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Abstract
Levees are critical structures for protecting low-lying areas from floods and understanding their erosion dynamics is essential 
for enhancing their resilience. This study investigates the erosion dynamics of earthen levees by examining different com-
binations of foundation and levee materials in seepage and overtopping conditions. Six experimental cases were conducted: 
three seepage erosion cases (Case I SE-S74, Case III SE-S85, Case V SE-S87) under seepage erosion failure conditions, 
using Mikawa silica sand No. 7 and 8 in the levee body and No. 4, 5, and 7 in the foundation and three overtopping ero-
sion cases (Case II OE-S74, Case IV OE-S85, Case VI OE-S87) under overtopping erosion failure conditions, using same 
materials. The focus was on the impact of hydraulic conductivity differences between the levee and foundation materials 
on erosion resistance. SE-S74 and SE-S85, with high hydraulic conductivity ratios, demonstrated rapid phreatic line move-
ment and significant erosion, including complete downstream slope failure and 30 to 35 percent crest erosion. In contrast, 
SE-S87, with a lower hydraulic conductivity ratio, showed no erosion, highlighting the importance of material compatibility. 
The overtopping erosion cases revealed that the time to erosion initiation and complete erosion increased with decreasing 
hydraulic conductivity differences, with all cases exhibiting a similar external progressive erosion pattern due to finer levee 
materials. Higher hydraulic gradients and conductivities result in faster seepage and greater erosion potential, which can lead 
to structural failures like downstream slope collapse or crest breaches. This study underscores the critical role of optimizing 
hydraulic conductivity ratios to enhance levee resilience, providing practical insights for improving levee design against 
seepage and overtopping erosion.

Keywords Levee resilience · Levee erosion · Material compatibility · Seepage erosion overtopping erosion · Phreatic line 
dynamics · Hydraulic conductivity

1 Introduction

Levees are essential for protecting communities from 
floods, at the same time their failure can lead to severe 
consequences. As global flooding risks rise due to climate 
change and urbanization, levees face increasing pressure to 
withstand extreme conditions (Starosolszky 1994; O’Dell 

et al. 2021; National Academy of Sciences 2013; Sayers 
et al. 2015; Igarashi and Tanaka 2020a, b). It is crucial to 
understand that while levees are designed to protect against 
floods, their failure has the potential to intensify flooding 
issues, highlighting the importance of their resilience in 
safeguarding communities and minimizing the impacts of 
natural disasters. (Yen 1995; Tanaka 2009; Kundzewicz 
et al. 2013; Heine and Pinter 2012; Tanaka et al. 2012; Olson 
et al. 2015).

Levees can fail due to overtopping and seepage, causing 
erosion that may breach the levee and cause considerable 
damage to nearby flood plains. Levee breaches are a global 
issue that can cause severe flooding and damage to com-
munities. For instance, in 2005, Hurricane Katrina caused 
catastrophic levee failures in Greater New Orleans, leading 
to widespread flooding and loss of life (Sills et al. 2008; 
Newberry 2010). In 2011, the Mississippi River experienced 
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a record-breaking flood that caused several levee breaches, 
resulting in considerable damage to homes, businesses, and 
infrastructure (Van Heerden 2007). In Pakistan, during the 
2010 flood, the most devastating breach occurred at Tori 
Levee on the right bank of the Indus River, downstream of 
the Guddu Barrage, which caused residual floods in north-
ern Sindh and the adjoining regions of the Balochistan 
province (Naeem et al. 2021). In Japan, major cities often 
extend into areas situated below the designated high-water 
levels. When a levee breaches, it leads to severe flooding. 
Therefore, effective levee management becomes a serious 
aspect of flood control activities in the country (Nagasaka 
et al. 2012; Fujita and Hamaguchi 2012). Levee breaches 
pose a significant challenge in protecting communities from 
flooding and examples from Japan highlight the gravity of 
this issue, often intensified by seepage or infiltration from 
the foundation. Japan, with its complex network of rivers 
and susceptibility to typhoons, has faced several instances 
of levee breaches that underscore the vulnerabilities associ-
ated with flood defenses (Lin et al. 2020; Kawata 2008). One 
example is the 2018 flooding in Hiroshima, where intense 
rainfall led to seepage-related breaches in the levees along 
the Oda River. The penetration of water through the levee 
foundations highlighted the limitations in addressing seep-
age, emphasizing the need for improved foundation designs 
(Igarashi and Tanaka 2020a, b; Yoshida et al. 2019). The 
Yabe River levee failed during the 2012 North Kyushu rains 
due to piping from the foundation (Yoshikawa and Kodaka 
2017). This underlined the importance of addressing seep-
age at the foundation level to prevent disastrous breaches.

These examples not only highlight the immediate chal-
lenges posed by levee breaches but also emphasize the ongo-
ing issues related to seepage and infiltration from founda-
tions. Understanding and mitigating these challenges is 
important in strengthening levee systems against the com-
plexities of extreme weather events, ensuring the resilience 
of flood defenses in vulnerable regions (Patel et al. 2024). 
Erosion dynamics refers to the complex interaction among 
water flow, sediment transport, and the materials comprising 
a levee (Gross et al. 2010; Chen et al. 2011). Understanding 
these processes is crucial for strengthening levee resilience. 
When a levee is breached, water erodes the soil, leading to 
structural weakening and compromising the overall integrity 
of the levee (Ogura and Tanaka 2019; Özer et al. 2019; Ali 
and Tanaka 2023). Therefore, a comprehensive study of ero-
sion processes is essential for developing effective strategies 
to strengthen levee performance.

Numerous studies have significantly contributed valuable 
insights into the resilience and erosion dynamics of levees 
(Tanaka 2009; Tanaka et al. 2012; Ali and Tanaka 2023). Wan 
and Fell (2004a, c) examined the factors influencing soil ero-
sion rates in embankment dams, providing insights into the 
erosion processes and implications for dam safety and design. 

Briaud et al. (2008) used an Erosion Function Apparatus 
(EFA) to study the erosion of various soil types, categoriz-
ing them based on factors such as compaction level, erosion 
rate, water velocity, and hydraulic shear stress. Xu and Zhang 
(2009) demonstrated that besides soil type, compaction level 
significantly influences erosion resistance, with higher com-
paction enhancing resistance, especially for fine soils. Ferrari 
et al. (2020) proposed a methodology focusing on numerically 
simulated flooding scenarios resulting from levee failures. The 
study investigated model selection, grid resolution, hydrologi-
cal conditions, and breach parameters, shedding light on the 
vulnerability of different levee materials through various sce-
narios. Another study by Igigabel et al. (2021) underscored 
the importance of methodological developments in enhanc-
ing the resilience of levee systems. These works collectively 
contribute to the broader understanding of levee dynamics, 
offering insights into improving their resilience and effective-
ness against the challenges posed by floods.

Overtopping and seepage are complicated processes influ-
encing levee stability and are subjects of ongoing investiga-
tion which are highlighted by important studies like those by 
Ali and Tanaka (2023). While these studies have improved 
our understanding of hydraulic conductivity differences 
between levee foundation and levee materials, a limitation 
arises from changing both components at the same time. 
Recognizing this challenge drives current research and 
deepens our insights. Therefore, the current study seeks to 
overcome this challenge by intentionally varying the levee 
body and foundation materials independently. This deliber-
ate approach allows for a detailed exploration of how each 
component influences levee erosion dynamics. Among 
the difficulties of infiltration and seepage interactions, this 
research aims to contribute to the field of levee engineering 
by improving the understanding of material compatibility 
which promotes enhanced stability and resilience. Specific 
goals of the current study include investigating the erosion 
behavior of diverse levee materials under varying hydrau-
lic conditions. It also assessed how material properties, 
including permeability, cohesion, and shear strength, influ-
enced the susceptibility to erosion. Additionally, it proposes 
informed strategies for enhancing levee resilience, empha-
sizing the importance of thoughtful material selection and 
design modifications. This comprehensive approach aims 
to provide valuable insights that contribute to the broader 
understanding of levee behavior and inform practices for 
constructing more resilient flood protection systems.

2  Materials and Experimental Setup

The experiments were conducted at Saitama University in 
Japan using a 6.5 m long, 0.5 m wide, and 1.2 m deep open 
channel flume equipped with one transparent glass side as 
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shown in Fig. 1a. The embankment model within the flume 
was constructed to a scale that simulates real-world con-
ditions, and the levee had a geometric scale ratio of 1:20, 
where the dimensions of the model levee corresponded to 
an average height of 5 m for a real levee in Japan.

2.1  Flume and Levee Geometry

The flume was 6.5 m long, 0.5 m wide, and 1.2 m deep. 
The levee models constructed within the flume were 0.4 m 
high with a crest width of 0.25 m and side slopes of 1 V:1H 
schematic in Fig. 1b, c.

2.2  Hydraulic Conditions and Experimental 
Instruments

Flume experiments were conducted to aim at simulating 
medium flood or low tsunami conditions. The overtop-
ping depth on the levees was maintained at 0.02 m, corre-
sponding to 0.4 m in the scaled test specimen (1/20 scale). 
Overtopping depths were recorded around 0.3–0.6 m at the 
Kinugawa River in Joso City Japan in 2015 (Morrill-Winter 
et al. 2017; Nagumo et al. 2016) and at the Tokigawa River 
(Saitama Prefecture) during Typhoon Hagibis in 2019 (Iga-
rashi and Tanaka 2022). This scaling ensured similarity in 
the Froude number, crucial for accurately representing real-
world hydraulic conditions. To ensure controlled and con-
sistent conditions during the seepage experiments, a stable 
water depth of 0.225 (m) on the upstream side of the levee 
was carefully maintained. This precise level was achieved 

by firmly closing the discharge control valve and the experi-
ments were facilitated with the water pump operating con-
tinuously for approximately two hours. A steady discharge 
rate of 2.27 ×  10−3  (m3/s) was maintained throughout the 
experiments. This rate provided about 0.02 m of overtopping 
depth on the crest during the three overtopping experimental 
conditions, contributing to the controlled flow conditions 
essential for the study.

2.3  Experimental Cases

During this study, six distinct experimental cases were con-
ducted as shown in Fig. 1b, c, and detailed in Table 1. The 
experiments were designed to systematically investigate the 
impact of varying levee and foundation materials on levee 
erosion resistance. Specifically, the levee material varied 
between finer Mikawa silica sand No. 7 (MSS7) and No. 8 
(MSS8), while the foundation material was varied among 
coarser Mikawa silica sand No. 4 (MSS4), No. 5 (MSS5), 
and No. 7 (MSS7). The experimental cases were organ-
ized as follows: Case I and Case II: The levee material was 
MSS7, and the foundation material was MSS4. Case III and 
Case IV: The levee material was MSS8, and the founda-
tion material was MSS5. Case V and Case VI: The levee 
material was MSS8, and the foundation material was MSS7. 
The specific characteristics of these materials are detailed in 
Table 2. This systematic variation allowed for a comprehen-
sive analysis of how different material combinations influ-
ence erosion dynamics under both seepage and overtopping 
conditions.

Fig. 1  Illustration of experimen-
tal configuration: a Side view of 
the flume with the levee model; 
b Cross-section of the levee 
model during seepage erosion 
tests; c Cross-section of the 
levee model during overtopping 
erosion tests (adapted from Ali 
and Tanaka 2023)
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2.4  Soil Sample Analysis

The embankment and foundation were created by com-
pacting Mikawa silica sands (Mikawa Silica Co., Ltd.) 
with median grain sizes as shown in Fig. 2a. The optimum 

moisture content for the different sands is listed in Table 2 as 
determined by Ali and Tanaka (2023). The embankment and 
foundation were compacted to 82% to 85% of the maximum 
dry density using a hammer, with each 5 cm layer receiving 
6 blows, achieving the desired compaction. To ensure the 

Table 1  Seepage and 
overtopping erosion 
experimental tests

Note: Case I SE-S74 Seepage erosion failure condition with Mikawa Silica Sand (MSS) No. 7 sand in 
levee body and No. 4 sand in levee foundation Case IV OE-S85 Overtopping Erosion failure condition with 
MSS8 in levee body and MSS5 sand in foundation IO-E7-F5 infiltration and overflow condition with levee 
body MSS7 and foundation MSS5 in previous study by Ali and Tanaka 2023

Experimental Cases Levee body
(MSS)

Levee Foundation 
(Mikawa silica sand)

Failure condition

Case I SE-S74 Sand No.7(MSS7) Sand No.4(MSS4) Seepage Erosion (SE)
Case II OE-S74 MSS7 MSS4 Overtopping Erosion (OE)
Case III SE-S85 MSS8 MSS5 Seepage erosion (SE)
Case IV OE-S85 MSS8 MSS5 Overtopping Erosion (OE)
Case V SE-S87 MSS8 MSS7 Seepage Erosion (SE)
Case VI OE-S87 MSS8 MSS7 Overtopping Erosion (OE)
IO-E7-F5
Ali and Tanaka (2023)

MSS7 MSS5 Infiltration + overflow (IO)

IO-E8-F4
Ali and Tanaka (2023)

MSS8 MSS4 Infiltration + overflow (IO)

Table 2  Material properties used in seepage and overtopping erosion tests

Note: d50 (mm) median grain size

Mikawa silica sand d50
mm

Uniformity 
coefficient
(Cu)

Degree of com-
paction
Dc (%)

Optimum mois-
ture content
(OMC)%

Porosity (λ)
%

Dry Density 
(ρd)
g/cm3

Hydraulic 
conductiv-
ity
K (m/s)

No.4
(MSS4)

0.875 1.423 82 to 85 8 45.06 1.295 1.6 ×  10−3

No.5
(MSS5)

0.475 1.545 82 to 85 11 44.62 1.323 3.2 ×  10−4

No.7
(MSS7)

0.16 1.7 82 to 85 13.5 44.07 1.355 2.6 ×  10−5

No.8
(MSS8)

0.095 1.8 82 to 85 14 43.73 1.400 5.5 ×  10−6

Fig. 2  Levee model soil and 
preparation: a Sieve analysis 
for Mikawa silica sands used 
for embankment preparation 
b Soil compaction methods 
and optimum moisture content 
sampling
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structural integrity of the levee models, soil samples were 
collected from specific locations on both the downstream 
and upstream slopes as depicted in Fig. 2b. These samples 
underwent comprehensive analyses for key parameters like 
compaction degree, dry density, water content, hydraulic 
conductivity, mean grain size, and optimum water content 
as listed in Table 2. By following this methodology, the 
complex relationship between material properties and levee 
erosion resistance was aimed to be understood, contributing 
to this critical field of research.

2.5  Monitoring and Data Collection

During the seepage erosion experiments, which lasted for 
over two hours, and the overtopping erosion experiments, 
which lasted only for two minutes, visual inspection, video 
recording, and high-speed camera techniques were used to 
monitor both the levee and water surface configurations.

2.6  Data Analysis

The data collected from the visual inspections, video record-
ings, and high-speed camera footage were analyzed to iden-
tify erosion patterns, rates, and progression stages. The 
analysis focused on comparing the erosion dynamics across 
different material combinations and experimental condi-
tions, providing insights into the factors influencing levee 
erosion resistance.

3  Results

3.1  Findings of seepage erosion cases

3.1.1  Erosion Dynamics in Seepage Erosion Case I SE‑S74

The erosion dynamics were characterized by the follow-
ing various stages in seepage erosion Case I SE-S74, 
which used MSS7 for the levee body and MSS4 for the 
foundation.

I. Initiation (0–2 min)

Water appeared at the downstream toe two minutes 
earlier than the upstream water level reached 0.225 m 
as shown in Fig. 3a, indicating the onset of the erosion 
process.

II. Early Erosion (2–10 min)

The beginning of slip failures and the formation of 
cracks were observed within the first five minutes. Approx-
imately 60% of the downstream slope experienced failure 
within the first 10 min as shown in Fig. 3b–d. The ero-
sion process exhibited rapid progression during this initial 
phase.

Fig. 3  Seepage erosion process 
in Case I SE-S74; observa-
tions from top and side views 
at various time intervals (m for 
minutes, s for seconds)
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III. Intermediate Erosion (10–20 min)

The erosion process continued at a significant pace, with 
100% of the downstream slope failing by the 20 min mark 
as shown in Fig. 3e. Failures extended progressively towards 
the crest during this phase.

IV. Continued Erosion (20–90 min)

After the initial 20 min, the erosion slowed down and pro-
gressed at a slower rate. About 30% of the crest had eroded 
by the 90 min mark as shown in Fig. 3f–h.

V. Stabilization (Beyond 90 min)

Beyond the 90 min mark, the progression of erosion 
began to slow down significantly. Further propagation of 
failure or erosion became limited. The system reached a state 
of relative stability, with no major changes observed after 
this point.

3.1.2  Erosion Dynamics in Seepage Erosion Case III SE‑S85

In this section, a detailed analysis of the erosion dynam-
ics observed in Seepage erosion Case III SE-S85 has been 
listed, where the levee body was MSS8, and the foundation 
was MSS5. The erosion process exhibits distinctive patterns 
as shown below.

I. Initiation (5 min)

In this experimental case, water began to appear at the 
downstream toe, indicating the onset of the erosion process, 
approximately 5 min after the upstream water level reached 
0.225 (m) as shown in Fig. 4a.

II. Early Erosion (0–20 min)

During the first 20 min, the erosion process demonstrated 
slow progression. Approximately 15% of the downstream 
slope experienced failure during this initial phase. The ini-
tial signs of erosion included the development of cracks and 
localized slip failures indicated in Fig. 4b, c.

III. Intermediate Erosion (20–60 min)

Between the 20 – 60 min mark, the erosion process inten-
sified significantly. By the 60 min mark, approximately 100% 
of the downstream slope had eroded. Failures extended fur-
ther towards the crest during this phase, indicating the sub-
stantial extent of the failure can be seen in Fig. 4d, e.

IV. Continued Erosion (60–150 min)

The erosion process continued beyond the initial 60 min 
but at a notably slower rate. By the 150 min mark, a maxi-
mum of 35% of the downstream slope had experienced 

Fig. 4  Seepage erosion process 
in Case III SE-S85; observa-
tions from top and side views 
at various time intervals (m for 
minutes, s for seconds)
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failure as indicated in Fig. 4f–h. The progression of erosion 
slowed down significantly during this phase.

V. Stabilization (Beyond 150 min)

Beyond the 150 min mark, no further significant failures 
or changes in erosion dynamics were observed. The levee 
system reached a state of relative stability, with no major 
alterations in the erosion process.

3.1.3  Erosion Dynamics in Seepage Erosion Case V SE‑S87

In seepage erosion Case V SE-S87, which used MSS8 for 
the levee body and MSS7 for the foundation, the results were 
markedly different as shown in Fig. 5a, b.

Initiation to Stabilization:

No erosion or appearance of water at the downstream 
toe was observed even after 2 h. This case demonstrated 
exceptional resistance to seepage erosion, indicating excel-
lent material compatibility and significantly lower hydraulic 

conductivity differences between the levee and foundation 
material.

3.2  Phreatic Line Dynamics in Seepage Erosion 
Cases

Understanding the behavior of the phreatic (saturation) line 
is crucial for analyzing the stability and erosion resistance 
of levees under seepage conditions. This section discusses 
the movement of the phreatic line at two critical times: ini-
tially, when the upstream water level reaches 0.225 m, and 
subsequently, after approximately one hour. The dynamics 
are compared across three experimental cases as shown in 
Fig. 6a–f. The red line showing the phreatic line above this 
line is saturated soil and below is unsaturated.

Case I SE-S74

In Case I SE-S74, where the hydraulic conductivity 
ratio (kE/kF) between the levee and foundation materi-
als is approximately 60, the movement of the phreatic 
line is rapid due to the high hydraulic conductivity of 

Fig. 5  Seepage erosion process 
in Case V SE-S87; observa-
tions from a side view at 30 and 
120 min

(a) (b)

30 minutes 120 minutes

(a) Case I SE-S74 (b) Case III SE-S85 (c) Case V SE-S87

(d) Case I SE-S74 (e) Case III SE-S85 (f) Case V SE-S87

Fig. 6  Phreatic line progression in seepage erosion experiments (a), (b), and (c) when the water level is at 0.225 m upstream (d), (e), and (f) 
after about one hour
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the foundation material and the significant difference 
in material properties as shown in Fig. 6a, d. When the 
upstream water level reaches 0.225 m, the phreatic line 
quickly rises above the downstream toe, even before the 
water fully reaches the set level. This rapid ascent is indic-
ative of quick saturation and a substantial risk of failure. 
Indeed, early erosion is observed with 60% downstream 
slope failure within the first 10 min, progressing to 100% 
downstream slope failure and 15% crest erosion within 
20 min. This demonstrates the immediate impact of a high 
hydraulic conductivity foundation on erosion dynamics.

Case III SE-S85

Case III SE-S85 also has a high hydraulic conductiv-
ity ratio of 60. The phreatic line here also shows rapid 
movement due to the high permeability of the foundation 
material as shown in Fig. 6b, e. At the initial stage, as the 
water reaches 0.225 m, the saturation line ascends quickly, 
causing early signs of instability. By the 5 min mark, water 
appears at the downstream toe, and significant erosion is 
observed with complete downstream slope failure and 35% 
crest erosion occurring within the first 60 min. The rapid 
rise and high phreatic line underscore the vulnerability 
of the levee to erosion when there is a large disparity in 
hydraulic conductivity between the levee and foundation 
materials.

Case V SE-S87

In stark contrast, Case V SE-S87 demonstrates a slower 
movement of the phreatic line as shown in Fig. 6c, f. With 
a hydraulic conductivity ratio of 8, which is significantly 
lower than in SE-S74 and SE-S85, the difference in mate-
rial properties is minimized. When the water level reaches 
0.225 m, the phreatic line rises much more gradually. Even 
after one hour, the phreatic line remains well below the 
downstream toe, reflecting a much slower saturation pro-
cess. This controlled ascent contributes to the stability 
observed in SE-S87, where no erosion occurs, highlighting 

the importance of optimizing material compatibility to 
enhance levee resilience.

3.3  Overtopping Erosion Cases

Overtopping erosion experiments conducted in Cases II 
OE-S74, IV OE-S85, and VI OE-S87 shed light on the cru-
cial role of levee materials in levee stability. The overtopping 
erosion cases consistently showed that a smaller difference 
in hydraulic conductivity between materials delays erosion 
initiation, emphasizing the role of material properties in 
controlling erosion rates as shown in Fig. 7a, b. When a 
levee is made with MSS8 there is a delay in levee erosion in 
the case of OE-S87. This underscores the significant threat 
that overtopping poses to levee integrity. In cases where the 
levee crest is fixed, such as with a pavement, the erosion 
dynamics would differ, with the substrate material playing 
a critical role in determining the depth of the scour hole 
and the collapse process of the levee body. However, in this 
study, the crest was not fixed, so the embankment mate-
rial significantly influenced the erosion patterns observed. 
All cases displayed a consistent erosion pattern, with exter-
nal progressive surface erosion starting on the downstream 
slope, and extending to the levee crest, and upstream slope. 
Ebrahimi et al. (2024) conducted a numerical investigation 
into the hydraulic mechanisms during embankment dam 
overtopping, finding that the process typically involves ini-
tial overtopping, surface erosion, headcut formation and pro-
gression, and eventual breach development. Experimental 
results during the current study observed initial overtopping 
at the downstream face followed by crest headcut migration, 
were consistent with these findings. These findings suggest 
that during overtopping events, the levee material properties, 
rather than the foundation material, hold a greater influence 
on determining the rate and pattern of erosion.

To mitigate the risks associated with overtopping, levee 
design should prioritize selecting levee materials with 
superior erosion resistance. This could involve utilizing 
finer materials along with clay content or exploring options 
specifically engineered for enhanced erosion resistance. 

Fig. 7  Surface profiles of Levee 
at different time intervals a 
For overtopping erosion Case 
II OE-S74, b For Overtopping 
erosion Case VI OE-S87
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By understanding the interplay between overtopping ero-
sion and levee materials, we can design more resilient levee 
systems capable of withstanding the destructive forces of 
overtopping events.

4  Discussion

4.1  Interpretation of Findings

This study investigates the erosion dynamics of earthen lev-
ees through three seepage erosion cases and three overtop-
ping erosion cases, comparing SE-S74 and SE-S85 with a 
previous study by Ali and Tanaka (2023). The experimental 
design varied foundation materials while keeping the levee 
material constant, and vice versa, allowing a systematic 
analysis of each material’s impact on levee erosion. This 
approach provides a comprehensive understanding of the 
factors influencing erosion resistance.

4.1.1  Keeping Levee material constant varying foundation 
material (SE‑S74 vs. IO‑E7‑F5 and IO‑E8‑F4 vs. SE‑S85)

The discussion is initiated by comparing Seepage erosion 
Case I SE-S74 and IO-E7-F5, maintaining a constant levee 

material while varying the foundation material. In Seep-
age erosion Case I SE-S74 (Table 1), the observed erosion 
dynamics were quite pronounced. The outcome revealed 
that 100% of the downstream slope experienced failure, 
and there was notable erosion on the crest, accounting for 
approximately 30% of its total extent as shown in Figs. 8a 
and 9a. The erosion process in SE-S74 exhibited a series 
of distinct stages and eventually stabilized after 90 min.

On the other hand, IO-E7-F5 featuring the same MSS7 
levee material but MSS5 foundation material, demon-
strated a remarkably different erosion response. Notably, 
only 65% of the downstream slope failed, there were no 
instances of crest failure observed in this case extent as 
shown in Figs. 8b and 9b.

On the other hand, a rapid and extensive erosion pro-
cess was observed in Seepage erosion case IO-E8-F4. 
Remarkably, within the initial 60 min, 100% of the down-
stream slope failed, and there was substantial crest erosion, 
accounting for 70% of the total crest extent as indicated 
in Figs. 10a and 11a. In contrast, SE-S85 displayed a dis-
tinct erosion pattern. It reached a stabilization point after 
150 min, with 100% downstream slope failure and approxi-
mately 35% crest erosion as shown in Figs. 10b and 11b. 
However, despite sharing the foundation material with 
IO-E7-F5, SE-S85 did not match the erosion resistance 
exhibited by IO-E7-F5.

Fig. 8  Surface profiles of Levee 
at different time intervals a For 
Seepage erosion Case I SE-S74, 
b For Seepage erosion Case IO-
E7-F5 (Ali and Tanaka 2023)
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4.1.2  Keeping Foundation material constant varying Levee 
material (IO‑E7‑F5 vs. SE‑S85)

Drawing further comparisons, the Seepage erosion case 
IO-E7-F5 was compared with SE-S85 of which founda-
tion material MSS5 was the same while varying the levee 
material. Exceptional erosion resistance was consistently 
observed in Seepage erosion case IO-E7-F5. It displayed 
only 65% downstream slope failure, with no crest failures 
observed, despite a subtle difference in fineness between 
its levee material and that of SE-S85. On the other hand, 
SE-S85 reached a stabilization point after 150 min, experi-
encing 100% downstream slope failure and approximately 
35% crest erosion. The impressive performance of IO-E7-F5 
can be attributed to a delicate balance between material 
properties and the hydraulic conductivity ratios. Although 
both cases used the same foundation material, the levee 
material in IO-E7-F5 was a better fit. It effectively countered 
erosion, surpassing the erosion resistance of SE-S85, despite 
having a finer material in the levee body.

4.2  Seepage Erosion Insights

The seepage erosion cases in our study demonstrate the 
critical influence of foundation material on levee stability. 
Case I SE-S74, using MSS4 for the foundation, resulted in 
complete downstream slope failure (100%) and 30% crest 

erosion. Conversely, Case IO-E7-F5, with MSS5 for the 
foundation (hydraulic conductivity difference about 50 times 
lower), exhibited significantly less erosion (65% downstream 
slope failure and no crest erosion). These observations align 
with Wan and Fell (2004a, 2004c), who noted that higher 
hydraulic conductivity in foundation materials accelerates 
seepage and erosion processes.Similarly, Case III SE-S85 
showed severe erosion with complete downstream slope 
failure (100%) and 35% crest erosion, paralleling Case IO-
E8-F4. Both cases highlight the need to minimize hydrau-
lic conductivity disparities between levee and foundation 
materials for improved erosion resistance. Case V SE-S87, 
which exhibited no erosion even after 120 min, underscores 
the importance of optimizing hydraulic conductivity ratios. 
The minimal difference in hydraulic conductivity between 
the levee and foundation materials in SE-S87 (approximately 
four times lower than in SE-S75) significantly enhanced 
erosion resistance, supporting the conclusions of Jia et al. 
(2022) and Van Beek et al. (2010).

4.3  Theoretical Analysis of Seepage Erosion 
Dynamics

The phenomenon of seepage erosion in levees is a critical 
aspect of hydraulic engineering, involving complex interac-
tions between water flow and soil properties. When water 
infiltrates a levee structure due to hydraulic gradients, it 

Fig. 10  Surface profiles of 
Levee at different time intervals 
a For Seepage erosion case IO-
E8-F4 (Ali and Tanaka 2023), 
b For Seepage erosion Case III 
SE-S85
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permeates through the soil, exerting forces that can lead to 
internal erosion and structural instability.

In theoretical analysis, the hydraulic gradient (i) plays a 
pivotal role as it dictates the rate of water flow through the 
soil. This gradient, coupled with the hydraulic conductivity 
(k) of the soil, determines the seepage velocity (v), which 
describes how quickly water moves within the levee struc-
ture. As water seeps through, it applies shear stress (τ) on 
the soil particles. This shear stress, when surpassing a criti-
cal threshold (τc) causes soil particles to detach and erode.

The erodibility of the soil, often quantified by the erod-
ibility coefficient (kd), influences the erosion rate. Finer soils 
have lower critical shear stresses and higher erosion rates 
compared to coarser soils with higher shear stress thresh-
olds. This understanding is crucial for predicting where ero-
sion might initiate and how quickly it could progress within 
the levee structure.

4.3.1  Key Theoretical Insights

4.3.1.1 Hydraulic Gradient and  Seepage Velocity The 
hydraulic gradient (i) equation (Eq. 1) and hydraulic con-
ductivity (k) of the soil determine the seepage velocity (v) 
equation (Eq. 2), which influences the rate at which water 
moves through the levee. Higher gradients and conduc-
tivities lead to faster seepage and greater erosion potential 
(Bear 2013) as listed in Table 3.

Δh = Difference in hydraulic head.
L = Length of the seepage path

(1)i = Δh∕L

k = Hydraulic conductivity (m/s).

4.3.1.2 Shear Stress and Erosion Shear stress (τ) equation 
(Eq.  3) exerted by seeping water on soil particles causes 
erosion when it surpasses the critical shear stress (τc) 
(Knighton 2014). The erodibility coefficient (kd) quantifies 
this process, with finer soils being more prone to erosion 
(Hanson and Simon 2001).

ρ = Density of water.
g = Acceleration due to gravity.
R = Hydraulic radius.
Ie = Slope of the energy grade line.

4.3.1.3 Erosion Rate The erosion rate (E) equation (Eq. 4) 
depends on the difference between shear stress and critical 
shear stress. Higher differences result in increased erosion 
rates, particularly in soils with high hydraulic conductiv-
ity. (Auerswald et al.2014; Briaud et al.1999; Wan and Fell 
2004a, 2004b).

E = Erosion rate (mass per unit area per unit time).
kd = Erodibility coefficient.
τ = Applied shear stress.
τc = Critical shear stress.
Experimental observations validate these theoretical 

insights as summarized in Table 3. Cases where there are 

(2)v = k ⋅ i

(3)� = � ⋅ g ⋅ R ⋅ Ie

(4)E = kd
(

� − �c

)

Table 3  Theoretical Analysis Summary

Experimental Case Seepage velocity
(v) m/s

Erosion Rate
(E) g/cm2/s

Theoretical Observations Experimental Observations

SE-S74 8 ×  10-4 7.2 ×  10-4 Higher hydraulic conductivity caused 
faster seepage, higher erosion, and 
significant failure

Complete downstream slope failure, 30% 
levee crest failure

SE-S85 1.63 ×  10-3 8.12 ×  10-4 MSS8 and MSS5 combination caused 
increased erosion and significant 
failure

Complete downstream slope failure, 35% 
levee crest failure

IO-E8-F4
Ali and Tanaka (2023)

8 ×  10-4 7.2 ×  10-4 The contrast in hydraulic conductiv-
ity between MSS8 and MSS4 caused 
severe erosion, especially at the crest, 
due to MSS4’s higher permeability 
accelerating seepage

Complete downstream slope failure, 70% 
levee crest failure

IO-E7-F5
Ali and Tanaka (2023

1.63 ×  10-3 8.12 ×  10-4 The erosion rate was significant but 
less erosion due to less difference in 
hydraulic conductivity ratio delaying 
infiltration

65% downstream slope failure, no levee 
crest failure

SE-S87 1.3 ×  10-5 9.05 ×  10-5 The similar hydraulic conductivities of 
MSS8 and MSS7 resulted in balanced 
seepage, preventing significant erosion

No failure observed
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significant differences in hydraulic conductivity between the 
levee body and the foundation soil tend to experience more 
severe erosion. For instance, combinations, where the foun-
dation soil has higher hydraulic conductivity, lead to faster 
seepage and increased erosion rates, resulting in structural 
failures such as downstream slope collapse or levee crest 
breaches. Seepage erosion in levees is a dynamic process 
influenced by hydraulic gradients, soil properties, and ero-
sion mechanics.

4.4  Phreatic Line Dynamics and Erosion Resistance

The study of phreatic line dynamics during seepage erosion 
experiments highlights the significant impact of hydraulic 
conductivity ratios between levee and foundation materi-
als on levee stability. High hydraulic conductivity ratios, 
as seen in SE-S74 and SE-S85, resulted in rapid phreatic 
line movement, severe erosion, early water appearance at 
the downstream toe, and substantial slope and crest failures. 
Conversely, SE-S87, characterized by a lower hydraulic con-
ductivity ratio, exhibited slower phreatic line movement, 
maintaining stability with no erosion observed. These find-
ings underscore the importance of minimizing differences 
in hydraulic conductivity to enhance erosion resistance and 
overall levee resilience, providing valuable insights for opti-
mizing material compatibility in levee design.

4.5  Overtopping Erosion Insights

The overtopping erosion experiments demonstrated con-
sistent erosion patterns despite varying foundation mate-
rials (MSS4, MSS5, and MSS7). This finding aligns with 
the work of Fell and Fry (2007), who discussed the critical 

influence of material compatibility on erosion processes. 
Each case exhibited rapid erosion initiation on the down-
stream slope leading to crest and upstream slope failures 
within 1 to 1.5 min, indicating that levee material properties 
influence overtopping erosion behavior like the observations 
made by Islam and Tsujimoto (2015) and Coleman et al. 
(2002) on overtopping levee breach failures in earth dams 
and levees.

The findings suggest that under overtopping conditions, 
the levee materials (MSS7 and MSS8) make them more sus-
ceptible to rapid surface erosion. This consistent erosion pat-
tern across different foundation materials implies that, while 
foundation material properties are important, the primary 
focus should be on selecting erosion-resistant levee materials 
to withstand overtopping forces.

4.6  Implications for Levee Design

The findings of this study hold significant implications for 
designing resilient levee systems, emphasizing the critical 
role of material compatibility between levee and foundation 
materials. The summary of experimental results has been 
listed in Table 4, exemplified by cases like IO-E7-F5 and 
SE-S87 with minimal downstream slope failure and no fail-
ure, underscoring the benefits of matching grain size and 
fineness. This aspect is further underscored by real-world 
examples. For instance, the catastrophic levee failures during 
Hurricane Katrina in New Orleans (Sills et al. 2008; New-
berry 2010) and the Tori Levee breach during the 2010 Paki-
stan floods (Naeem et al. 2021) illustrate how mismatches in 
material properties can lead to severe consequences. Simi-
larly, in Japan, the 2018 flooding in Hiroshima and the Yabe 
River levee failure during the 2012 North Kyushu rains due 

Table 4  Summary of all experimental cases of seepage erosion tests

Note:  kE/kF (Ratio of Hydraulic conductivity of levee body to foundation material, min = Minutes

Experimental Cases SE-S74 IO-E7-F5
Ali and Tanaka (2023)

IO-E8-F4
Ali and Tanaka (2023)

SE-S85 SE-S87

kE/kF 60 12 300 60 8
Initiation
(Water appears)

–2 min 0 s 10 min 0 s 0 min 5 s 5 min 0 s Nil

Early erosion (0–10) minutes
60% D/s slope

(0–20) minutes
30% D/s slope

(0–10) minutes
A big shear crack 25% D/s slope

(0–20) minutes
10% D/s slope

Nil

Intermediate Erosion (10–20) minutes
100% D/s slope
15% crest

(20–70) minutes
55% D/s slope

(10–20) minutes
100% D/s slope
Crest 15%

(20–60) minutes
100% D/s slope

Nil

Continued Erosion (20–90) minutes (70–90) minutes 20 min (60–90) minutes Nil
Stabilization (relative stability) After 90 min After 90 min After 90 min After 150 min Stable
D/S slope failure time 20 min

Rapid Failure
No d/s slope failure 20 min

Rapid Failure
60 min
Slower Failure

Nil

percentage of D/s slope erosion 100% 65% 100% 100% Nil
percentage of crest erosion 30% 0% 70% 35% Nil
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to piping from the foundation (Yoshikawa and Kodaka 2017) 
highlighted the vulnerabilities of levees due to seepage and 
infiltration issues. Other notable failures include the levee 
of the Ombrone Pistoiese River in Italy induced by seep-
age during the 2009 flood event (Michelazzo et al.2018), 
the Attabad Lake landslide dam in Pakistan 2010 due to 
piping and subsequent erosion (Gardezi et al.2021) and the 
Riotoro landslide dam in Costa Rica (Schuster and High-
land (2001) further demonstrating the impact of erosion 
and slope instability. These incidents highlight how differ-
ences in material properties can lead to catastrophic failures. 
Scaling considerations in our flume experiments aimed to 
simulate real-world conditions, ensuring applicability by 
maintaining similarity in hydraulic conditions. Numerical 
simulations are recommended for generalizing optimal levee 
and substrate material conditions. This integrated approach 
enhances understanding and guides future research toward 
more resilient levee designs.

5  Conclusion

This study comprehensively investigated the erosion dynam-
ics of earthen levees under both seepage and overtopping 
failure conditions using various combinations of foundation 
and levee materials. Key findings from the six experimental 
cases reveal the critical influence of material compatibility 
on levee stability and erosion resistance.

• Case I SE-S74 and Case III SE-S85 demonstrated sig-
nificant erosion, with 100% downstream slope failure 
and 30% and 35% crest erosion, respectively. The high 
hydraulic conductivity ratio between the foundation and 
levee materials (kE/kF ≈ 60) influenced to rapid phreatic 
line movement and accelerated erosion.

• In contrast, Case V SE-S87, which featured a lower 
hydraulic conductivity ratio (kE/kF ≈ 8), showed no signs 
of erosion, highlighting the importance of minimizing 
hydraulic conductivity differences to enhance erosion 
resistance.

• Overtopping erosion cases experienced rapid external 
progressive erosion on the downstream slope within 1 
to 1.5 min, despite differences in foundation materials. 
The results indicate that a smaller difference in hydraulic 
conductivity between the levee and foundation materials 
delays erosion, highlighting the considerable influence 
of material properties on erosion rates. The consistent 
behavior observed across these cases emphasizes the 
dominant role of levee material in controlling overtop-
ping erosion.

• The experimental and theoretical analysis of seepage 
erosion in levee structures demonstrates that the ero-
sion rate (E) is significantly influenced by the hydraulic 

conductivity of the foundation soil. Cases with coarser 
foundation materials (MSS4) exhibited higher erosion 
rates, leading to more severe structural failures, includ-
ing complete downstream slope failures and notable crest 
failures. Conversely, cases with finer foundation materi-
als (MSS7) showed lower erosion rates, resulting in less 
severe or no structural failures. This correlation under-
scores the importance of selecting foundation materials 
with lower hydraulic conductivity to enhance the stability 
and resilience of levee structures against seepage erosion.

The findings underscore the necessity of carefully select-
ing and optimizing foundation and levee materials to miti-
gate erosion risks. Ensuring material compatibility, particu-
larly by reducing differences in hydraulic conductivity, can 
significantly enhance levee resilience against both seepage 
and overtopping erosion. Future research should further 
explore these relationships to develop even more effective 
strategies for erosion resistance in levee systems.
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