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Abstract: This study investigated erosion during infiltration and overflow events and considered
different grain sizes and hydraulic conductivity properties; four experimental cases were conducted
under saturated conditions. The importance of understanding flow regimes during overflow ex-
periments including their distinct flow characteristics, shear stresses, and erosion mechanisms in
assessing the potential for levee failure are discussed. The failure mechanism of levee slopes during
infiltration experiments involves progressive collapse due to piping followed by increased lique-
faction and loss of shear stress, with the failure progression dependent on the permeability of the
foundation material and shear strength. The infiltration experiments illustrate that the rate of failure
varied based on the permeability of the foundation material. In the case of IO-E7-F5, where the levee
had No. 7 sand in the embankment and No. 5 sand in the foundation (lower permeability), the failure
was slower and limited. It took around 90 min for 65% of the downstream slope to fail, allowing
more time for response measures. On the other hand, in the case of IO-E8-F4, with No. 8 sand in the
embankment and No. 4 sand in the foundation (higher hydraulic conductivity), the failure was rapid
and extensive. The whole downstream slope failed within just 18 min, and the collapse extended
to 75% of the levee crest. These findings emphasize the need for proactive measures to strengthen
vulnerable sections of levees and reduce the risk of extensive failure.
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1. Introduction

River levees play a vital role in global flood protection efforts by acting as crucial bar-
riers against increasingly frequent and intense extreme weather events, safeguarding lives,
infrastructure, and valuable land from the devastating impacts of flooding [1,2]. Addition-
ally, river levees play a critical role in enhancing climate resilience by adapting to changing
hydrological patterns, safeguarding urban and agricultural areas, and promoting economic
stability [3,4]. In 2010, several countries including Pakistan, India, China, Colombia, and
Australia, faced devastating floods with significant impacts. China experienced the highest
estimated annual damage of USD 51 billion caused by river floods [5,6]. Pakistan suffered
from monsoonal flooding, resulting in a high number of immediate fatalities, totaling
two thousand. These events highlight the recurring nature and severity of large-scale
floods, underscoring the urgent need for effective flood management and preparedness
measures [7,8]. Natural disasters such as typhoons, heavy rains, and floods have caused
severe damage to Japan’s infrastructure, including its river embankment systems, resulting
in levee failures and widespread flooding [9,10]. The rising risk of river embankment
failure due to increased storm rainfall has become a significant concern for safeguarding
communities and infrastructure from flooding [11].
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Levee failures on permeable foundation ground during floods can be attributed to two
primary factors: overtopping and seepage-induced erosion of the foundation ground [12].
Overtopping happens when floodwaters surpass the height of the levee, while seepage-
induced piping is characterized by the formation of erosion channels within the foundation
ground due to the flow of water [13]. These channels weaken the levee structure, eventually
leading to failure. An illustrative example of seepage-induced failure is the 2012 Northern
Kyushu Heavy Rain event in the Yabe River, where the levee failure occurred without
overtopping and seepage-induced piping played a significant impact in the failure [14].
The heavy rains in western Japan in July 2018 also caused widespread devastation to
riverine infrastructure, including Okayama Prefecture, resulting in numerous fatalities
and significant damage [15]. The mentioned examples highlight the susceptibility of
Japan’s river embankment systems to extreme weather events, emphasizing the importance
of enhanced design and management approaches to mitigate the risk of failure [16,17].
There are several factors that cause the collapse of an embankment system during a flood
event. These comprise overtopping, seepage, or piping of the levee body and settlement
or displacement of the foundation [18,19]. Roughly 34% of dam collapses occur due to
overtopping, 30% are attributed to foundation defects, and approximately 28% are caused
by piping [20]. Similar statistics were reported but with a higher percentage attributed to
piping failure [21].

Physical models have been extensively utilized to investigate the breaching process
of dikes caused by flow overtopping. Through washout tests, it was determined that the
rate of washout was affected by the grain size of the materials, with larger sizes result-
ing in lower washout rates with a focus on the erosion development of dams because of
overtopping and a formula has been proposed to estimate the discharge through a breach
based on breach volume [22]. They identified key factors impacting the erosion process,
including fill material, dam configuration, placement of impervious elements, and reservoir
capacity. Laboratory experiments and case studies have indicated notable differences in
the erosion mechanism of noncohesive and cohesive earthen dikes during overflow [23].
For noncohesive embankments, progressive surface erosion involving dispersed particle
transport is the typical mode, while cohesive embankments experience headcut erosion
with the development and displacement of a vertical or near vertical drop on the bed [24].
Erosion commonly initiates at the downstream gradient and progresses upward, causing a
reduction in the width of the embankment top. In cases of surface erosion, the lower slope
may undergo changes in its profile, including flattening, steepening, and erosion parallel to
the slope, depending on the characteristics of the soil [25]. Apart from overtopping and
piping, another factor that can contribute to levee failures is concentrated leak erosion.
This type of erosion is caused by the presence of pre-existing channels, cavities, or holes,
which can occur due to natural degradation processes of the materials or the activity of
wild animals. It is important to consider these additional mechanisms of levee failure to
ensure a comprehensive understanding of the potential risks [26–29]. Among the proactive
measures to strengthen vulnerable sections of levees, the implementation of a compre-
hensive monitoring system can play a crucial role in identifying and controlling erosion
mechanisms before failure occurs. Various monitoring techniques, such as piezometers,
thermal sensors, and remote sensing, along with specific and advanced experiments, are
available today to assess the health and stability of earthen levees [30–32]. By integrating
these monitoring methods, authorities can obtain real-time data and valuable insights into
the condition of levees, allowing for timely and effective interventions to mitigate potential
risks and prevent catastrophic failures.

Seepage or infiltration can be the initial stage of piping or internal erosion phenomenon.
It provides the necessary moisture and hydraulic conditions for piping to occur [33].
Collapse due to internal seepage takes place when seepage forces cause the removal of
fine particles, creating a channel between the upstream and downstream slopes of an
embankment. If not controlled, this can lead to the erosion of larger sediment particles,
resulting in the development of a pipe that carries enough water. The pipe gradually



GeoHazards 2023, 4 288

expands due to material removal at the walls, primarily driven by shear forces, until
the levee body collapses. Once the failure happens, the breaching behavior shifts to
overtopping, including downward erosion and widening of the breach [34]. The primary
types of damage to river levees caused by seepage are slip failure and piping failure. Slip
failure occurs when the phreatic surface within the embankment rises due to factors like
rainfall or river water infiltration. Piping failure, on the other hand, results in a rise in
pore water pressure within the foundation ground or embankment, leading to high exit
gradients or uplift of low-permeability soil layers [35]. Proper management and control
of seepage are crucial to minimize the risk of piping and subsequent structural failure.
Therefore, it is crucial to understand the characteristics and behavior of these processes to
assess the risk of failure accurately.

Therefore, the purpose of this study was to analyze the mechanisms and behaviors
of erosion in river embankments during overflow and infiltration flow simultaneously
with a focus on the hydraulic conductivity and moisture state of the levee and foundation
materials. A thorough investigation into the erosion process in levees was modeled here
and focused on the interplay between overflow and infiltration flow as well as the impact
of foundation properties such as the moisture state (saturation or unsaturation condition)
and hydraulic conductivity. Previous studies have often overlooked these crucial factors,
warranting further research in this area. In this study, we investigated how erosion occurs,
initiates, and propagates, and how long an embankment can resist water before breaking
down. The consideration of warning time prior to a breach is crucial for evacuation plans
and assessing the consequences of embankment failures, as it relates to the rate of erosion
progression and can impact design decisions and resource allocation. Overall, this study
contributes to the understanding of the mechanisms and behaviors of erosion in river
embankments, which is essential for assessing the risk of failure accurately and designing
effective and resilient levee systems.

2. Materials and Methodology
2.1. Flume Characteristics and Scaling of the Model

The experiments were conducted at Saitama University in Japan, using an open
channel flume with one side made of glass. The flume was characterized by a length of
6.25 m, a width of 0.5 m, and a depth of 1.2 m, with a completely flatbed slope. The
experimental arrangement is illustrated in Figure 1a. The water in the flume channel and
pipes was circulated using an electric pump from underground storage tanks.

2.2. Flow Conditions

The flow conditions in this study aimed to simulate medium flood or low tsunami con-
ditions. The overtopping depth on the levees was established at 0.02 m, which corresponds
to 0.4 m in the test specimen using the model scale (1/20), ensuring similarity in the Froude
number. The inflow discharge (Q) for overtopping was maintained at 2.27 × 10−3 m3/s, as
measured by a digital flow meter. This discharge rate was carefully controlled to achieve
a consistent overflow depth of 0.02 m in two experiments, namely O-E7-F5 and O-E8-F4,
both of which were conducted under overflow conditions as shown in Figure 1b,d. In two
infiltration experiments (IO-E7-F5 and IO-E8-F4, as shown in Figure 1c,e and as listed in
Table 1), the depth of water on the upstream side of the levee was maintained at a constant
depth of 0.225 m by closing the discharge control valve, while the water pump remained
operational for approximately two hours. This setup was implemented to investigate the
influence of infiltration resulting from the presence of a permeable layer. This condition
was based on previous research that studied the effects of different water levels on levee
stability [36].
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condition; (c) cross section of embankment model in IO-E7-F5 infiltration and overflow condition;
(d) cross section of embankment model in O-E8-F4 overflow condition; (e) cross section of embank-
ment model in IO-E8-F4 infiltration and overflow condition.

Table 1. Experimental cases of infiltration and overflow erosion tests.

Cases Embankment Body
(Mikawa Silica Sand)

Foundation of an Embankment
(Mikawa Silica Sand) Failure Condition

O-E7-F5 Sand No. 7 Sand No. 5 Overflow (O)
IO-E7-F5 Sand No. 7 Sand No. 5 Infiltration + Overflow (IO)
O-E8-F4 Sand No. 8 Sand No. 4 Overflow (O)
IO-E8-F4 Sand No. 8 Sand No. 4 Infiltration + Overflow (IO)

Note:(O-E7-F5) Case I overflow condition with No. 7 sand in embankment body and No. 5 sand in levee
foundation (IO-E7-F5) Case II infiltration and overflow condition (O-E8-F4) Case III overflow condition with
No. 8 sand in embankment body and No. 4 sand in levee foundation (IO-E8-F4) Case IV infiltration and
overflow condition.
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2.3. Embankment Material and Soil Characteristics

In this study, model levees made of Mikawa silica sand were utilized for overflow and
infiltration experiments. These model levees had an elevation of 0.4 m, a crest thickness
of 0.25 m, and back slopes with a ratio of 1:1. To consider the impact of scouring at the
toe of the downstream slope, the model levees were built with a foundation thickness of
0.15 m. The materials used for the levee body and foundation were changed from No. 7
to No. 8 sand and No. 5 to No. 4 sand, respectively. The grain size distributions of the
different sands are shown in Figure 2a. In addition to overflow experiments, infiltration
experiments were conducted to investigate the influence of permeable layers beneath the
levee structure. To ensure embankment strength, soil samples were collected from specific
locations on the downstream and upstream slopes of each embankment model as shown in
Figure 2b and their dry mass was determined; Figure 2c,d shows the embankment after
preparation. Various parameters such as compaction degree, dry density, water content,
hydraulic conductivity, mean grain size, and optimum water content were examined and
are listed in Table 2.
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Table 2. Material properties used in infiltration and overflow tests.

Mikawa
Silica Sand

d50
mm

Uniformity
Coefficient

(Cu)

Degree of
Compaction

Dc (%)

Optimum Moisture
Content
(OMC)%

Porosity
(λ)
%

Dry Density
($d)

g/cm3

Hydraulic
Conductivity

K (m/s)

No. 4 0.875 1.423 82 to 85 8 45.06 1.295 1.6 × 10−3

No. 8 0.095 1.8 82 to 85 14 43.73 1.40 5.5 × 10−6

No. 5 0.475 1.545 82 to 85 11 44.62 1.323 3.2 × 10−4

No. 7 0.16 1.7 82 to 85 13.5 44.07 1.355 2.6 × 10−5

Note: d50 (mm) median grain size.
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2.4. Embankment Model Construction

A 1/20 scale model was used in the experiment, where the dimensions of the model
levee corresponded to an average height of 5 m for a real levee in Japan. The geometry
of the levee and the depth of overtopping were key factors influencing erosion initiation
and propagation. The embankment models were constructed using Mikawa silica sands,
following a 5 cm thick layer and a compaction process. The initial embankment models
were constructed with an oversized geometry and then trimmed down to the dimensions
specified in Figure 1b–e. Discharge and flow conditions were described earlier. During the
erosion process, which lasted less than 2.5 min in overflow cases and more than two hours
in infiltration cases, visual inspection, video recording, and high-speed camera techniques
were used to monitor the dike and water surface configurations. The resulting data were
analyzed and are presented in Section 3.

3. Results
3.1. Overflow Experiments

The study conducted overflow experiments to examine the impact of levee erosion
under different foundation properties and hydraulic conductivities. A comprehensive
description is provided below.

3.1.1. Overflow Erosion Process in O-E7-F5 (Case I) and O-E8-F4 (Case III)

Overflow events due to levee damage during current experiments can be classified
into four stages as shown in Figure 3a–d. Erosion surface profiles at various elapsed
times are shown in Figure 4a,b. In the initial stage of the overflow experiments, the levee
crest was fixed at a height of 0.25 m and the overflow depth was maintained at 2 cm
by controlling the discharge at 2.27 × 10−3 m3/s. The erosion started with scouring at
the downstream toe of the levee crest, while no degradation or erosion was observed on
the upstream area of the levee. The downstream erosion was small, and the initiation
of the levee crest was smooth with a small arc surface headcut observed downstream
of the levee crest. During the second phase, the erosion rate experienced a sharp surge
as a substantial volume of water surged over the crest of the dike at a significant speed.
The erosion on the levee surface happened in the form of sediment transport, and the
overflow discharge reached its maximum within 30 s after overflow. The shear failure
happened downstream of the levee crest for large flow rates, and the water surface profiles
remained aligned to the scoured levee surfaces due to the sandy material behavior. The
erosion progressed smoothly downstream, and a submerged hydraulic jump was observed.
During the third phase, the overtopping discharge remained constant, but the erosion rate
increased due to the formation of nape flow and larger headcuts. The erosion occurred
in the form of shear blocks with a sudden drop from the levee surface. This stage took
up two-thirds of the total overflowing event duration, and the rate of deterioration was
influenced by both the quantity of water flowing over the levee crest and the resistance
offered by the levee material. As a result, the surface of the levee assumed an S-shaped
form and moved toward the upstream slope. In the fourth and final stage, the crest was
completely eroded, resulting in a critical situation due to the head difference between
upstream and downstream slope and sudden discharge rate increase due to upstream slope
failure. The foundation material also eroded due to its low hydraulic conductivity. The
water surface profiles were non-parallel with the surface erosion, and the maximum erosion
occurred in this stage. When the upstream slope was eroded, the erosion rate decreased
due to a reduced difference in head between the upstream and downstream slopes. Overall,
the four stages of erosion in the overflow experiments showed the gradual progression of
erosion, with each stage demonstrating a different type of erosion mechanism and erosion
rate. The third and fourth stages were particularly critical due to the formation of nape
flow, larger headcuts, and a sudden discharge rate increase leading to significant erosion of
the dike crest and foundation material. The overall levee erosion behavior was the same in
both overflow cases.
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3.1.2. Degradation (Percentage Erosion) of Levee Components over Time during Overflow

When a levee overflows, its components are subjected to erosion at different rates. The
rate of erosion is influenced by the stage of damage and several other parameters such as
the downstream gradient of the levee, the inflow rate, and the configuration of the levee.
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To investigate this phenomenon further, the current study studied two overflow cases with
different compositions of the levee body and foundation. The relationship between the
percentage of levee component erosion and the elapsed time for both cases was plotted
in a graph which is presented in Figure 4c. It was observed that during the initial stage
of damage, the erosion percentage of the levee components gradually increased, with
primarily 100% erosion of the downstream slope along with a small amount of the levee
crest in about 30 s. Subsequently, during the second stage, the downstream slope already
eroded, and levee crest erosion continued at a constant rate for 60 s. During the third
stage of damage, which lasted until 90 s, the rate of degradation rapidly increased, with
complete erosion of the downstream slope and crest failure propagating to the upstream
slope. This stage was followed by the final stage of deterioration, where the deterioration
became slower as all three components of the levee had already eroded. Interestingly, the
percentage of erosion for both overflow cases was found to be almost the same, with only
slight differences observed. This phenomenon can be attributed to the minor difference in
embankment materials, specifically the properties of Mikawa Sand No. 7 and No. 8.

3.2. Infiltration Experiments

The study included infiltration experiments to examine the effects of different hy-
draulic conductivities and foundation properties on levee erosion, with a detailed descrip-
tion provided below.

3.2.1. Seepage Erosion Process in IO-E7-F5 (Case II)

The seepage erosion process is shown in Figure 5a–f. The pictures depict top and
side views at different time intervals for the destruction process, with lines indicating
gridlines and the initial position of the levee slopes. Similarly, in Figure 6a,b, levee surface
profiles showed erosion mechanisms at various elapsed times. The discharge was kept
constant for both cases, and the water took about 10 min to reach a height of 0.225 m on the
embankment. When the water reached the desired height, the stopwatch was started, and
all times correspond to that point. In this case, a leak was seen near the bottom of the slope
after 9 min and 20 s, which occurred about 9 min and 10 s later than in Case IV, reflecting
the length of the high permeability region in the foundation. After that, the slope became
muddy, and the bottom began to collapse uniformly at about 17 min. Water appeared
on the whole downstream toe in the form of a sand boil, and cracks started propagating
from the toe of the downstream slope to the top in a uniform pattern as shown in Figure 5.
At 16 min and 45 s, a uniform crack on the whole downstream toe occurred, and a slip
failure started. After that, slip failures progressed one after another toward the crest, with
the maximum slope failure observed during the first 25 min. After that, the slope failure
gradually slowed down. About 55 to 60% of the slope failed in about 70 min. After that,
only 5% of the slope failure occurred within 90 min, after which a sort of equilibrium
was observed, and no further slope failure was observed due to the lower head difference
between the upstream and downstream slopes; the experiment was continued until almost
no deformation of the levee body was observed. When the muddy material from the levee
accumulates near the bottom of the slope, the collapse slows down or even stops as in the
present case. After about 110 min, the crest overflowed and levee failure occurred in about
one minute.

3.2.2. Seepage Erosion Process in IO-E8-F4 (Case IV)

The seepage erosion process for Case IV is shown in Figure 7a–f and the erosion
profiles at different elapsed times are shown in Figure 8a,b. A leak appeared at the bottom
of the slope just 10 s after the start of the experiment. The high hydraulic conductivity
of the sand in the foundation made it more permeable, and it became saturated when
the water level reached the upstream slope at 0.225 m. This leakage occurred about
9 min and 10 s earlier than in Case II. Due to leakage in the embankment’s foundation,
the slope became muddy, and a sand boil appeared. After that, a shear crack occurred on
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the slope at 5 min and 56 s, which became larger until 10 min and 55 s when a slip failure
occurred. The slip failures progressed one after another toward the crest, and by 18 min,
the whole downstream slope failure was observed. After 18 min, the cracks reached the
crest area. Until 30 min, about 30% of the crest failed, after which the crest erosion slowed
down and progressed slowly until 90 min when about 70% of the crest was ruptured. After
90 min, there was again some sort of equilibrium, and no further erosion occurred. At about
110 min, the crest was overtopped, and levee failure occurred in just 35 s. Overall, the
sand in the foundation’s high hydraulic conductivity played a significant role in the
seepage erosion process, causing the slope to become muddy and eventually leading to the
levee’s failure.
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3.2.3. Degradation (Percentage Erosion) of Levee Components over Time during
Infiltration Followed by Overflow

The degradation of levee components during infiltration events can have a significant
impact on the safety and functionality of these structures. To better understand this process,
experiments were conducted to investigate the relationship between the percentage of
levee component erosion and the elapsed time for both infiltration cases. The results are
presented in Figure 9a,b as a graphical representation. Interestingly, there were notable
differences observed between the two cases. Specifically, in Case II, the percentage of
erosion of levee components was found to be relatively small, with only downstream slope
failure accounting for 65% of the total damage. This suggests that the rate of erosion was
relatively slow, likely due to the lower permeability of the foundation materials in this case.
On the other hand, Case IV exhibited a more severe erosion pattern, with the downstream
slope failure progressing rapidly up to 70% of levee crest failure. This could be attributed
to the higher permeability of the foundation sand in this case, which enabled the water to
infiltrate more easily and quickly, resulting in a more rapid erosion process.
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Figure 9. Levee components erosion percentage vs. elapsed time in (a) IO-E7-F5 and (b) IO-E8-F4.

It is important to note that, in both cases, there was no further erosion observed after
90 min of elapsed time. This indicates that the hydraulic gradient had reached a point
where the phreatic line had penetrated the foundation materials up to the failure point,
resulting in a cessation of the erosion process. Overall, these findings suggest that the
permeability of the foundation materials can have a sufficient impact on the deterioration
process of levee components during overflow events.
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4. Discussion
4.1. Flow Characteristics and Erosion Mechanism Followed during Levee Overflow Experiments

The erosion process of levees during overflow can be categorized into four stages
as shown in Figure 10: subcritical flow on the upstream crown, critical flow on the levee
crown, supercritical flow on the downstream slope, and subcritical flow on the tailwater.
These flow regimes exhibit different characteristics and shear stresses, leading to varying
erosion rates. The study by Chinnarasri et al. [37] supports these findings, with minor
differences observed in stage III. Understanding these flow structures is crucial for assessing
levee erosion and failure during overtopping events. In the subcritical flow zone on the
upstream levee crest, the water stresses are relatively lower, and the flow velocities and
energy slope are minor. This results in low shear stress, which leads to less scouring in
this region. At the beginning of the overflow event, the flow velocity and scouring are
also relatively low. The critical depth is located at the center of the levee crest, and swift
scouring initiates at the downstream boundary of the crest because of elevated shear forces.
In the supercritical flow region along the sharp slope of the levee surface downstream,
the flow velocities experience a significant increase due to the steep energy gradient. This
creates very large shear forces, consequently causing substantial scouring. Additionally,
a hydraulic jump occurs near the toe of the levee, creating turbulent flow and mixing of
water and sediment. As the jet submerges beneath the tailwater surface, a submerged
hydraulic jump is formed on the downstream surface of the levee. On the other hand,
in the subcritical flow area of the downstream toe of the levee, the hydraulic stresses are
relatively low, and the energy gradient is low, resulting in small flow velocities. The low
shear stress, despite the possibility of large flow depth, also results in a smaller erosion rate
in this region.
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4.2. Levee Failure Mechanism in Model Experiments during Infiltration

The infiltration experiments examined the erosion of levee components and the oc-
currence of slope failures considering the seepage of water from the upstream slope. The
progressive collapse pattern initiating from the downstream slope due to sand boiling was
followed and can be roughly classified into two stages as described in Figure 11a. In stage
I, progressive collapse due to narrowly defined piping occurred and in stage II, an increase
in liquefaction area and loss of effective shear stress occurred. Stage I occurs when there is
a ground structure with extremely different permeability or hydraulic conductivity, which
is followed by stage II when there is no extreme difference in permeability between the
foundation ground and the embankment due to the collapse of the slope. In stage II, a large
upward hydrodynamic gradient occurred near the toe of the slope, causing the foundation
ground to liquefy, and the eroded area gradually expanded toward the river surface. A
higher difference in permeability ratio between infiltration cases resulted in an increased
degree of collapse. As infiltration progressed, the embankment slope became fluid-like due
to the decreased shear resistance of the embankment material. However, the accumulation
of muddy levee material near the slope toe slowed down and eventually stopped the
collapse. This occurred because the sandy material making up the embankment body
experienced a decrease in shear strength under the influence of a high hydraulic gradient,
leading to slip failure. This was the whole mechanism followed by all cases in the current
study. The findings from Saito et al. [38], combined with the experiments conducted by
Orense et al. [36] using various materials, provide support for the results. Additionally,
subsequent studies have also emphasized the significance of further research in this area.
Jia et al. [39] highlighted the significance of material permeability during prolonged high
water events, emphasizing its role in facilitating seepage through the foundation. The hy-
draulic conductivity of levee and foundation materials significantly influenced the behavior
of the system addressed by Van Beek et al. [40].
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The failure pattern differs depending on the soil properties such as hydraulic conduc-
tivity and shear strength of the embankment body.

4.3. Role of Hydraulic Conductivity in Failure Progression

The extent of collapse was influenced by the permeability ratio difference with
higher ratios leading to increased degrees of failure (e.g., kE/kF = 10 for IO-E7-F5 and
kE/kF = 400 for IO-E8-F4). The failure progressed more slowly in Case II (IO-E7-F5), with
only 60% of the downstream slope failing in about 70 min, while in Case IV (IO-E8-F4), the
failure progressed more rapidly, with the whole downstream slope failing in just 18 min,
and about 70% of the crest being ruptured by 90 min. This difference in the progress of
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failure can be attributed to the difference in the permeability of the sand in the foundation;
the hydraulic conductivity with respect to mean grain size is shown in Figure 11b. In Case
II, the foundation had a lower permeability, which resulted in a slower failure progression,
whereas in Case IV, the higher permeability of the sand in the foundation led to a more
rapid failure progression. Furthermore, the failure progression in Case IV was more rapid
and extensive compared to Case II. Notably, the failure in Case IV extended beyond the
downstream slope and affected the crest. This can be ascribed to the greater hydraulic
conductivity of the sand in the foundation, which allowed water to flow more quickly
through the soil, resulting in a more significant and rapid failure. Additionally, the higher
permeability of the sand in the foundation in Case IV also led to a more rapid saturation
line, or phreatic line, compared to Case II. This further contributed to the faster failure
progression in Case IV.

5. Conclusions

In conclusion, this study investigated levee erosion during overflow and infiltration
flow, with a focus on how the hydraulic conductivity and moisture condition of the levee
and foundation materials affects erosion resistance. The following key findings emerged
from the study.

• Levee erosion during overflow events involves four stages with varying flow char-
acteristics and shear stresses, influencing erosion rates. Understanding the different
flow regions on levees is crucial for assessing erosion risks and preventing failure.
Identifying areas prone to rapid erosion such as the downstream edge of the crest
and supercritical flow region allows for targeted reinforcement. Similarly, recognizing
regions with minimal erosion like the upstream crest and subcritical flow region of the
downstream toe helps prioritize maintenance efforts. This knowledge enhances the
design and management of levee systems, improving their effectiveness in protecting
against floods and minimizing the risk of catastrophic failure.

• During infiltration experiments, the failure mechanism of levee slopes involves pro-
gressive collapse due to piping, leading to increased liquefaction and loss of shear
stress. The progression of failure is influenced by the permeability of the founda-
tion material and shear strength. It was observed that the degree of collapse in-
creases as the difference in permeability ratio becomes higher in the infiltration cases
(e.g., kE/kF = 10 for IO-E7-F5 and kE/kF = 400 for IO-E8-F4). As infiltration pro-
gresses, the embankment slope undergoes a collapse and becomes fluid-like due to
the decreasing shear strength of the embankment material, but the accumulation of
muddy levee material near the slope toe slows down and eventually halts the collapse.
This is because the sandy material (Mikawa Sand No. 7 and No. 8) comprising the
embankment body experiences a decrease in shear strength under the influence of a
high hydraulic gradient, leading to slip failure.

• The study found that the failure progression in Case II (IO-E7-F5) was slower due
to the lower permeability of the sand in the foundation, resulting in a delayed and
limited failure of the downstream slope (only 60 to 65% of downstream slope failure
in about 90 min), which allows for more time to implement response and mitigation
measures. In contrast, Case IV(IO-E8-F4) exhibited a more rapid and extensive fail-
ure, attributed to the greater hydraulic conductivity of the sand in the foundation
(100% downstream slope in first 18 min and 70 to 75% crest failure in about 70 min), al-
lowing for quicker water flow and a more significant impact on the downstream slope
and the crest. These findings highlight the importance of taking proactive measures to
strengthen vulnerable sections of the levee and minimize the risk of extensive failure.

This study serves as a foundation for future numerical simulations on infiltration and
piping studies. Our study on levee erosion using a scaled-down model (1:20) provides
valuable insights into failure mechanisms and proactive measures, enhancing levee re-
silience and risk reduction strategies. For future studies, conducting comparative analyses
between scaled-down models and full-scale scenarios could further validate the findings
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and broaden the understanding of levee behavior under different conditions. Additional
investigation is needed to investigate the effects of other factors, such as flow rate and
sediment characteristics, on levee erosion during overflow and infiltration flow.
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