021). The slopes with more than 40° inclinations are unstable
in the KRC area.

The safety factors determined using LEM and FEM are identical. Both methods have
slope failure along a semicircular slip surface. The LEM and FEM consistently demon-
strate results close to each other if the structure or stratigraphy has a simple geometry
(Rathod and Rao 2012; Ozbay and Cabalar 2015). From LEM and FEM analysis, only
three conditions were unstable. However, the effectiveness analysis of these slopes with
different mitigation measures shows that landslide countermeasures improve the slope sta-
bility only to a marginal level. This demonstrates that unstable slopes were still vulnerable
after implementing the countermeasures. This statement was verified in the field that some
of the slopes in the KRC area failed in the presence of slope failure protection measures.
It was also observed that landslide countermeasures failure caused fatalities, but the slope
remains intact. This type of incident is more alarming because the structural countermeas-
ures, in some cases, generate a greater vulnerability (Huang et al. 2021).

The statistical data analysis showed that landslide mitigation measures reduced land-
slide incidents in the KRC area. The people’s perception also reflects that landslide struc-
tural countermeasures are functional, but they are more concerned with the type of miti-
gation measures and their construction quality/reliability. The local community chooses
the concrete retaining wall to be the most effective for landslide mitigation which is also
evident in other areas (Sultana and Tan 2021). The FoS distribution follows the cohesion
and friction angle of lower sandstone, and the cohesion of the upper soil layer is the crucial
factor for slope stabilisation. Thus, when designing and implementing any slope protection
measures in the KRC area, importance should be given to the lower sandstone layer first
and then the upper soil layer. Land-use planning and reorganisation considering the spatial
distribution of safety factors will efficiently mitigate and prevent landslide risk.

Three different slope stability analysis approaches were utilised to understand the
state of the equilibrium of slopes from the perspective of KRC. In addition, the effec-
tiveness of the mitigation measures was also analysed, and public perception was dis-
cussed. The key findings can be summarised as follows:

e The GIS-based spatial (infinite) slope stability analysis method underestimates the
safety factor of the slopes compared to the limit equilibrium and finite element
methods.

e The LEM- and FEM-derived safety factor values are close to each other. All the slopes
are stable or critically stable under natural conditions without anthropogenic interventions.
The slip surfaces are semicircular for all the cases of LEM and FEM.

e Significant variations in the probability of failure (PF) were observed, mainly due to the
uncertainties in the geotechnical shear strength parameters. The cohesion and friction
angle of lower sandstone and the cohesion of upper soil layers are essential in slope stabili-
sation analysis.

e Although implemented landslide mitigation measures (structural) reduce the number of
landslides and affected households, it gives protection to a marginal level having a signifi-
cant probability of slope failure.

e The local community’s preferred countermeasures are flawless and effective construction
and structural reliability.
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The findings from physical science perspective reveal that various structural measures
already undertaken by different NGOs and agencies to mitigate landslide disaster risk in the
KRC are mostly unreliable regarding their design safety and dependability concerns. The
Rohingyas living on dangerous slopes are also doubtful about the quality of the construction
works and their performance during heavy rainfall in protecting their shelters and lives. To
achieve the ultimate landslide DRR in the KRC, it is highly recommended to apply other non-
structural measures or promote natural-based solutions such as afforestation activities, vetiver
grass bioengineering, creating community awareness, operationalising landslide early warning
systems, planned relocation to safer places, and fostering repatriation in Myanmar or resettle-
ment in third countries according to the UN mandate.

The proposed method of blending the physical and social science components in under-
standing and evaluating the landslide structural mitigation measures is innovative and
enhances the trustworthiness of the public. Furthermore, the method can be replicated in any
landslide context worldwide and advance the knowledge base of landslide disaster risk reduc-
tion by generating practical results.

Appendix

Appendix A: Questionnaire used for the social survey

Landslide risk perception Response

Basic information

1 Gender of the respondent Male
Female
Other (specify)
2 Respondent’s age group (years) 20-40
41-60
>60
Basic landslide risk perception
3 Do you know what a landslide is? ~ Yes (Could you briefly describe it?)
No
4 How much do you feel yourself No
exposed to landslides? Low
High
Do not know/ no idea
5 How much do you feel yourself No
exposed to flash floods? Low
High
Do not know/ no idea
6 How much do you feel yourself No
exposed to cyclone/windstorm?  Low
High
Do not know/ no idea
7 How much do you feel yourself No
exposed to fire hazards? Low
High

Do not know/ no idea
Landslide mitigation measures
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Landslide risk perception

Response

8

What type of mitigation measures
are implemented in your reach
of slope failure prone areas?

Reinforced terrace (benching) slope

Concrete retaining wall

Reinforced concrete block structure

Slope covering by geo/sandbag

Nature-based slope stabilisation
using tree plantation

9 Can mitigation measures prevent  Strongly agree
landslides? Agree
Neutral
Disagree
Strongly disagree
10 Are the existing mitigation meas-  Strongly agree
ures sufficient? Agree
Neutral
Disagree
Strongly disagree
11 What do you think about the Strongly agree
perfection of the mitigation Agree
measure construction work? Neutral
Disagree
Strongly disagree
12 Is mitigation measure contributing Strongly agree
to more hazards? Agree
Neutral
Disagree
Strongly disagree
13 Which types of mitigation meas-  Reinforced terrace (benching) slope

ures do you think could prevent
slope failure hazards?

Concrete retaining wall

Reinforced concrete block structure

Slope covering by geo/sandbag

Nature-based slope stabilisation
using tree plantation

Nothing

Others (please specify)
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