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ABSTRACT 
The Nakau Segment area serves as the connecting zone between Bengkulu City and 

Central Bengkulu Regency. Socio-economic development has been significant within the last 
20 years. Several housing zones are located near the riverbank of the main river called the 
Muara Bangkahulu River. The riverbank could undergo slope failure during floods. It is 
important to study slope stability in this area. This study is initiated by collecting undisturbed 
soil samples in the study area and measuring slope geometry. Furthermore, laboratory tests to 
check the soil’s physical-engineering properties are conducted. Those properties and 
geometries are used as input parameters in finite element simulation. Several results including 
failure mechanism, total displacement, and factor of safety are presented in micro-zonation 
maps. The results show that the factor of safety of the river bank is generally observed to vary 
from 1.5 to 2.0, especially in the eastern and western parts of the river. The results indicate the 
failure tendency could occur in the slope body which is consistent with slope failure observed 
in the field. The results of this study could be used as a consideration to design slope 
countermeasure efforts in the study area.  

Keywords: Finite element method; Muara Bangkahulu River; Nakau segment; Slope failure 

1. Introduction
Misliniyati et al. [1] mentioned that 

Bengkulu City has been known as one of the 
earthquake-prone areas in Indonesia. 

Nevertheless, the city is also very 
vulnerable to climate change impact as 
reported by Mase et al. [2]. In April 2019, a 
huge flood that is called the2019 Bengkulu
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Flash Flood hit Bengkulu City. Areas 
located along the Muara Bangkahulu River, 
the main river in the Central Part of 
Bengkulu Province, were inundated for days 
and many people were evacuated to 
temporary camps. In addition, massive slope 
failures were found after the flood. 

Bengkulu City is one of the areas that 
underwent flood impacts in 2019. This city 
is a part of the downstream Muara 
Bangkahulu sub-watershed. A district that 
significantly experienced the flood impact is 
Sungai Serut District. Several segments 
recorded as the most impacted areas during 
the flood in this district are Muaro Kualo 
Segment [3], Tanjung Agung Segment [4], 
Semarang-Surabaya Segment [5, 6], and 
Nakau Segment. Studies conducted by 
several local researchers [3-6] reported that 
of all segments, Nakau Segment is directly 
bordered by the Central Bengkulu Regency 
where the spring of Muara Bangkahulu 
River exists. So far, a study related to slope 
stability during floods in Nakau Segment 
has not been performed. Therefore, it is 
important to perform a study of slope 
stability during the flood in the study area.  
There are several methods to estimate slope 
stability. They are the limit equilibrium 
method [7], the finite element method [3], 
and the finite difference method [8]. Among 
these methods, the finite element method is 
known as the most familiar method for 
predicting slope stability. This method tends 
to be more selected because the calculation 
process is fast and the result is generally 
consistent with field conditions. In addition, 
the use of the finite element method could 
result in the factor of safety (FS) and total 
displacement. Several researchers such as, 
Chheng and Likitlersuang [9], Ukritchon 
and Keawsawasvong [10], Mase et al. [11], 
and Huyn et al. [12] have confirmed that the 
use of the finite element method is generally 
appropriate to solve the stability problem for 
several cases, such as deep excavation, 
bearing capacity, and liquefaction during an 
earthquake. For slope stability analysis at 

the riverbank area, Mase et al. [3] also 
stated that the use of the finite element 
model is appropriate to observe the failure 
mechanism on riverbank slopes. It can be 
concluded that the use of the finite element 
method is recommended to solve stability 
problems in geotechnical engineering, 
especially for sloping ground.  

The sloping ground of the riverbank 
is very critical to failure during a flood. 
Udomchai et al. [13], Thi and Minh [14], 
and Liang et al. [15] mentioned that slope 
failure during floods is generally initiated by 
massive erosion at the slope toe and slope 
body. The pattern yielded by erosion could 
be the path for water to infiltrate into soil 
mass. Once the process of soil saturation 
happens, the soil shear strength could 
decrease. On another side, due to the 
saturated condition, soil mass becomes 
heavier. At this condition, a heavier soil 
mass and a decrease in soil shear strength 
could influence the movement of soil mass 
at the sloping ground [3]. Therefore, it is 
important to know the slope stability under 
saturated conditions during floods.  

This paper presents a finite element 
analysis to analyze slope stability along 
Nakau Segment. The initial step is begun by 
conducting a site investigation at Nakau 
Segment. Furthermore, the laboratory test is 
conducted to obtain physical and 
engineering properties. The finite element 
simulation is conducted to determine the FS 
of slope and maximum displacement in the 
study area. The map of slope vulnerability is 
composed to interpret safe and unsafe 
zones. In general, this study could provide 
information related to the slope failure 
potential in the study area. The results are 
also able to be used by the local government 
of Bengkulu City as the consideration for 
slope countermeasure efforts in the study 
area.  

 
2. Study Area 

Fig. 1 shows the study area layout. 
Nakau Segment is located in the eastern part 
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of the Muara Bangkahulu River. According 
to River Territory Office (RTO) [16], Nakau 
Segment is the first segment in the Sub-
watershed of Downstream Muara 
Bangkahulu, in Bengkulu City. Nakau 
Segment is bordered by Surabaya Segment 
in the western part and Central Bengkulu 
Regency in the eastern part. Since Nakau 
Segment is bordered by the neighboring 
regency, the development of this segment as 
the socio-economic center is gradually 
growing. In this area schools, tourist areas, 
and housing areas exist. This area is also the 
entrance to Bengkulu City from Central 
Bengkulu Regency. This area is very 

important to support the economic aspects 
of Bengkulu City. In short, economic and 
social activities are very dense here. 

In Fig. 1, there are 20 cross-sections, 
namely CS-1 to C-20, that are observed in 
this study.  Those cross-sections are located 
on the riverbank of the Nakau Segment. The 
riverbank slope height in the study area is 
varied from 1 to 7 m and the width is varied 
from 1 to 6 m. The slope inclination for 
those observed slopes varied from 18° to 
72° (Fig. 2). 

  

 

 
Fig. 1. Location of the study area.  
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In the study area, undisturbed soil 
sampling is conducted on riverbank slopes. 
Undisturbed samples are then tested in the 
laboratory to collect physical properties and 
soil engineering properties. Physical 
properties, such as water content, unit 
weight, and specific gravity are addressed to 
obtain soil characteristics. Engineering 
properties are addressed to obtain shear 
strength parameters, such as cohesion and 
internal friction angle. There are 20 spots of 
undisturbed samples spreading along the 
riverbank slopes. After laboratory tests, both 
physical and engineering properties are used 
as the input parameters for slope stability 
analysis. 

The summary of soil properties in the 
Nakau Segment can be seen in Table 1. It 
can be observed that the soil type in the 
study area is categorized as sandy soil. 
Based on the Unified Soil Classification 
System or USCS, those sandy soils are 
classified as poorly graded sand (SP), well-
graded sand (SW), silty sand (SM), and 
clayey sand (SM). Also, a minor silty soil is 
classified as low plasticity silt (ML). The 
soil type in each cross-section can be 
categorized as homogenous soil.  

Based on physical properties, the 
water content of sandy soils (w) varies from 
18 to 73%, whereas silty soil is about 22%. 
The densities of soils under bulk (gb), dry 
(gd), and saturated (gsat) conditions show that 
the range of densities varies from 11 to 19 
kN/m3. It is predicted that the coefficient 
permeability for sandy soils in the study 
area varies from 0.8 to 1 m/day [17, 18]. In 
addition, based on the recommendation 
suggested by Carter and Bentley [17] and 
Bowles [18], Young’s modulus (Eref) varies 
from 1´105 kN/m2 to 5´105 kN/m2 with 
Poisson’s ratio of about 0.25 to 0.42. The 
grain size analysis showed that the 
coefficient of uniformity (Cu) is observed to 
vary from 1.67 to 2.82 and the coefficient of 
curvature (Cc) is observed to vary from 0.82 
to 1.25. For soil containing fines content, 
the Atterberg limits test shows that liquid 

limit (LL) is observed to vary from 40 to 
45%, plastic limit (PL) is observed to vary 
from 31 to 42%, and shrinkage limit (SL) is 
observed to vary from 21 to 22%. The 
plasticity index (PI) is observed to vary 
from 3 to 9%.  

For engineering properties, two main 
tests are conducted, i.e., the direct shear test 
and the unconfined compression test. A 
direct shear test is conducted to determine 
the shear strength of cohesionless soil, 
whereas the unconfined compression test is 
addressed for cohesive soils. Based on 
experiments, soil cohesion (c) for sandy 
soils in the study area is observed to vary 
from 1.33 to 3.63 kN/m2 whereas internal 
friction angle (f) is observed to vary from 
28.63° to 41.99°. For the unconfined 
compression test, it is known that undrained 
shear strength (su) is about 40.166 kN/m2. 
Those parameters listed in Table 1 are used 
as the input parameters for slope stability 
analysis. 

 
3. Theory and Method 
3.1 Finite element analysis of slope 
stability 

The level of slope stability is defined 
by a factor that represents the comparison 
between resisting force and driving force. 
This factor is known as FS. Stark and 
Ruffling [19] mentioned that for a slope 
located in an area with a high-environmental 
effect, an FS of 1.5 could be implemented. 
Since this study area is located in an area 
where natural activity such as floods 
frequently occurred, the use of FS of 1.5 can 
be considered.  

The use finite element method is 
selected and common in geotechnical 
engineering. Matsui and San [20], Dawson 
et al. [21], and Zhang et al. [22] mentioned 
that the use of finite elements to solve slope 
stability problems is accurate and relatively 
consistent with field observation. Those 
researchers also suggested that the use of 
the Mohr-Coulomb model for soil materials 
could be implemented in the analysis of 
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finite elements. In finite element simulation, 
the procedure to analyze slope stability is 
defined into a calculation method called the 
reduction of shear strength. This calculation 
method emphasizes the evaluation of slope 

stability by gradual reduction of shear 
stress. Therefore, during the iteration 
process, the incremental condition is 
considered in the calculation.  

 
Table 1. Summary of soil properties in the Nakau Segment. 

Soil Parameters Unit Cross-Sections 
CS-1 CS-2 CS-3 CS-4 CS-5 CS-6 CS-7 CS-8 CS-9 CS-10 

Physical properties 
Water content (w) % 18.82 22.96 26.76 21.84 56.28 23.07 30.11 54.04 45.26 72.79 
Specific gravity (Gs) - 2.67 2.65 2.66 2.81 2.67 2.66 2.66 2.66 2.65 2.67 
Bulk density (gb) kN/m3 16.83 14.36 17.38 17.78 19.58 14.21 17.25 18.89 18.57 18.06 
Dry Isi (gd) kN/m3 14.16 11.68 13.72 14.92 12.56 11.54 13.26 12.26 12.79 10.45 
Saturated density (gsat) kN/m3 20.70 19.88 19.32 20.83 16.36 19.88 18.86 16.49 17.16 15.37 
Void ratio (e) - 0.50 0.61 0.71 0.61 1.50 0.61 0.80 1.44 1.20 1.94 
Coeff of permeability (k) m/day 0.81 0.85 0.89 1.E-04 0.83 0.86 0.91 0.67 0.92 1.02 
Soil Elasticity 
Young modulus (Eref) kN/m2 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 2.E+05 1.E+05 5.E+05 
Poisson's ratio (n) - 0.25 0.25 0.26 0.42 0.25 0.26 0.26 0.33 0.25 0.36 
Grain size analysis 
No.200 passing % 0.10 2.15 0.85 50.81 0.45 3.80 0.50 6.35 0.00 1.45 
No.200 retaining % 99.90 97.85 99.15 49.19 99.55 96.20 99.50 93.65 100.00 98.55 
Coeff of uniformity (Cu) - 1.67 1.68 1.69 - 1.71 1.80 2.10 3.22 2.10 2.66 
Coeff of curvature (Cc) - 0.82 0.84 0.87 - 0.85 1.25 1.07 0.86 1.08 0.97 
Atterberg limits 
Liquid limit (LL) % - - - 45.327 - - - 40.336 - - 
Plastic limit (PL) % - - - 42.056 - - - 32.964 - - 
Plasticity index (PI) % - - - 3.272 - - - 7.372 - - 
Shrinkage limit (SL) % - - - - - - - - - - 
Direct Shear Test 
Soil cohesion (c) kN/m2 1.94 2.59 1.94 - 3.23 1.33 2.79 3.63 2.73 2.58 
Internal friction angle (f) ⁰ 41.99 39.05 38.36 - 37.65 37.98 29.95 30.18 31.03 30.85 
Unconfined compression test 
Compression (qu) kN/m2 - - - 80.333 - - - - - - 
Shear strength (su) kN/m2 - - - 40.166 - - - - - - 
Soil Classification USCS SP SP SP   ML SP SP SP SC SP SW 

Soil Parameters Unit Cross-Sections 
CS-11 CS-12 CS-13 CS-14 CS-15 CS-16 CS-17 CS-18 CS-19 CS-20 

Physical properties 
Water content (w) % 39.47 30.44 40.26 55.64 41.23 69.61 46.13 46.06 43.54 35.85 
Specific gravity (Gs) - 2.67 2.65 2.66 2.67 2.66 2.65 2.68 2.66 2.65 2.67 
Bulk density (gb) kN/m3 18.42 16.10 16.10 24.28 17.45 18.28 19.96 17.33 17.09 17.17 
Dry Isi (gd) kN/m3 13.21 12.34 11.48 15.60 12.36 10.78 13.66 11.87 11.92 12.65 
Saturated density (gsat) kN/m3 17.80 18.79 17.67 16.39 17.56 15.50 17.19 17.13 17.33 18.19 
Void ratio (e) - 1.06 0.81 1.07 1.48 1.09 1.84 1.24 1.23 1.15 0.96 
Coeff of permeability (k) m/day 0.82 1.08 0.89 0.86 0.88 0.77 0.76 0.78 0.67 0.83 
Soil Elasticity 
Young modulus (Eref) kN/m2 1.E+05 5.E+05 1.E+05 1.E+05 1.E+05 2.E+05 2.E+05 2.E+05 2.E+05 1.E+05 
Poisson's ratio (n) - 0.25 0.36 0.26 0.26 0.25 0.26 0.26 0.26 0.25 0.24 
Grain size 
No.200 passing % 5.10 4.95 2.55 4.00 2.65 6.10 6.65 3.95 2.40 0.05 
No.200 retaining % 94.90 95.05 97.45 96.00 97.35 93.90 93.35 96.05 97.60 99.95 
Coeff of Uniformity (Cu) - 1.87 2.82 1.66 2.07 1.68 2.14 1.68 2.12 2.10 1.71 
Coeff of Curvature (Cc) - 0.92 0.99 0.72 0.92 0.83 1.03 0.85 1.05 1.04 0.87 
Atterberg limits 
Liquid limit (LL) % - - - - - 40.926 - - 41.029 - 
Plastic limit (PL) % - - - - - 31.942 - - 32.529 - 
Plasticity index (PI) % - - - - - 8.984 - - 8.500 - 
Shrinkage limit (SL) % - - - - - 21.732 - - 22.606 - 
Direct shear test 
Soil cohesion (c) kN/m2 2.91 2.19 2.62 2.25 2.95 3.70 2.24 3.62 3.52 2.61 
Internal friction angle (f) ⁰ 29.75 28.95 29.51 30.59 30.70 28.85 29.99 28.63 28.94 30.51 
Unconfined compression test 
Compression (qu) kN/m2 - - - - - - - - - - 
Shear strength (su) kN/m2 - - - - - - - - - - 
Soil Classification USCS SP SW SP SP SP SC SP SM SC SP 
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Dyson and Tolooiyan [23] mentioned 
that the shear strength reduction method is 
applicable to precisely estimate each 
optimized reduction stage during finite 
element simulation. The implementation of 
shear strength reduction is also reliable for 
slope stability cases, such as heterogeneous 
slope [24], reinforced slope [25], and rock 
slope [26]. It is, therefore, appropriate to use 
the shear strength reduction method to 
analyze the slope stability of the Nakau 
Segment. 

In finite element simulation, several 
input parameters for checking slope stability 
are required. The input parameters are 
generally determined based on laboratory 
and field tests conducted on soil samples. 
The main input parameters are related to 
physical properties including soil type, soil 
density or unit weight  modulus of 

elasticity  and Poisson’s ratio  
For engineering properties, several 
parameters including shear strength 
parameters (soil cohesion or c, internal 
friction angle  dilatancy angle  
and permeability coefficient (k) are used as 
the input parameters. During the analysis, 
there are two steps of calculation considered 
in the analysis. Since this study presents the 
natural slope, the initial phase of analysis is 
to load the model with gravity loadings or 
overburden pressure. The next step is 
conducted by the calculation analysis using 
the shear strength reduction method. The 
output based on the finite element is a factor 
of safety (FS). The virtual results called 
deformed mesh and total displacement are 
also presented.  
  
3.2 Research framework 

This study emphasizes the 
implementation of the finite element to 
check the slope stability of the riverbank 
slope in the Nakau Segment, Bengkulu City, 
Indonesia. This study is first conducted by 
collecting important data, such as the 
geometry of the slope in the Nakau 

Segment, and the average height of river 
water level during the flood. Based on RTO 
[16], the average height of river water level 
during floods within the last 20 years is 
about 4 to 6 m above the river bed. The 
illustration of the condition of the slope and 
river water during the flood is presented in 
Fig. 2. In Fig. 2, it can be observed that the 
position of the river water level during the 
critical condition has inundated the 
riverbank slope. Under this condition, the 
slope can be fully saturated during the flood.  

Afterward, the next step is laboratory 
testing. During the field observation, the 
undisturbed sampling is collected and tested 
in the laboratory. There are two kinds of 
tests conducted in this study, i.e., the 
physical properties test and the engineering 
properties test. The laboratory tests are 
addressed to determine soil classification, 
soil characteristics, and parameters for finite 
element simulation. The data obtained from 
field observation and laboratory tests are 
used as input materials for finite element 
simulation. Input materials for finite 
element simulation include the unit weight 
of soil, shear strength, modulus elasticity, 
Poisson’s ratio, permeability coefficient, 
and so on as listed in Table 1.  

During the simulation, there are two 
construction stages. The first stage is to load 
gravity loadings of the slope model. This 
procedure is recommended when the soil 
surface, the layering, or the phreatic level is 
non-horizontal. Gravity loading always 
produces an equilibrium stress state. During 
the gravity loading application, both soil 
weight and pore pressures are activated. The 
second stage is to analyze the slope stability. 
A calculation procedure, namely the 
reduction of shear strength, is implemented 
to obtain FS. To depict the zonation of the 
slope during the flood, the micro-zonation 
maps including the FS map and total 
displacement map are composed. The maps 
are composed using the Kriging and 
Gridding Interpolation method [27]. 

( ) ,g

( ) ,reffE ( ).n

( ) ,f ( ) ,y
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Fig. 2. Illustration of the height of river water level and slope condition during flood [16].
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4. Results and Discussion 
4.1 Slope stability analysis 

Figs. 3 and 4 present the results of 
finite element simulation for the slope along 
the Nakau Segment during the flood. In this 
study, there are 7 cross-sections selected as 
represented slopes. They are CS-1, CS-4, 
CS-7, CS-12, CS-13, CS-16, and CS-17. 

Those cross-sections are located at the river 
meander. In this zone, erosion and 
sedimentation are massively found. This is 
because the river stream during floods 
eroded and dumped the riverbank. 
Sedimentation and erosion are generally 
found in the meander zone of the river.  

 

   
                                     (a)                                                                            (b) 

   
                                     (c)                                                                             (d)     

   
                                     (e)                                                                             (f)     

 
(g) 

Fig. 3. Slope deformation (a) CS-1, (b) CS-4, (c) CS-7, (d) CS-12, (e) CS-13, (f) CS-16, (g) CS-17.
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Fig. 3 presents the slope deformation 
tendency during the flood. In Fig. 3, it can 
be observed that meshes on the slope model 
tend to undergo deformation horizontally. 
There is an increase in the water level. The 
increase of river water level is then followed 
by the infiltration into slope mass. The 
increase in river water level could increase 

the effective stress. Under this condition, 
there is a reduction of shear strength. In line 
with this, the soil mass becomes heavier. 
Since it is located on sloping ground, the 
driving force tends to be larger. Fig. 3 also 
shows that the movement of the slope is 
generally started at the slope toe.  

 

    
                                  (a)                                                                            (b) 

    
               (c)                                                                            (d) 

     
                                  (e)                                                                            (f) 

 
(g) 

Fig. 4. Failure Mechanism (a) CS-1, (b) CS-4, (c) CS-7, (d) CS-12, (e) CS-13, (f) CS-16, (g) CS-17.
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Fig. 4 presents the failure mechanism 
from finite element simulation for seven 
represented slopes. In Fig. 4, it can be 
observed that the type of slip surface 
resulting from the simulation is generally a 
circular slip surface. The surface tendency 
could be also shaped as a wedge plain as 
shown in Fig. 4f. The wedge plain on the 
slip surface indicates that the soil mass 
movement could behave as a lump of soil 
mass once slope failure happens. Based on 
the results, slope movement is generally 
initiated at the slope toe. Table 2 presents 
the summary of FS and total displacement 
from finite element simulation for all 
studied cross-sections. In Table 2, the 
analysis using the finite element method 
also shows that the total displacement of the 
slope is observed to vary from 1.304 m to 
8.641 m. FS in the study area is predicted to 
vary from 1.002 to 1.781. It indicates that 
there are unsafe and safe slopes during the 
flood. 

 
Table 2. Summary of FS and total 
displacement. 

Cross-sections 
of slopes 

The 
Factor of 

Safety 
(FS) 

Total 
Displacement 

(m) 

C-1 1.226 1.331 
C-2 0.876 1.610 
C-3 1.124 8.641 
C-4 1.464 1.933 
C-5 1.002 2.442 
C-6 0.837 3.628 
C-7 1.630 3.632 
C-8 1.003 1.670 
C-9 1.781 4.028 
C-10 1.003 1.559 
C-11 0.774 2.845 
C-12 0.919 1.750 
C-13 1.287 1.349 
C-14 1.004 1.740 
C-15 1.144 4.267 
C-16 0.960 1.685 
C-17 1.055 1.417 
C-18 1.224 1.304 
C-19 1.620 1.660 
C-20 1.244 2.239 

It can be observed that the increase in 
river water level could result in unstable 
slope conditions in the study area. 
Generally, the slope inclination in the study 
area is varied from 18° and 71°, which 
indicates that the slopes in the study area are 
generally gentle to steep. A large slope 
inclination tends to result in a larger gravity 
movement [28]. Hampton et al. [29] 
mentioned that once the infiltration of water 
into soil mass happens, there is a change of 
soil unit weight from bulk condition to 
saturated condition. The increase in unit 
weight could increase the soil mass weight. 
Since the soil mass is at the inclined plane, 
the driving force of the soil tends to be 
larger. The increase in water level could 
decrease the soil shear strength, especially 
soil cohesion. The slickenside of soil could 
be formed and the soil mass could fail. Also 
presented in Table 2, most of the cross 
sections tend to have FS less than 1.5 which 
indicates that the slope could potentially 
collapse during the flood.  

 
4.2 Slope vulnerability maps 

Fig. 5 presents the distribution of FS 
along the Nakau Segment during the flood. 
It can be observed that generally, the 
riverbank at Nakau Segment is very 
vulnerable to slope failure. This is because 
FS values are generally less than 1.5. The 
areas with FS less than 1.5 are indicated 
with red shading on the map. Several parts 
could be categorized as stable zone because 
FS is more than 1.5. These parts are 
indicated by yellow shading in Fig. 5.  
Based on field observation conducted by 
Mase [6] along the downstream area of the 
Muara Bangkahulu River in Bengkulu City, 
many riverbank failures were observed 
during the 2019 Bengkulu Flash Flood. 
Nakau as one segment in Muara 
Bangkahulu River in Bengkulu City also 
underwent slope failures and it is generally 
consistent with the results of finite element 
analysis.    
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Fig. 5. FS map during the Bengkulu Flood in 2019 at Nakau Segment 

 

 
Fig. 6. Total displacement map due to flood at Nakau Segment. 
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Fig. 6 presents the distribution of total 
displacement of the riverbank slope at the 
Nakau Segment. As shown in Fig. 6, it can 
be observed that there are 6 zones of total 
displacement in the study area. The most 
dominant zone is where total displacement 
varied from 1.5 to 3.0 m. This zone is 
mostly found at many parts of the Nakau 
Segment. The value of total displacement 
varied from 3 to 4.5 m in the second 
dominant zone in Nakau Segment. This 
range generally heaps at the downstream 
area of the Nakau Segment in the western 
part. The highest total displacement of the 
slope is found also in the downstream area, 
especially at the meander parts of the Nakau 
Segment.  

As presented in Figs. 5 and 6, it can 
be also observed that there are many 
meander lines in the Nakau Segment. Those 
meander lines are identified as the 
vulnerable zone to undergo slope failure. 
Meanders are one of the most distinctive 
features of fluvial environments [30, 31]. It 
should be noted that in the meander lines, 
both sedimentation and erosion could occur 
naturally [32]. The erosion could result in a 
scouring zone at the slope toe. The scouring 
zone at the same time also yielded a steeper 
slope due to the reduction of slope 
inclination as observed in several cross 
sections, such as CS-4, CS-16, and CS-19. 
At those cross sections, the inclination of 
the slope is relatively steep which indicates 
that there is a scouring effect changing slope 
inclination [33]. At those cross-sections, the 
potential mass movement due to the gravity 
effect could play important role in 
determining slope stability. Also, the type of 
failure for the steep slope is generally 
wedge failure as observed at CS-4 and CS-
12 in Fig. 4. For the sedimented zone, the 
slope inclination tends to be gentler. This is 
because the sediment deposit was dammed 
at the slope toe. Under this condition, the 
slope should be more stable since there is a 
counterweight applied at the slope toe. 
Nevertheless, the effect could result in the 

narrowing of the river, as shown in several 
slopes, such as CS-9, CS-10, and CS-20. 
Since the river water tends to be inundated 
due to the existence of sediment materials, 
the process of infiltration could occur 
slowly and continuously at the riverbank 
slope toe [34]. Mizutani et al. [35] 
mentioned that, therefore, even though there 
is no flood, the process of infiltration occurs 
normally and could also reduce the soil 
shear strength and it is initially started also 
at the slope toe. The typical slope failure 
that generally occurs, is circular [36] as 
shown in CS-1, CS-7, and CS-13 in Fig. 4. 
In general, Osman and Thorne [37] and 
Thorne and Osman [38] mentioned that the 
combination between sedimentation and 
erosion in the river segment could 
contribute to the environmental effect. 
Therefore, the effort on river conservation, 
especially for river-watershed should be 
considered [39]. 

In line with Fig. 6, the maximum total 
displacement could significantly occur in 
CS-3 and CS-4. Those two slopes are 
positioned on the downstream meander at 
Nakau Segment. To reduce the potency of 
slope failure in the Nakau Segment, 
particularly in the meander zone, the slope 
countermeasure effort could be 
implemented, especially by anticipating the 
significant effect at the slope toe.  
 
4.3 Prediction of FS  

In this study, the mathematical model 
to estimate FS based on finite element 
simulation is conducted. Several parameters 
are assumed as contributing factors in 
determining FS. Those parameters are 
saturated unit weight (gsat), soil cohesion (c), 
and the ratio between friction angle  and 
slope inclination  The parameters are 
correlated under multiple linear regression. 
The predicted FS at Nakau Segment can be 
estimated by using the following equation: 

 

( )f
( ).b
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  (4.1) 

 
In Eq. (4.1), FS is a factor of safety. R2 for 
the proposed equation is 0.946. The 
observed data mean plots points between the 
results of finite element analysis and the 
prediction from Eq. (4.1) for each studied 
slope. It indicates the correlation that is 
proposed based on predicted FS (from Eq. 
(4.1)) and calculated FS (from finite 
element analysis) values are in good 
agreement with each other. To observe the 
performance of the model, the comparison 
between predicted FS and calculated FS is 
shown in Fig. 7. In Fig. 7, the upper and 
boundary lines are obtained from regression 
analysis for data considering a confidence 
level of 95%. As shown in Fig. 7, the 
calculated FS from finite element simulation 
is generally consistent with the predicted FS 
from Eq. (4.1). In general, the trend of FS 
shows the consistency between predicted FS 
and calculated FS. There is also uncertainty 
appearing in the analysis. Therefore, the 
boundaries for FS should be determined. In 
this study, the use of lower and upper 
boundaries could be implemented. For 
engineering practice, the use of Eq. (4.1) 
could be implemented for preliminary 
investigation of the available FS in the study 
area.  
 

 
Fig. 7. The comparison between predicted FS 
and calculated FS at Nakau Segment. 

4.3 Slope countermeasure effort 
It has been identified that the slope 

movement could be initially begun at the 
slope toe. Therefore, the use of a 
counterweight at the slope toe could be a 
solution to improve FS for the riverbank 
slope in Nakau Segment. The slope 
countermeasure using the combination 
between gabion and geosynthetic is 
implemented. Gabion is assumed as a solid 
rock material. Gabion’s model is assumed 
as a linear elastic and drained material. The 
unit weight for gabion stone is about 15 
kN/m3 with a coefficient of permeability of 
10 m/day. The modulus elasticity of gabion 
stone is 1.4 ´ 106 kN/m2 and Poisson’s ratio 
is assumed as 0.2. Geosynthetic material 
functions as separation. It is assumed an 
elastoplastic material with elastic axial 
stiffness (EA) of about 352 kN/m and a 
maximum axial tension force of about 
21,850 kN/m (adopted from Brinkgreve et 
al. [40]). Two stages are considered in the 
analysis. The first one is gravity loadings 
load and the second one is the reduction of 
shear strength analysis.  

Fig. 8 presents the finite element 
simulation for slope countermeasure. It can 
be observed that the implementation of 
gabion at the slope toe could reduce the 
potential sliding zone. In addition, its 
implementation could cut the slip surface. 
The implementation of gabion in the study 
area could yield FS varied from 1.525 to 
2.049. The average of FS from the 
implementation of gabion is 1.721, which 
indicates that the slope reinforcement using 
the gabion could significantly improve FS. 
Generally, under the implementation of 
gabion in the study area, the percentage of 
gabion varies from 24 to 88%. Maynord 
[41] and Mase et al. [42] mentioned that the 
use of gabion as a counterweight at the 
slope toe could significantly increase slope 
stability. Yang et al. [43] and Wang et al. 
[44] also suggested that the use of gabion 
could effectively reduce the scouring effect 
at the slope toe. The vegetation protection 
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on the slope surface also could be 
implemented to reduce scouring at the slope 
body [45]. In line with the study area 
condition, the main cause of slope failure in 
the riverbank at the Nakau Segment is due 

to the increase of excess pore pressure at 
slope mass. Therefore, the implementation 
of gabion in the Nakau Segment seems to be 
reasonable.  
 

 

     
                                  (a)                                                                                  (b) 

      
                                  (c)                                                                                 (d) 

      
                                  (e)                                                                                (f) 

 
(g) 

Fig. 8. Failure Mechanism on slopes at Nakau Segment under the implementation of gabion (a) CS-1, 
(b) CS-4, (c) CS-7, (d) CS-12, (e) CS-13, (f) CS-16, (g) CS-17. 
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5. Conclusion 
Several concluding remarks from this 

study can be drawn: 
1. Slopes along Nakau Segment have 

been identified as slope failure areas. Based 
on the investigation of environmental 
conditions and slope geometry 
measurements, the steep slope indicates that 
there is a scouring at the slope toe. The type 
of failure on this slope is wedging plain 
failure. Additionally, there is sedimentation 
indication at a gentle slope. The 
sedimentation material could behave as 
dumped material at the slope toe. This could 
also act as a counterweight at the slope toe. 
However, the effect of sedimentation and 
erosion strongly influence the flood flow 
capacity.  Both sedimentation and erosion 
could play an important role to control slope 
stability in the study area. The type of 
failure for a gentle slope is a circular plain 
failure, whereas for a slope with a steep 
inclination, the type of failure is a wedge 
plain failure. 

2. The increase of river water level 
during the flood could decrease shear 
strength reduction and tend to make a slope 
to be easier to slide. The soil mass also 
increases due to saturated conditions. The 
slope movement initially comes from the 
movement at the slope toe. 

3. The counterweight in the form of 
gabion could be effectively decreasing 
sliding plain. Gabion is effective to retain 
the potentially sliding soil mass. It is also 
effective to reduce the scouring effect due to 
the river stream during floods.  

4. The proposed equation to predict FS 
of the riverbank at Nakau Segment could be 
implemented for engineering practice and 
adopted by the local government to estimate 
slope failure potential in the study area. 
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