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Abstract. The paper presents an investigation of riverbank stability at the estuary area of 
Muaro Kualo Segment, Muara Bangkahulu River in Bengkulu, Indonesia. This area had 
experienced slope failures along the riverbank during the Bengkulu flood in 2019. This 
study is initiated by conducting a geotechnical survey to observe site condition. During the 
survey, slope geometry measurement and soil sampling are performed. The laboratory 
tests are performed to collect physical and engineering soils properties. The rainfall 
intensity during period of 2011-2020 is also collected to observe normal and critical river 
water level. The finite element method is employed to analyse the slope stability analysis 
under the normal and critical river water level conditions. The results showed that the 
slope failure is generally initiated at the slope toe. Because of the river water level, factor of 
safety of slope along the estuary is less than the minimum criteria for the stable slope. It 
indicates that slope failure is very possible to occur. Implementation of sheet pile is 
conducted to reduce the slope failure potential.  The results showed that the use of sheet 
pile is relevant to improve slope stability in the study area.  
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1. Introduction 
 
In general, Bengkulu Province is known as a 

province in Indonesia that is very vulnerable to undergo 
seismic hazards [1]. Bengkulu Province itself is located at 
the coastal area of Sumatra Island that is directly facing 
Indian Ocean. Within last 10 years, the climate change 
effects had resulted several impacts to the environment 
in several areas around Indian Ocean, including 
Bengkulu City, the capital city of Bengkulu Province [2].  
It is proved by many huge floods occurred within last 10 
years. Recently, in the end of April 2019, a very heavy 
rainfall intensity had triggered so many inundations in 
Bengkulu City [3] and landslides in the mountainous area 
[4].  The impact of flood during April 2019 was not only 
reflected by massive inundated areas in Bengkulu City, 
but also slope failures along riverbanks. 

 One of the areas that underwent the impact of slope 
failures during the flood was the estuary area of Muara 
Bangkahulu River (Fig. 1). Muara Bangkahulu River is 
the main river in Bengkulu City that has upstream area in 
the mountainous area, Central Bengkulu Regency. The 
main cause of flood in 2019 was due to the overflow of 
the Muara Bangkahulu River during the long period of 
heavy rainfall in the end of April 2019 [4]. The estuary 
area of Muara Bangkahulu River is very important for 
local people in Bengkulu City. This area has the 
traditional port that supports local activity. The 
traditional port services for the local transportation, the 
temporary place for ships maintenance, and the tourism 
area in Bengkulu City. During the flood in 2019, the 
services were dormant due to the increase of river level 
and slope failures along the riverbank. The increase of 
river level itself is suspected as the main factor triggering 
slope failures along the estuary area. In line with the 
flood impact, it is important to study the effect of water 
level fluctuation to slope stability at the estuary area, 
Muaro Kualo, Bengkulu City. 

In geotechnical engineering, the implementation of 
stability countermeasure is important issue in slope 
countermeasure. Several researchers, such as Komolvilas 
et al. [5] and Jamsawang et al. [6] mentioned that stability 
countermeasure is important as a component to monitor 
the progress of field construction for sloping ground that 
can be a recommendation to improve the slope stability. 
Leknoi and Likitlersuang [7] also mentioned that the 
understanding on slope stability countermeasure could be 
good practice and lesson learned in improving the 
landslide hazard mitigation.  

For slope stability investigation, several studies had 
been conducted to investigate the effect of river water 
level in other areas. Duong et al. [8] conducted a study of 
slope stability under flooding condition in the riverbank 
of Red River, Vietnam. Thi and Minh [9] conducted a 
study of the effect of rainfall intensity and hydraulic 
conductivity to stability of Red River riverbank in 
Vietnam. Based on their study, Thi and Minh [9] 
concluded that during the high rainfall intensity, the 
highly-saturation process occurred in soil mass. This 

condition leads into the increase of slope failure potential. 
Liang et al. [10] observed the effect of river water level 
fluctuation to slope stability of riverbank in Long Island, 
Australia. Their study showed that the rapid decrease of 
river water or rapid drawdown can result in slope failure. 
Liang et al. [10] also mentioned that river fluctuation 
tends to be more dominant rather than climate change 
effect in influencing slope failure. Extreme rainfall events 
which trigger the increase of river water level are also 
likely to trigger riverbank collapse. Udomchai et al. [11] 
performed an investigation to the collapse of riverbank 
protection in Saraburi, Thailand. Udomchai et al. [11] 
mentioned that the main factor triggering the collapse of 
riverbank is seepage during the rainy season. Udomchai et 
al. [11] also suggested that the extreme river stream was 
likely to scour riverbank. This scouring zone became a 
seepage path. The accumulation of water infiltration 
furthermore reduced shear strength and then it collapsed. 
In general, the results of those studies had concluded 
that the riverbank failures are generally caused by the 
effect of fluctuation river water level during floods. 

In line with the field evidence of riverbank slope 
failure during the flood in 2019 in Bengkulu City, a study 
of slope stability analysis considering the fluctuation of 
river water is conducted. Site investigation and laboratory 
test are performed to obtain the physical properties of 
soils at the riverbank of Muara Bangkahulu River in the 
estuary area. The finite element simulation is conducted 
to observe soil behaviour and slope stability at the 
riverbank. Several outcomes, such as factor of safety (FS) 
and total displacement are observed. To depict the spatial 
mapping of slope vulnerability in the study area, the 
mapping method using the combination of Krigging and 
Gridding interpolations is used. In general, the results of 
this study could lead the local government to consider 
slope countermeasure in the study area. 

 

2. Material and Method 
 
2.1. Study Area and Soil Properties 

 
This study is focused on the estuary area of Muara 

Bangkahulu River, called Muaro Kualo Area (Fig. 1). In 
the past, this area is known as the old-city of Bengkulu 
because this area was the first developed zone in the past. 
Nowadays, this area is still functioned as a traditional 
port in Bengkulu City. During the Bengkulu flood in 
2019, riverbank failures were found. The normal 
activities such as ship reparation, tourism, and daily 
necessities trading are disturbed due to the riverbank 
failures. The increase of river water level during the flood 
has been suspected as the main cause of riverbank 
failures in the study area. In this study, 10 slopes located 
along the estuary area are studied. The slopes are 
indicated by red arrows namely MK-1 to MK-10, as 
shown in Fig. 2. In general, the slope height is observed 
to vary from 4 to 6 m high, and the slope width is 
observed to vary from 5 to 13.5 m with the average river 
water level of about 2.88 m. At those sites, the 
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handboring test is conducted to obtain undisturbed 
sampling. The test is conducted up to 2 m depth. The 
undisturbed sampling is further investigated in the 
laboratory.  

Several physical properties and engineering 
properties are investigated in geotechnical laboratory. 
Table 1 presents summary of laboratory test results for 
soils at the study area. Based on the laboratory test, it can 
be observed that soil type at the study area, especially at 
the investigated cross sections, is classified as silty sand 
(SM). The unit weights of soils under bulk, dry, and 
saturated conditions are observed to vary from 14.92 to 
16.27 kN/m3; 9.65 to 11.21 kN/m3; and 15.36 to 16.73 
kN/m3, respectively. The sandy soils are generally having 
high degree of saturation, i.e., about 78% to 94%. It 
indicates that the soil is relatively wet. The parameters of 
consistency show that plasticity index range from 5.58 to 
12.71%. To classify the soil type, Unified Soil 
Classification System (USCS) [13] is used. Based on 
Table 1, the soil consistency shows that silt contain also 
includes in the soil. The direct shear test is also 
conducted to obtain shear strength parameters. Several 
studies [3, 4, and 14] shows that soil strength of sandy 
soil tends to be dominated by internal friction angle. For 
silty and clayey sands, another parameter called soil 
cohesion also plays role to determine shear strength. In 
Table 1, it can be observed that soil cohesion is observed 
to vary from 3.53 to 5.30 kN/m2 and internal friction 

angle is observed to vary from 28.10 to 29.47. The 
elastic modulus and Poisson’s ratio are determined based 
Bowles’ [15] recommendation. Soil properties and slope 
geometry are used as the parameters for finite element 
simulation in analysing slope stability at the study area.  

 
2.2. Hydrological Analysis 

 
The main goal of this study is to observe slope 

vulnerability based on the effect of river water level. 
Therefore, in this study, the river water level increase is 
estimated from the effect of rainfall during last 10 years. 
To determine the river water level increase, the rational 
discharge analysis is conducted. The rational discharge 
equation is expressed in this following equation, 

0.278ratQ C I A=       (1) 

In Eq. (1), Qrat is the rational discharge, C is coefficient of 
surface runoff, I is rainfall intensity, and A is the 
drainage. 

In general, the discharge is also able to be estimated 
by using the correlation between cross-sectional area and 
stream velocity as expressed in Eq. (2). For Eq. (2), Q is 
the normal discharge, Ac is cross-sectional area of river 
and v is the velocity of river stream. Based on Eq. (2), it 
can be seen that discharge can be calculated by using 
velocity and the cross-sectional area of river. 

n cQ A v=     (2) 

 

 
Fig. 1. Layout of study area (basic map modified from Google Earth [12]).
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Figure 3 presents the illustration of cross-sectional 
area of a river. It can be observed wn1 and wn2 are the 
parallel sides of cross-section for a river under normal 
condition, whereas h is the river water height under 
normal condition. Once flood occurred, rational 
discharge could contribute the river water flow. 
Therefore, in Fig. 3, there is additional height of river 
water due to the flood (hf). As a result, a maximum 
parallel side due to the flood can be assigned as wf. In line 
with both Eq. (1) and (2), it is simply applicable to 
estimate the increase of river water height by using both 
equations. The increase of river water level can be 
predicted by both equations that are combined to 
determine the increase of river water level as expressed in 
Eq. (3) to (5), 

total rat nQ Q Q= +      (3) 

( )1 2

1
(0.278 )

2
total n n n nQ C I A w w h v

 
=    + +   

 
 (4)

( )2

1

2
total n f f fQ w w h v

 
= +   

 
   (5) 

In Eq. (3) to (5), total discharge (Qtotal) is estimated based 
on the summation of rational discharge (Qrat) and normal 
discharge (Qn). It should be noted that the parameter of 
river flow velocity (vn) and flood flow velocity (vf) should 
be known to estimate Qn and Qtotal. Furthermore, by 

combining Eq. (4) and (5), the height of river water level 
can be estimated as expressed by this following equation, 
 

( )2

2 total
f

n f f

Q
h

w w v


=

+ 
   (6) 

 

2.3. Methodology 
 

In general, this study is performed based on the 
combination between experimental study and numerical 
analysis. Both experiment and numerical analysis are 
performed by following the research flowchart presented 
in Fig. 4. First, this study is conducted based on the last 
huge-floods in 2019 that had resulted in the impact to 
estuary area of Muara Bangkahulu River. The slope 
failures along the riverbank are also linked with the 
recent flood event occurring in Bengkulu City. 
Afterward, the next step is to conduct the literature 
reviews for supporting this study. Several literatures, such 
as the characteristic of Muara Bangkahulu downstream 
area [14], flood event in Bengkulu City [3], factors 
influencing slope failure [16], and finite element method 
for slope stability analysis [3, 4] are studied. 
 

 
Fig. 2. Slope cross-sections. 
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Table 1. Summary of laboratory test results. 

Soil Properties Notation Unit 
Cross section at Muara Kualo Segment (MK) 

1 2 3 4 5 6 7 8 9 10 

Soil Classification USCS - SM SM SM SM SM SM SM SM SM SM 

Unit Weight               
*Bulk unit weight b kN/m3 15.25 16.27 15.95 14.99 16.09 15.26 14.92 15.82 15.76 14.57 

*Dry unit weight d kN/m3 9.812 11.21 10.76 9.65 11.13 10.08 10.54 10.88 10.45 10.44 

*Saturated unit weight sat kN/m3 15.72 16.48 16.69 15.36 16.49 16.04 16.73 16.22 16.67 16.54 

Moisture content w % 55.43 45.18 48.25 55.39 44.57 51.41 41.59 45.41 50.84 39.53 

Specific gravity Gs - 2.76 2.78 2.60 2.89 2.77 2.69 2.53 2.82 2.53 2.58 

Void ratio e - 1.76 1.43 1.37 1.94 1.44 1.62 1.36 1.54 1.38 1.42 

Degree of saturation S % 86.96 87.61 91.49 82.53 85.63 85.42 77.62 82.99 93.52 71.64 

Consistency limits               
*Liquid limit LL % 43.17 42.65 41.97 38.60 40.46 40.82 43.98 39.93 41.30 42.58 
*Plastic limit PL % 33.13 29.94 36.39 30.95 33.13 33.13 36.39 33.13 33.13 36.39 
*Plasticity Index PI % 10.04 12.71 5.58 7.65 7.33 7.69 7.59 6.80 8.17 6.19 

Soil cohesion c kN/m2 4.81 3.55 4.53 5.16 4.85 4.09 4.03 3.53 5.30 3.57 

Internal friction angle   28.74 28.77 29.79 28.79 28.96 28.74 28.10 29.47 28.60 28.63 

Coefficient of 
permeability 

k cm/hour 
0.47 0.51 0.52 0.48 0.50 0.51 0.48 0.51 0.47 0.51 

Elastic Modulus E kN/m2 10,326 10,388 12,164 10,414 10,711 10,326 9,215 11,604 10,081 10,143 

 
Fig. 3.  The illustration of discharge and cross-sectional area during normal and critical condition. 

 

The data collection is then conducted in this study. 
There are two types of data collected, i.e., primary data 
and secondary data. Several information, such as 
geometry of slope, physical and engineering properties of 
soil, river water level under normal condition are 
categorised as the primary data. The intensity of rainfall 
from 2000 to 2020, maps of topography and land-use are 
categorised as secondary data for this study. After data 
collection, the data recapitulation is performed. To 
examine the reliability of collected data, the data 
validation is also performed. In this study, the concern 
on soil properties is focused by observing the 
characteristics of soils. If the data collection has not 
completed, the step of data collection would have been 
re-performed. Otherwise, if the data has been completed, 
the next step, i.e., the analysis of maximum discharge 
would have been conducted. Furthermore, the rainfall 
intensity is analysed to estimate the maximum discharge. 
Next, the maximum discharge along the study area is 
used to estimate the river water level increase. The 
increase of river water level due to the maximum 
discharge is noted as the critical ground water level that 
can describe the maximum increment of river water level 
due to the flood.  

After the prediction of critical river water level has 
been known, the next step is to perform slope stability 
analysis for slope along riverbank of Muara Bangkahulu 

River. In this study, a finite element method from 
Brinkgreve et al. [17] is employed. Several researchers [18-
20] mentioned that the use of finite element method in 
engineering practice is very recommended. For the soil 
model parameter, a common model parameter called 
Mohr-Coulomb model is used. The implementation of 
finite element method has been introduced by several 
researchers in some geotechnical problems, such as slope 
stability analysis [4], bearing capacity of strip footing [21], 
deep excavation [22], and tunnelling [23]. Several 
researchers, such as Matsui and San [24], Dawson et al. 
[25], and Zhang et al. [26] confirmed that the use of finite 
element simulation under method of shear strength 
reduction ( and c reduction) is relevant in the 
implementation of slope stability. Mase et al. [27] 
mentioned that shear-strength reduction is one of 
appropriate parameter to observe stability of soils. the 
stability of Dyson and Tolooiyan [28] mentioned that 
shear strength reduction method is applicable to precisely 
estimate each optimised reduction stage during finite 
element simulation. The implementation of shear 
strength reduction is also reliable for slope stability cases, 
such as heterogeneous slope stability [29], reinforced 
slope stability [30] and rock slope stability [31]. Based on 
the implementation of shear strength reduction on finite 
element simulation, it is therefore appropriate to use 
shear strength reduction method to analyse slope stability 

wn1

hf

wn2

Qn

Qrat

hn

wf

Qt

Note

wf : a maximum parallel side due to flood

wn1 and wn2 : parallel side of cross-section for river under normal condition
hn : height of river water level under normal condition

hf : total height of river water level due to flood (critical condition)

Qrat : rational discharge

Qn : normal discharge

Qtotal : total discharge
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of the estuary area of Muara Bangkahulu River in 
Bengkulu City. Several studies conducted by Leelarungroj 
et al. [32], Chompoorat et al. [33], and Punnoi et al. [34] 
mentioned that soil shear strength is the important 
component to improve soil stability. Therefore, for 
checking stability, shear strength should be considered. 

The input parameters used in this study are referring 
to soil properties listed in Table 1. The main objective of 
this study is to observe slope stability due to increase of 
river water level. Therefore, there are two conditions, 
which are simulated in this study. The first one is the 
slope stability simulation under the normal river water 
level and the second one is the slope stability simulation 
under the critical river water level. For the normal water 
level, the measurement on river water level is performed, 
whereas for critical river water level is estimated from the 
maximum discharge analysis.   From the simulation, 
several important results, such as factor of safety (FS) 
against slope failure and displacement, are collected. FS 
less than 1.5 indicates that the slope is vulnerable to 
failure, whereas FS equal to 1.5 indicates that the slope is 
under critical condition.  The selection of FS of 1.5 as the 
threshold of slope stability is based on the study 
conducted by Stark and Ruffling [35] who mentioned 
that FS of 1.5 could be implemented for the area having 
the high environmental impact. Since the estuary area of 
Muara Bangkahulu River is categorised as the area with 
the high-vulnerable impact to the environmental 

condition, the recommendation on this FS threshold can 
be applied.  For FS more than 1.5, the slope could be 
categorised as stable slope which means that slope is not 
vulnerable to collapse [3].  

In this study, failure criteria are implemented for 
simulation of finite element. The scenario of simulation 
is to build a riverbank slope model. Furthermore, the 
effect of river water is observed. There is no external 
load considered for simulation of natural slope stability 
because the simulation is conducted based on the natural 
condition. In terms of simulation stages, slope is first 
loaded by internal load. Afterwards, the shear strength 
reduction analysis is conducted to observe the failure 
mechanism.    

Furthermore, the mapping of vulnerability level to 
the study area is conducted. In this study, Krigging and 
Gridding interpolating method [36] is employed to 
generate micro-zonation maps. In general, the results of 
this study could describe the effect of water level increase 
along Muara Bangkahulu downstream area, especially in 
Muara Kualo Segment. The results of this study could 
also deliver a recommendation to local government in 
considering the potential slope failure along the study 
area. The results could be also used as the basic 
guidelines to design slope countermeasure along the 
Muara Bangkahulu downstream area in order to avoid 
the significant slope failure during floods. 

 

Fig. 4. Research framework. 
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3. Results and Discussion 
 
3.1. Hydrological Analysis Results 

 
In this study, the hydrological analysis is conducted 

based on the monthly rainfall intensity occurred in the 
period of 2011-2020. During this period, there is a huge 
event of the Bengkulu Flood in 2019. The monthly 
rainfall intensity from River Territory Office or RTO [37] 
is presented in Fig. 5. Based on Fig. 5, it can be seen that 
the minimum rainfall intensity within the period of 2011-
2020 occurs in September with the rainfall intensity of 
12.3 cm, whereas the maximum one occurs in November 
with the rainfall intensity of 23.85 cm. In general, the 
average rainfall intensity (I) within last 10 years is 
recorded of about 16.6 cm. 

From the monthly rainfall intensity, the rational 
discharge analysis is conducted using Eq. (1). The 
analysis is employed to estimate the surface runoff 
resulted due to the rainfall in Bengkulu City. The results 
of rational discharge analysis are summarized in Table 2.  
It can be seen that the discharge on the study area is 
generally observed to vary from 269 to 314 m3/s. The 
study area is located at the edge of Bengkulu City. Based 
on recommendation from McCuen [38], C parameter can 
be assigned as 0.6. For section area, the segmented areas 
are grouped in to 5 regions as shown in Fig. 1 (shown by 

blue dashed lines). The consideration in dividing the 
study area to be 5 regions is based on the zoning 
characteristics that consider the factors including 
topography, river meander, and so on. 

Before calculating the total discharge, the normal 
discharge should be first estimated. In this study, Eq. (2) 
is used to obtain the normal discharge in the study area. 
Table 3 presents the summary of normal discharge under 
the existing condition in the study area. In Table 3, it can 
be observed that based on the field measurement, the 
river flow velocity (vn) is about 3.56 m/s. In general, 
normal discharge in the study area is observed to vary 
from 333.60 m3/s to 387.80 m3/s. Furthermore, after 
normal and rational discharges are estimated; total 
discharge in the study area can be obtained.  

Table 4 presents summary of the critical river water 
level and normal water level based on the accumulation 
rational and normal discharge. In Table 4, it can be seen 
that the critical river water level in the estuary area is 
observed to vary from 3.62 to 4.03 m. Therefore, it can 
be concluded that the rainfall could result in the increase 
of river water level of about 0.84 to 1.03 m. Based on the 
results, finite element analysis considering the change of 
river water level is conducted. The result of the analysis is 
presented in the next section.  

.  
 

 

 
Fig. 5. Monthly rainfall [37]. 

 
Table 2. Summary of rational discharge.

Cross Section 

Coefficient of 
Runoff 

Rainfall 
Intensity 

Section 
Area 

Rational 
Discharge 

(C) I (cm) (A) (km2) (Qrat) (m3/s) 

MK-1 and MK-2 0.6 16.66 0.13 314.37 
MK-3 and MK-4 0.6 16.66 0.16 313.74 
MK-5 and MK-6 0.6 16.66 0.22 269.51 
MK-7 and MK-8 0.6 16.66 0.18 281.27 
MK-9 and MK-10 0.6 16.66 0.16 281.79 
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Table 3. Summary of normal discharge. 

Cross Section 
Normal River Flow wn1 wn2 hn 

Normal 
Discharge 

(vn) m/s (m) (m) (m) (Qn) (m3/s) 

MK-1 and MK-2 3.56 36.60 36.00 3.00 387.68 
MK-3 and MK-4 3.56 37.75 34.70 2.99 385.59 
MK-5 and MK-6 3.56 33.55 31.30 2.89 333.60 
MK-7 and MK-8 3.56 38.40 38.40 2.78 380.04 
MK-9 and MK-10 3.56 37.00 36.10 2.74 356.52 

 

Table 4. Summary of total discharge and critical river water level (hf). 

Cross Section 
Flood River Flow wf wn2 Total Discharge hf 

(vf) (m) (m) (Qtotal) (m3/s) (m) 

MK-1 and MK-2 4.76 37.20 36.00 702.05 4.03 
MK-3 and MK-4 4.76 40.80 34.70 699.33 3.89 
MK-5 and MK-6 4.76 35.80 31.30 603.11 3.78 
MK-7 and MK-8 4.76 38.40 38.40 661.31 3.62 
MK-9 and MK-10 4.76 37.90 36.10 638.32 3.62 

 

3.2. Slope Stability Analysis Results 
 

The results of finite element simulation for slope 
stability analysis are presented in Figs. (6) to (9). In this 
study, some slopes that are assumed as the representative 
slopes. They are MK-2, MK-6, and MK-9. MK-2, MK-6, 
and MK-9 represent the front-side segment slope, 
middle-side segment slope, and back-side segment slope, 
respectively. Figures 6 and 7 showed the mesh 
deformation under both normal and critical conditions. It 
can be seen that the deformation is generally started at 
slope toe. It indicates that the slope tends to undergo 
sliding starting at slope toe. Generally, both conditions 
showed that failure surface could occur along the slope 
body. To observe the sliding planes on the investigated 
slopes, the sliding surfaces on three representative slopes 
are presented in Figures 8 and 9. In general, it can be 
observed that there is no significant difference between 
normal condition and critical condition. The sliding 
surface is generally occurred at the slope body. It 
indicates that both conditions could influence slope 
stability in the study area. 

Table 5 presents the summary of FS under both 
normal and critical conditions and the percentage of FS 
difference between normal and critical conditions. In 
Table 5, it can be seen that there is a reduction of FS at 
each investigated slope due to the effect of river water 
level change under normal and critical conditions. Table 
5 also presents that the reduction of FS between both 
conditions is not very significant. This is due to the fact 
that the slope has been getting saturated before the 
increase of river water level. During the increase of pore 
water pressure, FS values decrease [39]. Several studies 
conducted by Sun et al. [40], Xiong et al. [41] mentioned 
that due to the increase of river water level, the shear 
strength is reduced; therefore, FS is also decreased [42]. 
Based on Table 5, the difference percentage on the factor 
of safety reduction between normal and critical 
conditions is observed to vary from 0.88% to 6.45%. The 
results also present that factor of safety (FS) under both 
conditions show the unstable tendency. This is because 

FS on each slope is less than 1.5. Therefore, it can be 
roughly estimated that the slope failure potentially 
happens in Muaro Kualo Segment. It can be concluded 
that the increase of river water level could influence the 
slope stability in the study area. 

Table 6 presents the summary of total displacement 
on each slope, under both normal and critical conditions. 
It can be seen that under normal condition, the 
displacement is observed to vary from 0.81 to 2.26 m. 
For critical condition, it can be observed that under the 
critical condition, the total displacement is observed to 
vary from 1.22 to 1.88 m. This is due to the fact that 
slope has been getting saturated before the increase of 
river water level. However, in terms of total 
displacement, the critical condition tends to yield larger 
values than normal condition. Generally, the percentage 
of total displacement difference under both normal and 
critical conditions is observed to vary from 7.41 to 
88.4%. The larger displacement could be resulted by the 
overflowing of riverbank slope due to the increase of 
river water level [43]. In the link to Figs. 8 and 9, it can 
be observed that the maximum displacement is generally 
occurred at the slope body; whereas Figs. 6 and 7 show 
the extreme displacement occurred at slope toe. It 
indicates that there is the accumulation of shear strength 
reduction due the increase of pore water pressure 
resulted from the increase of river water level. Several 
studies conducted by Gill et al. [44], Sobhanmanesh et al. 
[45], Bushira et al. [46] also show the similar trend of 
displacement. Singh et al. [47] mentioned that the 
extreme displacement at slope toe indicates the slope 
tends to be more vulnerable to fail down. Therefore, it 
can be roughly predicted that the slope failure in the 
riverbank slope is initiate by the shear strength reduction 
at slope toe.  
 
3.3. Slope Vulnerability Maps 

 
In this study, combination between Krigging and 

Gridding interpolating methods [36] is implemented to 
compose maps of slope vulnerability in the study area.  
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This method is commonly implemented by several 
researchers [48-50] to compose hazard maps in an area.  

Figure 10 presents the zone distribution of slope 
vulnerability based on factor of safety, for Muaro Kualo 
Segment. As presented in Section 3.2, FS at each 
investigated site presents value less than 1.5. This 

threshold is used as the parameter to define the stability 
of slope. Therefore, under both normal and critical 
conditions, it can be observed that the investigated 
locations can be categorised as the vulnerable area to 
undergo slope failure during the effect of river water 
level change. 

 

    
                        (a)                                                          (b)                                                             (c) 

Fig. 6. Mesh deformation slope under normal condition at (a) MK-2 (b) MK-6 and (c) MK-9. 

 

    
                        (a)                                                          (b)                                                             (c) 

Fig. 7. Mesh deformation slope under critical condition at (a) MK-2 (b) MK-6 and (c) MK-9 

 

     
                        (a)                                                             (b)                                                                    (c) 

Fig. 8. Sliding surface slope under normal condition at (a) MK-2 (b) MK-6 and (c) MK-9. 

    
                        (a)                                                              (b)                                                                     (c) 

Fig. 9. Sliding surface slope under critical condition at (a) MK-2 (b) MK-6 and (c) MK-9. 

 

Table 5. Summary of FS and percentage of FS difference under normal and critical condition.  

Slopes 

Coordinates Factor of Safety (FS) 
Percentage of FS 
Difference (%) Latitude Longitude 

Normal 
Condition 

Critical 
Condition 

MK-1 102°15'54.07"E 3°46'23.37"S 1.35 1.33 1.48 
MK-2 102°15'46.45"E 3°46'24.24"S 1.24 1.16 6.45 
MK-3 102°15'56.13"E 3°46'36.47"S 1.07 1.06 0.93 
MK-4 102°15'51.11"E 3°46'38.98"S 1.46 1.44 1.37 
MK-5 102°16'02.76"E 3°46'39.45"S 1.08 1.07 0.93 
MK-6 102°16'02.49"E 3°46'43.77"S 1.11 1.10 0.90 
MK-7 102°16'13.90"E 3°46'42.05"S 1.09 1.08 0.92 
MK-8 102°16'09.37"E 3°46'45.63"S 1.34 1.32 1.49 
MK-9 102°16'21.88"E 3°46'50.76"S 1.13 1.12 0.88 
MK-10 102°16'18.41"E 3°46'54.27"S 1.00 0.99 1.00 
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Table 6. Summary of total displacement under normal and critical condition.  
 

Slopes 

Coordinates Total Displacement (m) Percentage of 
Displacement 
Difference (%) 

Latitude Longitude 
Normal 

Condition 
Critical 

Condition 

MK-1 102°15'54.07"E 3°46'23.37"S 0.81 1.53 88.64 
MK-2 102°15'46.45"E 3°46'24.24"S 1.30 1.65 27.31 
MK-3 102°15'56.13"E 3°46'36.47"S 1.31 1.88 44.18 
MK-4 102°15'51.11"E 3°46'38.98"S 1.39 1.49 7.41 
MK-5 102°16'02.76"E 3°46'39.45"S 2.26 1.08 52.07 
MK-6 102°16'02.49"E 3°46'43.77"S 1.11 1.22 10.44 
MK-7 102°16'13.90"E 3°46'42.05"S 2.28 1.31 42.57 
MK-8 102°16'09.37"E 3°46'45.63"S 1.44 1.53 6.25 
MK-9 102°16'21.88"E 3°46'50.76"S 2.52 1.72 31.75 
MK-10 102°16'18.41"E 3°46'54.27"S 2.20 1.48 32.73 

 

 

Figure 11 presents the zone of slope displacement 
for Muaro Kualo under normal and critical conditions. 
For normal condition (Fig. 11(a)), it can be seen that the 
area in northern segment part is generally dominated by 
displacement varying from 1 to 1.5 m. For eastern to 
southern segment parts, the displacement is generally 
observed to vary from 2 to 2.5 m. In the middle part of 
segment, the displacement is generally observed to vary 
from 1.5 to 2 m. For critical condition (Fig. 11(b)), the 
displacement on the northern and southern segment 
parts is about 1.5 to 1.75 m, whereas the displacement on 
the middle part of segment part is observed to vary from 
1.25 to 1.5 m. In general, there is no significant 
difference on the displacement zonation under both 
conditions. This is due to the fact that under both 
conditions, slopes on Muaro Kualo Segment have been 
potentially failure. The results of this study could 
recommend slope countermeasure for study area. 

 
3.4. Slope Countermeasure Effort 
 

Muaro Kualo is known as the port area that is very 
important to support socio-economic sector in Bengkulu 
City. However, the effect of flood during last 10 years 
has significantly influenced the riverbank slope. Figure 12 
presents evidence of slope failure after the Bengkulu 
flood in April 2019. Figure 12(a) shows a massive slope 
failure at MK-2 and Fig. 12(b) shows the scouring effect 
at MK-9 due to the river stream during the flood. Based 
on the evidence, it can be seen that the slope damage is 
not only coming from the increase of river water level 
but also the high-speed of river stream scouring slope 
body along the segment. A slope countermeasure effort 
has been currently implemented to the segment. The 
slope countermeasure method implemented to the 
riverbank slope of Muaro Kualo Segment is the 
application of concrete sheet piles, especially at the port 
area, as presented in Fig. 13. In Fig. 13(a), it can be seen 

that the concrete sheet piles are installed at the slope toe 
of estuary riverbank. The construction of sheet pile is 
inserted to the slope toe and at the gap between the sheet 
pile and the top of slope is constructed as the new port 
for Muaro Kualo segment (Fig. 13(b)) 

A finite element analysis to the existing slope 
countermeasure is performed. Figure 14 presents the 
results of finite element analysis for the implementation 
of slope countermeasure effort. The slope 
countermeasure is conducted by installing concrete sheet 
piles with the buried length of about 4 m and the free 
length of about 4 m. In this study, axial stiffness (EA), 
bending stiffness (EI), plate thickness (d) and Poisson’s 
ratio are assumed to be 3,250,000 kN/m2, 28,600 kN/m2, 
0.325 m and 0.15, respectively. The model material is 
assumed as linear elastic model. For the space between 
the sheet pile and top of slope, the backfill material is 
compacted. At the top of sheet piles, a concrete plate is 
constructed as the pier. In general, the use of sheet pile is 
destined to avoid overflowing of river water and to avoid 
infiltration of river water to slope toe. In terms of 
erosion of soil due to river stream, sheet pile is also 
addressed to avoid the scouring effect. In analysis, step 
of construction is performed. the pile is initially installed 
and loading is applied. In this study, the surcharge load is 
acted behind sheet pile. Based on Fig. (14), it can be seen 
that during the critical condition, the failure surface 
generally occurs at the top of sheet pile (Fig. 14(a)). The 
maximum displacement is presented in Fig. 14(b). The 
maximum displacement occurred is located behind the 
sheet pile, which is the interface zone between load and 
sheet pile. FS under the condition is about 1.64. In 
general, FS of the slope countermeasure has been 
exceeded the minimum required FS. Therefore, the 
implementation of sheet piles as slope countermeasure 
effort for study area is relevant and reliable to the 
condition on the estuary area. 
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(a) 

 
(b) 

Fig. 10. Zones of slope vulnerability (basic map modified from Google Earth [12]) for Muaro Kualo Segment under 
(a) normal condition; (b) critical condition. 
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(a) 

 
(b) 

Fig. 11. Zones of total displacement (basic map modified from Google Earth [12]) for Muaro Kualo Segment under 
(a) normal condition; (b) critical condition. 
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      (a)                    (b) 
Fig. 12. Slope damage due the Bengkulu Flood in April 2019 (a) slope failure at MK-3; (b) scouring slope at MK-7. 

 

               
       (a)                   (b) 
Fig. 13. Slope countermeasure at port area of Muaro Kualo Segment (a) the implementation of sheet pile; (b) top view 
of port area. 

 
 

    
(a)                                                                                          (b) 

 
Fig. 14. Finite element results for slope countermeasure effort (a) mesh deformation; (b) sliding surface.   
 

4. Conclusion 
 
This paper presents the study of the effect of river 

water level fluctuation to riverbank slope stability at the 
Estuary Area of Muaro Kualo Segment, Muara 
Bangkahulu River, Bengkulu, Indonesia. The 
hydrological analysis to estimate the increase of river 
water level is conducted. Finite element analysis is 
conducted to observe the effect of water level fluctuation 
on slope stability. The slope vulnerability maps are 
composed based on the results of finite element. The 

implementation of slope countermeasure to the study 
area is also presented. Several concluding remarks can be 
drawn: 
1. Site investigation and laboratory test are conducted to 

investigate soil characteristic. In general, sandy soils 
are dominantly found in the study area. Sandy soils in 
the study area are generally found at the riverbank 
slope. This material is relatively loose and easily to be 
scoured due to the river stream. 

2. This study proposes the method to estimate the 
increase of river water level considering the period of 
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10 years based on the discharge analysis. The 
combined method between rational discharge and 
normal discharge analyses could be implemented to 
estimate the critical river water level, which is used to 
predict the effect of river water fluctuation at the 
riverbank slope. This proposed method is reasonably 
implemented to investigate similar cases. 

3. The finite element analysis to both normal and critical 
conditions shows that there is generally no significant 
difference on factor of safety values between normal 
and critical conditions. Under the normal condition, 
riverbank slope has been already unstable. Once the 
increase of river water level, the riverbank slope 
becomes more unstable and more vulnerable to 
collapse. Therefore, it can be concluded that the 
increase of river water level is placing the slope to be 
getting more vulnerable. Slope vulnerability maps 
composed from this study are also useful to depict 
the potential slope failure hazard in the study area. 

4. The slope countermeasure by using concrete sheet 
pile is selected to solve the problem of slope failure in 
the study area. In general, the implementation of 
slope countermeasure method significantly improves 
slope stability in the study area up to 1.64. The slope 
countermeasure could significantly reduce the effect 
of overflowing of river water level, increase the slope 
stability, and reduce the scouring potential. The slope 
countermeasure implementation could maintain the 
function of old port of Bengkulu city to support the 
socio-economic aspect in Muaro Kualo Segment. 

5. The study area is also the part of old-city of Bengkulu, 
which is known as the heritage of Bengkulu. In line 
with this, the result of this study could be a 
recommendation to the local government to improve 
the slope stability in the study area. 
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