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Abstract - Coastal regions face significant challenges due to the dynamic interplay between waves and soil slopes, which
can lead to instability and erosion. This study investigates the stability of coastal slopes under wave-loading conditions
by integrating soil shear strength analysis with wave-induced forces calculation. The simplified slope stability analysis
method serves as the framework for assessing slope stability, while wave characteristics such as height, period, and
direction are considered to calculate driving forces induced by waves. Soil shear strength parameters, including cohe-
sion and friction angle, are incorporated to determine the resisting forces within the soil mass. An example scenario
illustrates the calculation process, demonstrating how wave shear stress and soil shear strength interact to influence slope
stability. This research found that wave parameters such as height, period, and direction had a significant influence on
the magnitude of the driving force acting on the coastal slope. The distribution of wave pressure and wave forcing is
also described, showing a significant increase in pressure at certain depths. This research resulted in the integration of
soil shear strength with calculations of forces caused by waves, which greatly influenced the stability of coastal slopes.
This research shows that soil with higher shear strength has better resistance to forces caused by waves. Coastal slopes
with a FoS value of more than 1 are considered stable, while slopes with a FoS of less than 1 indicate instability and
potential failure. At a certain depth, driving forces are dominant, which increases the potential for slope failure. The
main innovation of this research is the approach that combines hydrodynamic analysis with geotechnical analysis to
assess coastal slope stability, the simplified slope stability method approach from Bea and Audibert (1981) to calculate
FoS on coastal slopes, and the use of Historical Data and Numerical Modeling for Force Evaluation Wave.
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INTRODUCTION moist with seawater (Hassan ez al., 2021). The land

surface does not always form a flat plane, or have

This time, land throughout the world will ex-  elevation differences between one place and an-
perience erosion towards the ocean due to coastal  other, thus forming a slope (Sadeghian, 2022). The
erosion by seawater on the coast (Zhu et al.,2019).  slope is a topographic condition that is often found
The coastline has sand and soil, which is always  in various civil construction works (Khatun et al.,
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2019). Slopes can occur naturally or be deliberately
created by humans for certain purposes (Lofroth et
al., 2021). The slope referred to, in this research,
1s the coast, which occurs due to excessive coastal
water overflowing, resulting in continuous erosion.
Coastal areas are dynamic environments
formed by interactions between land and sea, thus
providing challenges for infrastructure develop-
ment and environmental management (Sriyanto et
al., 2022). Understanding coastal slope stability
is critical to reducing erosion, protecting coastal
assets, and ensuring public safety (Chen et al.,
2020). The shear strength of the soil determines the
resistance of coastal slopes to collapse, while the
forces caused by waves exert significant pressure
on the slope, thereby affecting the stability of the
slope (Ghafooripour et al., 2012). By combining
a geotechnical analysis of soil properties with the
assessment of wave-induced forces, this research
seeks to provide a comprehensive understanding
of coastal slope behaviour. The coastal slopes
sometimes experience landslides toward the sea
due to high tides (Masi ef al., 2021). Landslides
are a natural disaster that often occurs on natural
and artificial slopes (Lamens and Askarinejad,
2021). Slope failures mostly occur during the rainy
season, due to the increased pore water pressure
on the slope. This results in a decrease in soil
shear strength and internal friction angle, which
then causes landslides (Mukhlisin ef al., 2022) .
A slope stability analysis has a very important
role in planning civil constructions (Rossi et al.,
2021). Unstable slopes are very dangerous for the
surrounding environment, therefore, a slope sta-
bility analysis is very necessary. Meanwhile, the
measure of slope stability is known by calculat-
ing the magnitude of the safety and sustainability
factors (Khanmohammadi and Razavi, 2024).
Through the integration of soil shear strength
analysis and wave-induced force calculations, the
motivation to do this research is to develop a better
method for assessing the coastal slope stability by
increasing the understanding of complex interac-
tions between soil properties and wave dynamics.
The research methodology used Bea and
Audibert's (1980) which is a simple approach to
analyse the slope stability under the influence of
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wave loads. Whilst, previous research has used
many other methods, such as the limit equilibrium
method or the finite element method, to assess the
slope stability and to design coastal structures.
Most previous studies have also included analysis
of wave characteristics such as height, period, and
direction in calculating wave-induced forces on
coastal slopes. However, these studies focus on in-
tegrating hydrodynamic factors with geotechnical
parameters to better understand the complex inter-
actions between soil shear strength and wave pres-
sure. Research such as that conducted by Zheng
et al. (2019) used MATLAB to calibrate load and
resistance factors on slope foundations and break-
waters, and developed a more reliable programme
for the stability analysis. The research by Sin et al.
(2022) studied the influence of earthquake events
and rainfall on the slope stability in various regions,
linking an increase in pore water pressure with a
decrease in soil shear strength, which can trigger
landslides. The study by Chen et al. (2020) inte-
grated a numerical model to evaluate the stability
of wave-affected submarine slopes, providing an
in-depth perspective on the interaction between
ground shear forces and wave pressure.

The new approach in the research using the
coastal slope stability methods under wave load-
ing conditions by Bea and Audibert (1980), was
regretted by (Kraft et al., 1982). This research
differentiates itself from other research through a
more integrated, efficient approach, and a focus on
coastal dynamics. While many other studies focus
on more complex methods or single aspects, where
this research stands out for the use of a simple
method capable of providing results that can be
implemented directly in the field, and still consid-
ers the complex factors of the interaction between
land and waves. This method serves as a framework
for assessing the slope stability, while wave char-
acteristics such as height, period, and direction are
considered to calculate the driving forces caused by
waves. This research aims to optimise the stability
of coastal slopes by integrating analysis of soil shear
strength with calculations of force due to waves.
This research contributes to the development of
sustainable coastal management strategies and
resilient coastal infrastructure (Chen ef al., 2020).
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This research aims to evaluate the interaction
between the slope stability and wave dynamics,
with a focus on the forces acting on coastal slopes
and their response to shear and driving forces.

METHODS AND MATERIALS

This systematic approach integrates hydro-
dynamic and geotechnical analyses to assess the
slope stability and to inform coastal engineering
practice. Through numerical modelling and em-
pirical methods, it improves the understanding of
wave-coastal slope interactions and contributes
to effective strategies for coastal resilience and
risk mitigation (Dey and Basudhar, 2008; Setiady,
2010; Muthukumar et al., 2022).

The methodology for analyzing the coastal
slope stability under wave loading conditions
consists of six main steps: wave characteristics
analysis , geotechnical location investigation ,
driving force calculation, resisting force calcula-
tion, factor of safety (FoS) analysis, and soil shear
strength analysis. By using a simplified slope
stability analysis method by Bea and Audibert
(1981), this research is expected to be able to
calculate the Factor of Safety (FoS) of slopes.
The research flow can be described sequentially,
which means that the research steps are aligned
with the results (Sukma et al., 2022). The research
steps can be seen in Figure 1.

Analysis Geotechnical

Start > wave 9 o site
characteristics nvestigation

|
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Figure 1. Research steps.

Based on Figure 1, this research step can be
divided into six process stages:

1. Analysis of wave characteristics that includes
examining the height, period, and direction of
waves to determine the intensity and spatial
distribution of the forces generated by waves
on the coastal slope, using historical data or
numerical models (Hassan et al., 2021). Cal-
culating wave shear stress on the seabed used
horizontal wave speed (U).

The calculation of wave shear stress consid-
ered the angle between the wave direction and
the direction perpendicular to the seabed (6):

1
r=§xya)chx €oS (0) v (1c)
where:

T is wave shear stress units (kKN/m?),
yo is the water density in units (kN/m?),
Hc is the sig wave height in length units (m),

U is the horizontal speed of the wave, for
linear waves in units (m/s)

T is the wave period in period units (s)

2. Geotechnical site investigations, focussing
on characterising the properties of seabed
sediments through soil sampling and laboratory
tests, to obtain parameters such as cohesion,
friction angles, and unit weight, which are
important for the subsequent stability analysis.
This method utilizes Atterberg indices, such as
the liquid limit and plastic limit, to estimate soil
cohesion (MiloSevi¢ ef al., 2020). Meanwhile,
"k" refers to the wave friction coefficient or
other variables related to the hydrodynamic
forces acting on coastal slopes. Further expla-
nation regarding the context and definition of
this parameter needs to be included to clarify its
role in analysing the slope stability under wave
loads. To calculate this, the following formula
was used:
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€ =K (LL = PLY oo, (2a)

This research also used the Consistency
Method. This formula is based on the results
of measuring the consistency or strength of the
soil. To calculate this, the following formula
was used:

where:

¢ is the cohesion (units kN/m?),

k is the wave friction coefficient,
LL is the liquid limit,

PL is the plastic limit,

Su is the soil's undrained strength

To calculate the pore water pressure amplitude
u and the effective normal stress amplitude,
the following formula were used (Yamamoto,
1981)

U=p0."% e, (3a)
ov=ch= twh=p0.lze ™ ... (3b)
where:

u is the pore pressure,
p is the pressure,
h is the depth in units (meters),

o is the effective normal stress

. Driving force calculations quantify the magni-
tude and distribution of pressure due to waves
using empirical or analytical formulas based
on wave characteristics and seabed geometry
(Zheng et al., 2019). The formula for wave
pressure is unique:

The formula for driving force:
W=.H)+Pw cooeoeeeiiiiiiiiiice. (4b)

where:

W is the driving force in force units (kN/m),
yw is the water density in units (kN/m?),

Pw is the wave pressure units (N/m?),

Hc is the sig wave height in length units (m),
h is the depth in units (m)
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4-5. Resisting force calculations to evaluate the

ability of the soil to resist shear deformation
under wave-loading conditions, and taking into
account cohesive and frictional forces along
potential failure surfaces (Ghafooripour et al.,
2012) used the formula for soil shear force:

soil = (y.H.L.sin(f) .tan()) ................ (5)

where:

7 is wave shear stress units (kN/m?)

y 1s the water density in force units (kN/m?)
L is the slope width (m)

h is the depth units (m)

p is the slope angle in angle units (degrees)
@ is the friction angle units (degrees)

While the formula for resisting forces:

R=c. A+ (y.H.Lsin(B).tan(p)) ... (6)

R = Soil Cohesion + Soil Shear Force ...(7)

where:
R is the resisting force (units kN/m),
and 4 is the slope area (m?)

6. Factory of Safety (FoS) analysis determines

the stability conditions by calculating the
ratio of resisting force to driving force (Chen
et al., 2020). FoS is greater than unity means
stability, whereas if it is less than unity, it
indicates potential instability, which requires
corrective action. The calculation of Factor
of Safety (FoS):

where:

R is the resisting forces (units kN/m),

and W is the driving force in force units
(kN/m)

The calculation of soil shear strength (¢u):

O =0 = U oo, 9)
tu=c' +o'.tan(@) ..o (10)
where:

¢ is the cohesion (units kN/m?),
cu is the soil shear strength (kN/m?),

o 1is the effective normal stress
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The important parameters are used in calculat-
ing the driving force and resistance force in the
slope stability analysis. The authors explain that
these parameters serve as input for various equa-
tions related to the interaction between land and
sea waves. Wave shear stress measured in kN/m?
is the horizontal force produced by ocean waves
acting on the seabed. Driving force, measured in
kN/m, is the force that drives a slope to move or
slide, caused by wave pressure and gravity. Wave
horizontal velocity (U) measures the speed of
waves on the sea surface in m/s, which plays an
important role in calculating the driving force. Soil
cohesion (c¢) and internal friction angle (®): These
two parameters are very important for calculating
the soil resistance force. Soil cohesion provides
additional resistance to driving forces, while the
internal shear angle determines how much the soil
can withstand shear stress. Factor of Safety (F0S)
is the ratio of the resistance force to the driving
force. If the FoS value is greater than one, the slope
is considered stable. Conversely, if FoS is less
than one, the slope has the potential to collapse.

The samples used in this research were Core
Borehole Log (BH)=twenty-six samples and Cone
Penetration Test (CPT)= twenty-four samples

RESULT AND ANALYSIS

In this section, the research results will be
discussed based on the stages that have been
determined. The results of this research can be
explained as follows:

Analysis of the Characteristics of this Wave
Includes

Homogeneous soil with constant properties
throughout the slope and infinite slope geometry
(i.e. two-dimensional analysis), in this research,
used as an infinite slope geometry approach,
considered as an effective method for analysing
the slope stability, especially in conditions where
the slope can be imagined as two dimensions
with length greater than depth. Terzaghi's ap-
proach to measuring effective stress was applied

to analyze the interaction between sea waves and
coastal slopes, by considering changes in pore
water pressure that influence soil shear strength.
Skempton and DeLory's method (1957) for cal-
culating undrained shear strength was applied to
assess the slope stability under the influence of
wave shear forces, which significantly influence
the pore water pressure on coastal slopes. The Bea
and Audibert (1979) method was applied to calcu-
late the influence of waves on the slope stability
in coastal areas, especially in the context of the
driving force of waves acting on infinite slopes.
Infinite slope geometry modelling was used in
this research because this approach is suitable for
analysing long and shallow coastal slopes. The
coastal slope in the studied area can be assumed
to be two-dimensional, where the length of the
slope is much greater than its depth.

Assumed Plane Failure Surface (Generally
Assumed to be Circular or Plane)

Evaluation of the driving forces that can cause
coastal slope failure is critical in understanding
the slope stability under the influence of waves,
rainfall, gravity, and other environmental factors.
These driving forces result from various sources
such as ocean waves, gravity, and changes in pore
water pressure, all of which can influence the soil
stability on coastal slopes. In this research, the
Bishop method (1955) was applied to calculate the
driving force resulting from waves and pore water
pressure, as well as to assess the potential of slope
failure by calculating the ratio between driving
force and resisting force (FoS). In this research, the
evaluation of driving forces on coastal slopes was
carried out by taking into account a combination
of gravity, pore water pressure, and wave forces.
Using the approach of Terzaghi (1943), Bishop
(1955), Bea and Audibert (1979), the driving force
was calculated as part of the analysis of the bal-
ance of forces acting on the slope. This research
shows that the driving force of waves plays a ma-
jorrole in the slope instability, especially at certain
depths where wave pressure peaks. Quantification
of pressure due to waves and shear stress acting on
coastal slopes, identify spatial variations in driving
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forces along the slope profile, and analysis of the
influence of wave characteristics on the magnitude
and distribution of the driving force.

Assessment of the Opposing Forces of Co-
hesion Parameters that Contribute to Soil
Stability

In determinating soil cohesion parameters,
friction angles, and unit weight from geotechnical
investigations, the samples used in this research
were Core Borehole Log (BH) = twenty-six
samples and Cone Penetration Test (CPT) =
twenty-four samples. Calculation of cohesive and
frictional forces in the soil mass that resist slope
failure was carried out.

Evaluating the contribution of soil properties
to overall slope stability under wave loading con-
ditions comprises a calculation of safety factors
(FoS) that influence the safety of coastal slopes,
calculation the resisting force (shear strength) and
driving force (gravity) acting on the slope, deter-
mining the Factor of Safety (FoS) using the equa-
tion FoS = Resisting Force/Driving Force. FoS
greater than 1 indicates a slope stability, while
FoS less than 1 indicates instability condition.

Selecting Failure or Failure Surfaces, Slope
Geometry, and Soil Properties

Selecting an appropriate failure, commonly
used failure surface shapes include circular, flat, or
noncircular types, depending on the slope morphol-
ogy and loading conditions, including exploration
of the sensitivity of slope stability and FoS values
to changes in wave characteristics, soil properties,
and slope geometry. The activity also to identify
important factors that influence the slope stability
under wave loading conditions.

In this research, the stability of coastal slopes
was analyzed using a slope geometry approach
and identification of failure areas that are influ-
enced by soil properties and external forces such
as waves and gravity.

Slope Geometry Model.
The geometric model used in this research

is the infinite slope, where the slope is idealised

150

as two dimensions. This approach was chosen
because coastal slopes often have a length that is
much greater than their depth, so this model is suit-
able for describing actual conditions in the field.
The slope geometries used include slope angle
(), where slopes were analyzed by considering
the angle of the slope, measured horizontally. This
angle affects the stability of the slope because the
steeper the slope, the greater the driving force of
gravity acting on the slope. Slope depth (h) was
calculated from the land surface to the seabed,
which influences the distribution of driving forces
and soil shear forces. Slope surface area (A) is
the slope along the horizontal profile that was
analyzed to evaluate the distribution of acting
forces, both from gravity and waves.

Failure Analysis Model

The failure plane on coastal slopes is usually
influenced by soil properties, external forces, and
environmental conditions. The failure analysis
was carried out by taking into account the driv-
ing forces of waves and gravity, as well as the
physical properties of the soil that contribute to
the soil resistance to these forces.

Failure Field Selection Model
Planar Failure Surface

A flat failure plane is often to be assumed on
slopes with granular soil (such as sand) or sandy
soil. These fields usually appear along straight
lines that follow the gradient of the slope. In this
case, the driving force of the wave tends to act
in the same direction as gravity, and causes the
ground to slide linearly. Planar failure usually
occurs when the shear force acting on the soil
exceeds the shear capacity of the soil.

Curved/Circular Failure Surface

For clay or cohesive soils, a failure often
occurs along a curved plane, called a circular
failure plane. These fields result from a rotational
landslide mechanism, where the soil moves along
a curve. In the case of cohesive soil, the driving
forces of waves and gravity cause rotation of the
soil mass along a curved line. Circular failure
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planes were analysed using methods such as the
Bishop method or Janbu method (1973), which
measures the ratio of driving force to resistance
force to determine the failure potential.

Non-circular Failure Field

Some conditions can cause irregular or non-
circular failure planes, especially if the slope has
complex geometric variations or a combination
of cohesive and non-cohesive soils. Non circular

failure planes often appear on slopes that have
soil heterogeneity, where soil layers with different
strengths interact in a complex manner under the
influence of wave and gravitational forces.

Selection of Failure Plane, Slope Geometry, and
Soil Properties

The choice of failure plane is highly depen-
dent on the soil properties found at the researched
location as well as the geometry of the slope.
Based on field data and laboratory analysis,
several important aspects that must be consid-

ered are:

* Internal shear angle (¢). This is an important
parameter in determining the capacity of the
soil to resist driving forces. Soils with higher
angles of internal friction tend to be more stable
and have greater resistance to failure.

* Soil cohesion (¢). Soil cohesion plays a major
role in resisting driving forces. Cohesive soils,
such as clay, have higher cohesion compared
to sand, so they are more resistant to failure,
especially in curved failure areas.

* Soil density. Denser soils tend to be more
resistant to failure due to greater resistance
forces. Soil density at the studied location was
evaluated through laboratory testing and used
to calculate soil resistance forces.

Shear Strength Parameters to Analyse Coastal
Slope Stability

To determine shear strength parameters such
as cohesion (c) and friction angles (¢), as well
as soil specific gravity (y), soil shear stress (¢u)
are performed in laboratory or field test. These
parameters are important inputs for calculating
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the resisting force in a stability analysis, as shown
in Figure 2.

The surveyed area located on the north coast
of Central Java, around 16 km from the Port of
Tanjungmas - Semarang (Figure 2) consists of a
proposed pipeline route corridor approximately
16 km long and 800 m wide, and 2.4 km x 2.4
km of the proposed FSRU area. The purpose of
the survey along the proposed pipeline route is
to determine whether there are any hazards to
the installation and operation of the proposed
pipeline. The minimum water depth within the
proposed FSRU area is 20.0 m LWS.

As part of the overall survey works, the pur-
pose of the geotechnical survey is not only to
conduct a desk study, but also to collect soil data
necessarily to support the conceptual design for
selecting type and location of the FSRU, as well
as pipe routing. Geotechnical survey points on
the pipe route and FSRU were plotted on two
samples consisting of Core Borehole Log (BH)=
twenty-six samples, and Cone Penetration Test
(CPT)=twenty-four samples. The soil weight can
be seen in Table 1.

Table 1 categorises soil based on soil density
(v) in units of kN/m?, which is an important
parameter for calculating the effective normal
pressure on the soil. This data was taken at a
certain depth, which was then used in the slope
stability analysis. A homogeneous wave shear
stress was considered with the following prop-
erties, those are Water density (yo): 9.81 kN/m?
(water standard value), Significant Wave Height
(Hs): 1.5m, (T): 8.0 (seconds), and Wave Length
(L): 82.24 m. The properties of wave shear stress
can be calculated as wave shear stress, horizontal
wave speed on the seabed with significant waves,
using Equations la and 1b. The calculation of

Table 1. Soil Weight

shear stress, horizontal wave speed on the seabed
with a significant wave:

T=2x9.81 KN/m*x 1.5 m x (0.19)?

1= 0.597 kKN/m?

Based on the above analysis and the use of
formulas, the pressure amplitude, wave pres-
sure, effective normal stress, and driving force
analysis can be determined as presented in Table
2. Meanwhile, the retaining force, safety factor
analysis, and soil shear strength is shown in
Table 3.

Table 2 presents the results of calculating
the effective normal stress and driving force on
the coastal slope at various depths, i.e. Effec-
tive Normal Stress (o): This is the force acting
vertically on a slope caused by the weight of the
soil and pore water pressure, functioning as is a
key parameter to determine how stable a slope
is under the influence of waves; and Wave Pres-
sure (P): Measured in kN/m?, produced by waves
pushing up a slope from the seaside. The increase
in pressure with depth can increase the driving
force acting on the slope.

According to Table 3, Resistance Force (R)
is a force that resists soil movement produced by
cohesion and internal friction of the soil. This table
presents the resistance force values at different
depths. The table shows that FoS fluctuates with
depth, where lower values are found at greater
depths, indicating potential slope instability.

Based on Tables 2 and 3, to make it easier to
see the results of this research, the correlation can
be seen in Figure 3.

(c) Cohesion (kN/m)

(7) Soil Weight (kN/m3)

0.00-0.75 0.75-1.50 1.50-2.25 2.25-3.00 0.00-0.75 0.75-1.50 1.50-2.25 2.25-3.00
(m) below seabed
2.501 2.562 2.979 3.199 3.45 3.72 3.70 3.70
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Figure 3. Graphs indicating wave shear stress-wave pressure.

Figure 3 explains the relationship between
wave shear stress and wave pressure with the
following graphic, i.e. the blue, red, green, and
yellow lines represent the wave pressure distribu-
tion at different depths (Pw= 0.00-0.75 m, Pw=
0.75-1.50 m, Pw= 1.50-2, 25 m, Pw=2.25-3.00
m, respectively). These lines show how wave
pressure decreases with increasing depth. Brown
lines and dots represent Wave Shear Stress. This
shear stress also decreases with increasing depth,
and the trend of these points is different compared
to wave stress.

Based on Figure 3, wave shear stress plays a
role in causing horizontal movement and tends to
influence the lateral shear of the soil. Meanwhile,
wave pressure acts vertically and can cause verti-
cal movement or compression, contributing to a
decrease in shear strength due to the increased pore
water pressure. Explanations regarding brown dots
on graphs or diagrams are usually used to mark the
location of important data or certain measurement
points. This can include points along the slope sur-
face or in areas where certain forces (such as shear
stress or pressure). The brown line may represent
a trend or profile of the data showing changes in a
parameter, such as wave pressure or driving force,
along a slope or depth. This line helps in depict-
ing the changing trend of a variable in the context
of the study. Wave pressure measurements at the
surface may not reflect deeper changes occurring
below the ground surface. Therefore, significant

increases may occur at certain depths, but are
not detectable at the surface. By comparing these
two values, it can be seen that although the shear
stress of waves tends to be relatively constant or
only increases slightly with depth, wave pressure
increases significantly. This suggests that hydro-
static pressure forces from waves may have a
greater impact on slope stability than shear forces,
especially at deeper depths. The wave shear stress
driving force can be seen in Figure 4.

Figure 4 explains the wave shear stress driving
force with the following graphic: the blue, red,
green, and yellow lines represent the thrust distri-
bution at different depths (W =0.00-0.75 m, W=
0.75-1.50 m, W= 1.50-2, 25 m, W= 2.25-3.00
m, respectively). These lines illustrate how the
thrust changes with increasing depth. The light
blue lines and dots depict Wave Shear Stress.
This shear stress decreases with depth, but the
trend of these points appears different compared
to the thrust force.

Based on Figure 4, these two values are com-
pared. It can be seen that there is a correlation
between wave shear stress and thrust force. The
wave shear stress increases as the thrust force
increases. This shows that the wave force plays
a role in producing a larger thrust force, which in
turn can increase the potential for material move-
ment on the slope. It is, on the contrary, there is a
significant difference between the two values. This
may indicate the existence of other factors that
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Figure 4. Graphs showing wave shear stress-driving force.

influence the distribution of forces on the seabed
and the potential for the movement of material on
the slope. The blue colour pointing downwards on
the graph probably represents wave shear stress
(Figure 4). This usually indicates that horizontal
forces acting on the ground due to wave move-
ment, which can affect the slope stability. The blue
dots and lines are indicated with the notation "W",
which shows that they relate to wave-induced shear
forces, effective normal stress soil shear strength
shown in Figure 5.

Figure 5 explains the relationship between
wave-induced shear forces and effective normal
stress soil shear strength with the following

graphic: Blue, red, green, and yellow lines repre-
senting variations in Effective Normal Stress (c")
at different depths. This effective normal stress
value shows how much force is applied to the
soil grains below the surface as depth increases.
Whilst orange, light green, light blue, and brown
lines and dots indicate Soil Shear Strength (cu'),
or the shear strength of the soil, at various depths.
This value shows how much the soil can with-
stand shear forces before failure occurs.
Moreover, Figure 5 shows that the slope tends
to be stable at that depth. On the contrary, if the
shear strength of the soil exceeds the effective
normal pressure, slopes may be susceptible to
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Figure 5. Graphs indicating effective normal stress-soil shear stress.
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shifting or failure. However, effective normal
pressure tends to decrease with depth. The shear
strength of the soil remains relatively consistent.
This shows that at that depth, pushing forces
tend to be smaller than resisting forces, which
indicates that the slope at that depth is stable
or has the potential for high stability. The slope
tends to be stable at a certain depth where the soil
shear strength (which is indicated by the shear
parameter) is greater than the effective normal
pressure (Figure 5). At this point, the slope is in a
safe condition, and the risk of failure is relatively
low. On the other hand, if the shear strength of
the soil begins to decrease and is no longer able
to compensate for the effective normal pressure,
the slope becomes vulnerable to displacement or
failure. The effective normal pressure limit taken
from the graph can be determined by finding the
value at which the soil shear strength and the
effective normal pressure intersect. This point
is an important indicator for analyzing potential
failure effective normal stress driving force that
is shown in Figure 6.

Furthermore, Figure 6 displays the potential
failure effective normal stress driving force with
the following graphic: The blue, red, green, and
brown lines on the left of the graph show the
Effective Normal Stress (¢') acting at a certain
depth. This effective normal stress describes the
pressure exerted on the soil as depth increases.
The light blue, light green, yellow, and orange

lines show the Driving Force (W) values at vari-
ous depths. This driving force is the force that
encourages ground movement or slope failure.

Based on Figure 6 and by comparing these
two values, the balance between pushing and
resisting forces on a slope can be evaluated. If
the effective normal pressure is greater than the
thrust force, as seen at a depth of 2 m, the slope
tends to be more stable. However, if the driving
force is dominant, as occurs at a depth of 22.5
m, slopes may be susceptible to failure due to
the dramatic increase in thrust forces. Another
factor that can strengthen the slope stability is
extensive root strengthening, which is the most
relevant to the slope stability (Masi e al., 2021).
The driving force of the resistance force can be
seen in Figure 7. The figure explains the driving
force of the resistance force with the follow-
ing graphic. This figure shows that the driving
force and resistance force decrease linearly with
increasing depth. This indicates that the driving
force and resistance forces are influenced by the
depth. The deeper the soil or water, the force
will decrease proportionally. The difference in
lines based on wave width (W) and resistance
level (R) shows that the greater the wave width
or resistance, the greater the force generated at
any given depth.

According to Figure 7 and by comparing these
two values, the stability of the slope under the
influence of the acting forces can be evaluated.

100
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150 200 250 300
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Figure 6. Graphs showing effective normal stress-driving force.
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Figure 7. Graphs indicating driving force-resistant force.

If the pushing force is greater than the resistance
force, as occurs at a depth of 22.5 m, slopes may
be susceptible to failure due to an imbalance in
these forces. On the contrary, if the resistance
force is greater than the pushing force, as occurs
at a depth of 2 m, slopes tend to be more stable
due to the soil's ability to withstand greater shifts
or deformations. The soil shear force and soil
shear strength presented in Figure 8. The figure
8 explains the soil shear force and soil shear
strength with the following graphic. The graph
shows the comparison between shear force (cf)
and shear strength (cu) at various depths. The
cf (shear force) tends to be on the left side of

the graph with small values (below 1 kN/m?),
indicating that the shear force acting on the soil
is relatively low throughout the depth. Higher cu
(shear strength), shown on the right side of the
graph (approximately 2.5 kN/m? to 3.5 kN/m?),
indicates that the soil has a greater capacity to
resist shear forces.

Based on Figure 8 and by comparing these
two values, the potential for ground movement
on the slope can be evaluated. If the soil shear
force is greater than the soil shear strength as
occurs at a depth of 22.5 m, the possibility of
ground shifting increases due to an imbalance
in these forces. On the contrary, if the soil shear
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Figure 8. Graphs showing soil shear force-soil shear strength.
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strength is greater than the soil shear force. as
occurs at a depth of 2 m, the probability of soil
shifting may be lower due to the soil ability
to resist shifting or deformation. The factor of
safety regarding the potential for slope failure
occurs in Figure 9, explaining the factor of safety
regarding the potential for slope failure with the
following graphic. The graph shows that the FoS
value increases with increasing depth. At surface
depths of about 0 to -5 m, FoS values start from
about 0.02 and increase gradually to nearly 0.1 at
deeper depths. The largest /oS values of around
0.1to0 0.12 are achieved at depths of around -20 m
and below, indicating that the soil at these depths
has a greater capacity to withstand applied forces
compared to shallower depths.

Based on Figure 9, the calculated Factor of
Safety (FoS) is more than 1, indicating a stable
condition where the restraining force far exceeds
the driving force. In the slope stability analysis,
FoSrepresents the margin of safety against slope
failure, which is calculated as the ratio of the
resisting force to the driving force (Ghafooripour
et al., 2012; Sin, Azmi, and Ghasemi, 2022).
At a depth of 2 m, it produces an FoS value of
0.111. while at a depth of 22.5 m, the FoS value
decreases to 0.012. This difference indicates a
significant shift in the balance between resistance
and thrust forces at greater depths. A change
from 0.111 to 0.012 indicates a drastic reduction
in slope stability. This change is more than 100

% (almost to zero) and is very significant in the
context of the stability analysis. On the other
hand, if the change in FoS from 0.111 to 0.001
is more than 0.001, then this supports the argu-
ment about a very significant decrease in stability.
When FoS decreases below 0.1, an FoS value
of 1 is usually considered as the stable limit.
That is, if the FoS is greater than 1, the slope is
considered stable. While if FoS is less than 1,
the slope is considered unstable. In this case, the
value 0f 0.012 at a depth of 22.5 m indicates that
the slope is in a very unstable condition, and the
risk of ground shifting is very high. Therefore,
the change in FoS value from 0.111 at a depth
of 2 m to 0.012 at a depth of 22.5 m is not only
significant but also indicates extreme instability
conditions at deeper depths.

If the driving force is dominant and exceeds
the ability of the resisting force to resist slope
movement, the slope may be in an unstable
condition, and require mitigation measures to
prevent potential failure. Other researches refer
to geophysicists to ensure the slope stability in
an area, namely with FoS slope classification
charts made from seismic refraction data (U.
Aka et al.,2022). Based on the research results,
a thorough understanding of the interactions
between these factors is needed to identify
potential risks of slope failure and to formulate
appropriate mitigation strategies (Schmidderich
etal., 2022).

Depth (m)

—e—0,00-0,75

—e—0,75-1,50

——1,50-2,25
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Figure 9. Graphs showing factor of safety.
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DiscusSION

The gap analysis in this study mainly focuses
on the interaction between the slope stability and
wave dynamics. Analyzed data produce a bal-
ance between various forces acting on the slope,
and stress on the comparison between various
parameters related to the slope stability. Mean-
while, other researchers use methodologies such
as the limit balance method and the finite element
method of stability analysis. The focus is broader
on soil shear strength analysis and calibration of
load and resistance factors on slope foundations
and breakwaters, and involves the analysis of
the development and validation of programme
reliability on the MATLAB platform (Zheng et
al.,2019). So overall, both studies have the same
goal, namely understanding and assessing slope
stability, but differ in terms of specific methodol-
ogy, focus areas, and depth analysis carried out.

In the context of this research, the choice of
failure plane is very dependent on the physical
properties of the soil, pore water pressure, and
the influence of wave forces. For soils with low
shear angles and high cohesion, circular failure
planes are more likely to occur (Khatun ef al.,
2019). On the other hand, for granular soils such
as sand, failure is more likely to occur along a
flat failure plane, where the driving forces of
gravity and waves act in the same direction and
cause linear soil movement (Rossi ef al., 2021).
This approach provides a deeper understanding of
how slope geometry and soil properties influence
the coastal slope stability under wave influence.
Using data from laboratory tests and established
stability analysis methods, this research success-
fully evaluated the potential for slope failure and
provided recommendations for mitigating the
risk of failure.

The innovations introduced in this research
provide a more dynamic and comprehensive
framework for assessing slope stability in coastal
areas. By integrating wave dynamics with soil
shear strength analysis, this research bridges
the gap in traditional models that often ignore
the complex interactions between waves and
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soil properties. Detailed examination of driv-
ing forces and resistance forces, combined with
depth-specific FoS analysis, provides coastal
engineers with valuable insights into reducing the
risk of slope failure, making this research highly
relevant for sustainable coastal management and
infrastructure resilience.

CONCLUSIONS

Based on data analysis and data processing
carried out on several key parameters related to
the slope stability and the influence of waves on
it, several conclusions can be drawn.

1. Comparison between effective normal pres-
sure and soil shear strength. The balance be-
tween pushing and resisting forces on a slope
can be evaluated by comparing the effective
normal pressure with the soil shear strength.
If the effective normal pressure is greater than
the thrust force, then the possibility of slope
stability increases.

2. Comparison between wave shear stress and
wave pressure. This comparison can provide
an understanding of the distribution and inten-
sity of the forces acting on the seabed, which
is important for evaluating the potential influ-
ence of waves on the slope stability.

3. Comparison between thrust force and resis-
tance force. Comparative analysis between
thrust force and resistance force can provide
an idea of slope stability. If the pushing force
is greater than the resistance force, then the
slope may be susceptible to failure.

4. Comparison between soil shear force and soil
shear strength. Comparing soil shear force
with soil shear strength can provide informa-
tion about the potential for soil movement
on a slope, which is important for evaluating
the possibility of ground shifting and slope
stability.

5. Relationship between wave shear stress and
thrust force. This analysis can provide insight
into the potential for material movement on
slopes, especially if there is a correlation be-
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tween the distribution of forces on the seabed
and the pushing force exerted by waves.

6. Factor of Safety (FoS) Analysis. The factor of
safety is the ratio between the resistance force
and the thrust force. If FoS is greater than one,
then the slope is considered stable. However, if
FoS is less than one, the slope may be unstable
and require mitigation measures.
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