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Assessing influence of waves on riverbank stability:
A centrifuge modeling approach
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Abstract. Erosion along riverbanks stands as a critical natural disaster, severely impacting the economy and livelihoods of
those near rivers. The erosion occurs from the weakening and displacement of materials along the bank, driven by various
elements such as water flow, ship-generated waves, agricultural practices, and nearby infrastructure. The soil-water interface
presents a complex challenge, sparking extensive studies into understanding the interplay between hydrodynamic forces and soil
properties. This research focuses on assessing how water waves influence riverbank stability. Through a series of centrifuge
experiments, it investigates the relationship between wave-induced dynamic pressure and erosion rates. Findings suggest that the
wave height of 0.22 to 0.24 meters on the prototype scale can be simulated under a 20 g artificial acceleration in the centrifuge
modelling. The erosion process develops in three distinct phases: initial erosion, formation of tension cracks, and eventual
collapse, underscoring the practical importance of understanding wave pressure and soil resistance to predict erosion rates and
design effective mitigation measures for riverbank and geotechnical structures.
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1. Introduction

Riverbank erosion stands out as a natural disaster,
exerting substantial adverse impacts on the economies and
livelihoods of communities residing along riverbanks. This
phenomenon arises from the erosion of riverbank materials,
facilitated by elements such as water currents, ship-
generated waves, agricultural activities, and riverbank
infrastructures. These factors contribute to relocating
materials to sediment areas, altering the slope geometry, and
compromising the original stability. Numerous regions
grapple with the consequences of this disaster, affecting
millions of people, causing extensive damage to agricultural
lands spanning thousands of kilometers, and resulting in
significant population displacement. Research into the
processes of riverbank erosion and associated landforms has
been conducted across diverse geographical and
hydrological conditions.

In July 2020, there was a riverbank erosion event along
the Hau River in An Giang Province, VietNam, spanning
300 meters and impacting 44 households in the Mekong
Delta. A similar incident occurred in 2019, destroying a
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100-meter asphalt road, with repairs costing over 250
billion VND (Nguyen ef al. 2021, Van et al. 2021).

The Yangtze River, the world’s third-longest at around
6,300 kilometers, experiences severe soil erosion, losing
approximately 2.24 billion tons of soil each year. This
erosion affects nearly 67,000 hectares of agricultural land
and poses threats to the livelihoods and safety of about 400
million people living along its basin (Zheng ef al. 2018, Yan
et al. 2022, Zhou et al. 2024). In Bangladesh, about 5% of
floodplains are impacted by erosion, resulting in an annual
loss of around 2,600 hectares of land. Over a 28-year
period, the total loss has reached around 70,000 hectares.
Some riverbanks retreat by as much as 66 meters per year,
with extreme cases reaching 184 meters per year. These
conditions lead to crop failures, displacement of
households, and significant economic and social hardship
(Paul et al. 2020, Mondal et al. 2021, Oberhagemann et al.
2011, Billah et al. 2023).

Despite being more commonly associated with tropical
areas, riverbank erosion also occurs in cold environments
(Prowse et al. 2003, Vandermause et al. 2021). Cold areas,
such as the Susitna River in Alaska, experience riverbank
erosion due to gouging and abrasion during ice-break-up
events (Beltaos et al. 2018, Chassiot et al. 2020). The
erosion process in cold areas is more intricate, prompting
scientific studies to predict and mitigate its impacts.

The investigation into the impact of fluvial hydraulic
forces on riverbank processes has involved a variety of
research methods, including physical modeling and
numerical modeling, as evidenced in studies by Kwon et al.
(2021), Yu et al. (2015), Simon et al. (2009), Rinaldi ef al.
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(2008), Lim et al. (2017), Papanicolaou (2007), Tran et al.
(2019). In a study by Yu et al (2015), riverbank
experiments on non-cohesive and cohesive soils were
carried out to examine riverbank erosion due to fluvial
hydraulic forces. The experiments revealed that non-
cohesive soil experienced failure near the water surface,
while cohesive soils were destroyed near the toe of the
slope. The study suggested that erosion was directly
proportional to flow velocity, and a repeated cycle of slope
toe destruction under hydraulic action led to a cantilever
phenomenon, reducing shear resistance and causing
landslides. Zhou et al. (2024) used simulations to show that
early-stage bank damage can escalate into more severe
failures, especially as floodwaters rise. These increasingly
severe collapses are driven by the combined effects of
hydrostatic confining forces, pore water pressure, and
gravitational forces.

Apart from the influence of river flow, water level
variations were found to impact riverbank instability
(Duong et al. 2014, Duan et al. 2018, Liang et al. 2015,
Ahsan et al. 2024). Duong et al. (2019) utilized Geostudio
software to estimate the stability of the Red River in
northern Vietnam, investigating the effects of river water
level (RWL) fluctuations on riverbank stability. The study
highlighted that surcharge loading (> 50 kPa) significantly
weakened riverbanks, becoming the dominant factor
controlling the safety factor. Schliewe and de Menezes
(2021) conducted experiments to study erosion by waves on
the lakeshore of lateritic soils. The erosion rate increased
nonlinearly with the accumulated wave power, varying
wave frequencies, and distinct beach slope angles. Gu ef al.
(2020) focused on bank slopes in hydro-fluctuation areas of
reservoirs or lakes, where severe erosion occurred due to a
lack of protection. The study utilized a tank for wave
erosion experiments indicating different soil erosion rates
corresponding to rising, falling, and fixed water levels.

Nevertheless, the assessment of the impact of waves on
riverbanks has been insufficiently explored and lacks a
comprehensive  evaluation, particularly in dynamic
conditions. This study aims to fill this gap by
comprehensively assessing the mechanical behavior of
riverbanks under the influence of water waves by centrifuge
modeling (Takahashi et al. 2019, Exton et al. 2019). Given
the intricate nature of the soil-water interface, research that
delves into the interplay of hydraulics and soil mechanics is
relatively scarce. This study is designed with two primary
objectives: firstly, to evaluate the variations in wave energy
(including wavelength, frequency, and amplitude) using the
centrifuge technique, and secondly, to assess the erosion
rate based on changes in the riverbank induced by wave
conditions. The ultimate goal is to establish a good
relationship between the erosion rate and riverbank material
response under dynamic wave conditions.

2. Methodology
2.1 Centrifuge modeling

Centrifuge modeling is a robust technique widely
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Table 1 Test schedule

Group of tests Test Type of soil Condition
ame
Dynamic DW Without soil Without riverbank
pressure test DR Without soil Rigid riverbank
ES Loamy sand Riverbank
) EML Silty loam Riverbank
Erosion Test .
EL Loam Riverbank
EC Clay (without silt) Riverbank

employed in civil engineering, particularly in geotechnical
applications. The centrifuge technique is a calibration and
comparison tool for the numerical model and a new
hypothesis. Its utilization in geotechnical modeling
addresses the challenge of replicating soil stress conditions
in a prototype that matches the model. Centrifuge
technology enables this achievement by subjecting the
model to high acceleration levels exceeding the Earth's
gravitational acceleration. Based on these principles,
centrifuge models are designed to reproduce geotechnical
scenarios through scaling laws (Garnier et al. 2007). The
versatility of centrifuge technology extends its application
to wvarious fields, including geotechnics, hydraulics,
structures, and wind tunnels, owing to its convenience and
efficiency in constructing small models. This study
conducted centrifuge tests at the Geotechnical Centrifuge
and Shaking Table Laboratory of the National Central
University (Hung et al. 2022, Park et al. 2021).

2.2 Test procedure

In this investigation, the test schedule is outlined in
Table 1. The centrifugal experiments were categorized into
dynamic pressure tests and erosion tests. The first group
comprised two tests, DW (Dynamic _without soil) and DR
(Dynamic _ rigid riverbank), conducted without soil to
assess wave parameters (wavelength, amplitude, and
frequency) and the impact pressure of waves directed
toward the rigid riverbank. Furthermore, four experiments
were conducted wherein the riverbank was compacted with
different types of soil: loamy sand (ES), silty loam (EML),
loam (EL), and clay (without silt) (EC) to estimate an
erosion rate of the riverbanks.

3. Soil properties and test procedure
3.1 Soil properties

The mixture soil was classified by the USDA
agricultural soil classification system in this study. Four
samples were employed to replicate riverbank models, each
characterized by varying percentages of grain distribution —
namely, loamy sand, loam, silty loam, and clay (without
silt) in Fig. 1. Particle distribution analysis was conducted
to generate the particle distribution curve, as illustrated in
Fig. 2. The sand properties included a dsp of 0.19 mm, a dso
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Fig. 3 Compaction test

of 0.2 mm and a dip of 0.15 mm. By examining the
relationship between deo and d;o along with the grain curve,
it was determined that the sand exhibits a uniform particle
size.

The specific gravity of sand was 2.65. The dry
maximum and minimum unit weights were 16.3 kN/m? and
14.1 kN/m?, respectively. The frictional angle of the sand
was measured at 35 degrees, with a relative density of 40
%. According to the Unified Soil Classification System
(USCS), the sand was classified as poorly graded sand (SP)
due to its uniform and fine-grained nature. The
characteristics of the silt material included a dso of 0.019
mm, a deo of 0.02 mm, and a dio of 0.008 mm. Upon
analysing the relationship between deo and dio along with
the grain curve, it was determined that the silt exhibits a
uniform particle size distribution, categorizing it as poorly
graded. According to the Unified Soil Classification System
(USCS), this silt was classified as low plasticity silt (ML).
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Fig. 4 Direct shear test

The specific gravity of the silt was measured at 2.56.
Hydrometer analysis was performed to determine the grain
distribution of clay, revealing a dsp value of 0.014 mm.
According to the Atterberg method, the clay exhibits high
plasticity, with a plastic limit of 25, a liquid limit of 58.5,
and a plastic index of 33.5. The specific gravity of the clay
is measured at 2.45.

The Proctor compaction standard was applied to find the
relationship between optimum water content and dry unit
weight. The compaction test result is presented in Fig 3. In
this research, the author utilized mixing materials with
different percentages of component material. The highest
dry unit weight was about 18.6 kN/m? in loam and sandy
clay loam, where grain distribution was not uniform. The
lowest dry unit weight was around 15 kN/m? in coarse
uniform material (sand). In this result, the uniform soil
(sand and sandy loam) was challenging to get a peak point
of compaction curve. The direct shear test was conducted to
obtain the cohesion and friction angle in Fig. 4.

3.2 Test procedure

3.2.1 Water pressure test

In the test “DW?”, the cylinder was positioned at the end
side of the container, and water was added until it reached the
desired level. Subsequently, the model was placed on the
centrifuge platform, and the centrifuge was then set to speed,
getting an artificial acceleration of 20 g. Cameras were
strategically placed to capture the wave generation process
during the centrifugal test. Within the centrifugal test, the
cylinder was connected to an air pump, facilitating the
regulation of push and pull cycles. The configuration of the
cylinder control system is depicted in Fig. 5. Initially, the air
pump was connected to a magnetic valve, which played a
crucial role in controlling the opening and closing of airflow to
the cylinder. Ultimately, the magnetic valve was linked to the
computer, enabling automated control of the entire system
through LabVIEW.

In the test “DR”, the rigid riverbank was placed opposite
side of the cylinder. Upon reaching the artificial acceleration,
the cylinder was controlled to generate waves. Pore water
pressure transducers were arrayed on the rigid riverbank to
measure impact pressure at frequencies ranging from 0.25 Hz
to 0.5 Hz, 0.625 Hz, and 1 Hz. A steel plate was utilized to
simulate a riverbank with an inclined angle of 60 degrees.
Three strategically pore water pressure sensors (P-SWL, P-
U1.2, and P-U2.6) were placed along the inclined steel plate,
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corresponding at the water surfaces and 1.2 m and 2.6 m in
water depth, respectively. The water level was adjusted to 23
mm in the model, corresponding to 4.6 m in the prototype.

Waves were generated by controlling the air cylinder on the
opposite side. This experimental setup allowed for examining
dynamic water pressures along the riverbank under various
wave frequencies and conditions.

3.2.2 Erosion test

In the erosion test (ES, EML, EL, EC), the soil was
compacted into the container with the slope geometry of
330 mm in height, 300 mm at the top, 490.5 mm at the
bottom of a slope, and 300 mm in width (Fig. 5). Plastic
sheets were attached to the container edges before
compacting the soil to mitigate boundary effects between
the container and soil material. The cylinder, connected to a
wave-generating paddle, was positioned on the opposite
side of the container. Additionally, a wooden plate was set
up to provide horizontal support for straightforward soil
density regulation. The soil, mixed to the desired percentage
and water content determined by compaction tests, was
layered into the model in 11 increments, each 30 mm in
thickness. Gravel particles were placed on the acrylic side
during compaction to measure slope displacement. Three
pore water pressure transducers were inserted into the
riverbank to monitor changes in pore water pressure in Fig.
6. After compaction, the model was cut to achieve a 60-
degree slope, as depicted in Fig. 7. Post-compaction, the
total model weight was measured to calculate centrifuge
unbalance. The model was then placed on the centrifuge
platform. A scanner was employed to scan the model's
surface before and after the test, facilitating a comparison of
slope changes. A side-view camera captured slope failure
during centrifuge spinning. Transducers and sensors were
linked to a data logger, transmitting data to the control
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(@) Compaction process (b) A completed model
Fig. 7 Riverbank after compaction

computer. Before centrifuge spinning, water was added to
the model, reaching a level of 230 mm. In the post-test, the
model was extracted from the centrifuge, and further
measurements were taken by cutting it to assess water
content and soil strength using the Torvane device.

4. Riverbank behaviors
4.1 Water pressure test

In the test “DW”, the model was operated at two
frequencies: 0.5 Hz and 1 Hz, corresponding to 0.025 Hz and
0.05 Hz in the prototype, respectively (Fig. 8). The results
revealed that the system generated waves with varying
characteristics: a wave height of 11.18 mm at 1 Hz and 11.85
mm at 0.5 Hz and a wavelength of 144 mm at 1 Hz and 214.57
mm at 0.5 Hz in the model. The centrifuge modeling outcomes
indicated that the wave height at 0.5 Hz (11.18 mm) was less
than that at 1 Hz (11.85 mm). Furthermore, the wavelength of
0.5 Hz was 214.57 mm, equivalent to 4.3 m in the prototype,
exceeding that of 1 Hz (144 mm, equivalent to 2.88 m in the
prototype). Regarding wave height, the wave energy density
for the 0.5 Hz and 1 Hz pushing frequencies were
approximately 60 J/m?> and 70 J/m? in the prototype,
respectively. The dynamic pressure (without decay) at the
lower frequency of 0.5 Hz (0.025 Hz in the prototype)
measured 2.2 kPa in the prototype, lower than the higher
frequency of 1 Hz (0.05 Hz in the prototype), which registered
around 2.4 kPa in the prototype. Table 2 outlines the wave
parameters in both the model and the prototype.

In the test "DR" with the rigid riverbank, this experiment
aimed to assess dynamic water pressure variations along the
riverbank and the distinctions between static and dynamic
pressure conditions. The peak dynamic pressure is consistently
measured between 27 and 29 kPa at the water's surface.
Nevertheless, the duration of impact varied based on the
frequency, a factor that could significantly influence the
erosion process. Conversely, the dynamic pressure exhibited a
consistent trend at 1.2 m and 2.6 m depths below the water's
surface. At a depth of 1.2 m, the maximum affected pressure
ranged from 8 to 10 kPa, while at 2.6 m, it ranged from 4 to 6
kPa in Table 3. Fig. 9 illustrates that dynamic pressure
decreases with increasing water depth, reaching its maximum
at the still water surface. The table below presents the impact
pressure at various frequencies, offering a comprehensive
overview of wave effects on the riverbank under different
conditions.
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Table 2 Wave parameters in the model and prototype scale

Wave parameters Group 1 Group 2
Wave Model (Hz) 0.5 1

frequency

(Fu=NF,) Prototype (Hz) 0.025 0.05
Water depth Model (mm) 230 230

(hy=Nhm) Prototype (m) 4.6 4.6
Wave height Model (mm) 11.18 11.85

(hy=Nhm) Prototype (m) 0.22 0.24
Wavelength Model (mm) 214.57 144

(Ly=NLm) Prototype (m) 4.3 2.88
Time period Model (s) 2 1

(Ty=NTm) Prototype (s) 40 20

Where N: Centrifugal acceleration
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Fig. 9 The distinctions between static and dynamic pressure

Fig. 10 illustrates the distinctions between static and
dynamic pressure under dynamic conditions. The disparities
were approximately 28 kPa, 9 kPa, and 5 kPa at the still water
level, 1.2 m, and 2.6 m beneath the water level, respectively.
The difference became more pronounced at the still water
surface, reaching three times the values observed at other
depths. This escalation was attributed to the dynamic pressure
being considerably higher than the static pressure. The
dynamic impact pressure decreased with water depth, peaking
near the water surface, aligning with results obtained from
numerical modeling (Chu et al. 2022).

Furthermore, as the water depth increased, the difference
diminished because of a slower water flow from the surface to
the bed, consistent with findings from previous studies
(Zrostlik et al. 2015). The results demonstrated that the
frequency induced by the wave paddle did not affect the
impact pressure of the wave. The amplitude of dynamic
pressure was similar at different frequencies at each location.
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4.2 Erosion test

4.2.1 Centrifuge test results

This section presented the outcomes of erosion tests,
including ES, EML, EL, and EC, encompassing details such
as process failure, erosion rate, failure shape, and safety
factor. In the “EC” experiment involving clay material, 30%
sand and 70% clay were used to prepare the model. The
results indicated that erosion occurred below the water
level, as depicted in Figs. 11(a) and 11(b). The entire test
spanned one hour in model scale (20 hours in prototype),
and no tension cracks appeared on the surface. Notably, the
erosion process did not cause damage to the soil above the
water level. The riverbank surface experienced erosion of
approximately 0.3 m to 0.6 m (equivalent to 0.045 H to 0.09
H) in the prototype scale, measured from the original
surface. A scanner was employed to assess the alteration in
the slope surface before and after the test. Post-testing
settlement reached 10 mm in the model, equivalent to 0.2 m
in the prototype (Figs. 11(c) and 11(d)). The failure surface
was identified at the slope's toe, and the erosion distance
was indicated by the black dash-line, marking the deepest
point of erosion. The collapse of the slope soil amounted to
9.4% (0.47% per hour) in planar strain relative to the slope
section.

In this investigation, the erosion process was
categorized into three distinct stages: the erosion stage, the
tension crack stage, and the failure stage (referred to as Fig.
12). The manifestation of these stages varied depending on
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Table 3 Impact pressure under different frequencies

Location Frequency Maximum Minimum Average

(Hz) pressure (kPa) pressure (kPa) pressure (kPa)

0.25 28.08 4.18 17.91

At still water 0.50 26.45 15.10 21.55

level 0.625 28.24 4.13 19.93

1.0 28.63 20.19 23.88

0.25 22.39 17.75 20.49

Under water 0.50 20.46 16.70 18.80

level 1.2 m 0.625 19.96 15.92 18.33

1.0 20.08 15.37 18.28

0.25 29.73 26.00 28.17

Under water 0.50 30.87 27.28 29.13

level 2.6 m 0.625 29.88 26.15 28.15

1.0 31.08 27.14 29.17

B N

(@) Top view
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(d) The erosion line after test (in prototype scale)

Fig. 11 The failure of riverbank after test

the type of material and the duration of each stage. During
the initial stage, termed the erosion stage, soil from the
slope surface was gradually washed away and transported
farther down the slope. Remarkably, the slope maintained
its stability at this point. Subsequently, the second stage,
labeled the "tension crack stage," ensued. In this phase, a
more incredible amount of soil was eroded compared to the
first stage, resulting in the formation of a cantilever shape

and a subsequent decrease in soil-resistant force.
Consequently, tension cracks became apparent on the slope
surface. Throughout these three stages, the tension crack
continued to deepen until the eroded portion eventually
collapsed into the water, marking the culmination of the
erosion process.

Following the erosion test in Table 4, the clay material
(namely, “EC”) exhibited an erosion distance of 0.09H
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Stage 1: Erosion stage

Stage 2: Tension crack stage

Stage 3: Failure stage

Fig. 12 Three stages of failure process
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(where H represents the slope height), the smallest among
all models. In contrast, the loamy sand material (ES)
demonstrated the most significant erosion distance at 0.5H.
After monitoring time, the test “EC and EL” were stable
compared to the others.

Fig. 13 displays the eroded line assumed at the deepest
washing point of the surface slope after the test. The results
indicated that the soil with a higher percentage of grain
content, like "loamy sand, ES" with 80% of sand, was
eroded deeper than the soil with a high percentage of fine
content (clay and loam). However, the different percentages
of sand in "loam" — 40 % and "clay" — 30 % did not
significantly affect the erosion distance (D); the ratio was
approximately 0.09 H to 0.1 H. However, the "silty loam"
with 20% of sand exhibited an erosion distance (0.2 H)
larger than the "clay, EC" and "loam, EL" materials. This
difference was attributed to the lower percentage of clay

(10%) in the "silty loam, EML" compared to "clay" and
"loam”.

Consequently, the percentage of grain content
significantly affected the erosion process of the riverbank.
Under wave conditions (short-term condition), the
limitation of material was less than 40 % of sand and higher
than 20 % of clay to contribute positively to the slope
stability. This suggested that the materials with a higher
proportion of sand exhibited a more considerable erosion
distance than those with a lower percentage of sand.

Utilizing the erosion distance as a basis, a simple model
was developed to establish a relationship between the
erosion distance (D) and the percentage of clay, expressed
by the following equations. Consequently, a decrease in the
percentage of clay corresponded to an increase in the
erosion distance. It was worth noting that this relationship
exhibited a non-linear nature.

The failure mechanism was illustrated using the limit
equilibrium method, as depicted in Fig. 14. This depiction
showcased the identification of the failed cantilever under
wave conditions. This depiction showcased the
identification of the failed cantilever under wave conditions.
The safety factor assessment considered the soil's strength
and the erosion's geometry. Applying the formula (1) and
(2), an increase in material strength or a reduction in the
sum of the crown distance (B) and the erosion distance (D)
contributed to an enhancement in erosion stability. The
factor of safety (Fs) equaling one signified a stable
cantilever slope, whereas a factor of safety less than one
indicates failure. The critical erosion distance (D.) was
defined when the safety factor was equal to one. It was
important to note that these formulas, as described, did not
explicitly capture the relationship between wave energy and
erosion distance. Further exploration may be necessary to
understand better the influence of wave energy on the
erosion process.

D = 0.482 x038

(With x: the percent of clay) M

Shear strength
e @

Shear stress ¢
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Figs. 15 and 16 presents the critical erosion distance
determined by considering both soil strength. Notably, the
critical erosion distance within the "clay zone" surpassed
that of the "loam zone" and "sand zone," exceeding 2
meters. Conversely, the critical erosion distance in the sand
zone was less than 1 meter due to the absence of cohesion
in this soil type (sand zone, silt zone). Furthermore, within
the “silty loam” category, those with lower silt composition
exhibited a larger critical erosion distance (1-2 meters) than
those with higher silt composition, with less than one meter
of critical erosion distances. These distinctions arose from
variations in soil composition.

The erosion rate was determined by establishing a
correlation between impact pressure and the soil's strength, as
illustrated in Fig. 17. Consequently, under a dynamic pressure
of 28 kPa and a monitoring duration of 20 hours, the erosion
rates for "clay", "loam," and "silty loam" were found to be 0.03
m/h, 0.0375 m/h, and 0.078 m/h, respectively. The relationship
between erosion rate and impact pressure exhibited an inverse
trend; as the impact pressure increased, the erosion rate
decreased.

The presence of multiple variables within wave parameters,
including wave height, wavelength, and wave frequency, posed
a significant challenge in accurately estimating the erosion rate.
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Fig. 17 The relationship between erosion rate and
cumulative of impact pressures

The cumulative impact pressure was employed as a
simplifying factor in the estimation process to address this
complexity. Subsequently, a simplified model was proposed to
establish the relationship between the erosion rate and
cumulative of wave impact pressure, expressed by the
following equation.

N
e =ax (M) @)

Where: P: Cumulative of impact dynamic pressure of water
(kPa?.s);
S,.: Untrained shear strength of soil (kPa);
a, b: Empirical coefficient (a=9x107, b=1.83);
& Erosion rate (m/h);

4.2.2 Numerical modeling results

Numerical simulation was employed to assess the safety
factor of the model both before and after testing under a stable
water level condition. The numerical model simulated changes
in slope geometry based on erosion distances observed during
testing, with the initial slope depicted as Fig. 18(a) in the
prototype scale. In the "EC" test, two materials, encompassing
clay and bedrock, were input into the numerical model. Clay
simulated the slope material in the centrifugal test, while the
bedrock was the container's bed, controlling the slip failure
surface that did not extend beyond the slope's toe. Consistent
control was applied to the entrance and exit of the slip failure
surface across all models, facilitating easy comparison of
safety factor variations. In the post-centrifugal test slope
geometry represented by Figs. 18(b) and 18(c), with the
erosion distance of 0.6, 2.4 m, the safety factor analyzed by the
numerical model was 1.319, 0.603, respectively. Notably, the
erosion distance was arbitrarily selected to calculate the safety
factor.

Consequently, the erosion process has not impacted global
failure at present. The assumed erosion distance was
introduced to identify the critical erosion. The safety factor
increased from 1.311 to 1.319 before and after erosion (0.6 m).
However, as the erosion distance extended to 2.0 m, the safety
factor decreased to 1.255 and dropped below 1.0 at 2.2 m. Fig.
18(d()presents the safety factor and erosion distance in four
types of material. The safety factor was equal to one when the
erosion distance was equal to 0.8 m, 1.2 m, and 2.1 m,
corresponding to silty loam, loam, and clay material.
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Table 4 Summary of threeapproaches

Erosion distance (m)

Type - - -

of soil Centrifuge Theoretical Numerical
results results results
> 0.60

Clay (till stable) 2.2 21
>0.75

Loam (still stable) 14-16 1.2

Silty 1.20

loam (Failed) 10-12 08

Table 4 displays the outcomes obtained through three
distinct  approaches:  centrifuge  modeling, numerical
simulations, and theoretical results. For silt loam material, the
erosion distance remained consistent across all three
approaches. However, for clay and loam, the centrifuge model
tests did not reach the failure stage, resulting in non-equivalent
erosion distances compared to numerical simulations and
theoretical predictions. The new formula was employed to
predict the eroded distance for clay and loam materials.
Consequently, the critical erosion distances for clay and loam
were determined to be 2.1 m and 1.4 m after 70 hours and 40
hours, respectively. This emphasizes the effectiveness of the
centrifuge model in accurately simulating wave conditions,
providing valuable insights into erosion dynamics for different

soil types.

5. Conclusions

Centrifuge modeling tests were conducted to investigate
wave generation under high gravitational conditions and the
resulting erosion patterns along riverbanks. The findings
provide valuable insights into predicting riverbank erosion
under varying wave conditions and with different riverbank
materials. This study plays a critical role in evaluating
riverbank stability by enhancing our understanding of the
interaction between water pressure and soil structure. The
results offer essential knowledge of the mechanisms
governing riverbank behavior, contributing to the
development of effective strategies for erosion control,
slope stabilization, and sustainable riverbank management.

The erosion rate was found to depend on factors such as
clay content, cumulative impact pressure, and soil strength.
Specifically, erosion distance increases with a higher
percentage of clay, reaching approximately 2.0 m to 2.4 m.
In contrast, the "sand and silt zone" exhibits significantly
shorter erosion distances, ranging from 0.4 m to 0.8 m.

The amplitude of dynamic pressure varies significantly
at the water surface, while the difference between static and
dynamic pressures decreases nonlinearly with increasing
water depth. Under conditions of constant wave height, the
impact pressure remains similar, indicating that wave
frequency does not influence instantaneous impact pressure.
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However, wave frequency is a crucial factor in determining
the cumulative impact pressure over time. For future
research, the influence of time-dependent factors on
riverbank stability should be further investigated to achieve
a more comprehensive understanding of riverbank behavior
under prolonged wave action.
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