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Abstract: Establishing a geotechnical rationale for an embankment overflow is challenging. The
occurrence of embankment overflow is deemed unlikely since the initial highest water level of the
embankment is assumed to be fixed as a designed flood water level or a seasonal flood-limited
water level when calculating the rainfall amount in the hydrological stability analysis. However,
the possibility of overtopping can be assessed by employing copula functions. This approach takes
into account the return frequency of overflow and the fluctuation of probable water levels due to
climate change rather than relying on the fixed highest water levels of an embankment. This study
examined the effect of tensile cracks leading to the shallow failure of embankment slopes during
drawdown and placed an emphasis on the vulnerability of embankment slopes due to extreme
rainfall events. Throughout the comprehensive numerical simulations, it was found that the critical
period for embankment slope collapse was immediately after drawdown for the upstream slope and
during the initial stages of overflow for the downstream slope.

Keywords: embankment risk analysis; hydrological analysis; overtopping; drawdown; tension crack;
slope stability

1. Introduction

Geotechnical structures, such as embankments and dams, provide numerous benefits
to society. However, in recent years, floods resulting from dam failures have caused
numerous disasters. The unexpected collapse of these structures, designed to store and
discharge water, has caused significant damage and loss of life. Notable examples of dam
collapses include the Vaiont Dam collapse in Italy (1963) [1], the Johnstown dam collapse
in Pennsylvania, United States (1889) [2], the Machhu II Dam collapse in India (1974) [3],
the Lake Delhi Dam collapse in the United States (2010) [4], and the Saddle Dam collapse
in Laos (2019) [5]. Tragically, each of these incidents resulted in more than 2000 fatalities.
Investigation into the causes of these collapses indicated that overtopping embankments or
dams due to heavy rainfall, exceeding the designed capacity, was a primary factor. Research
on the causes of dam collapses worldwide has revealed that 34% of these incidents were
caused by overtopping due to insufficient spillway capacity, 30% by foundation defects, and
28% by piping and seepage [6]. Recognizing the potential risks posed by climate change,
the International Committee on Large Dams (ICOLD) has emphasized the urgent need to
develop monitoring and prediction technologies to safeguard dams. Table 1 summarizes
the causes of dam collapses identified by researchers.
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Table 1. Causes of dam collapses.

Causes Middlebrooks
(1953) [7]

Gruner
(1967) [8]

Takase
(1967) [9]

Babb and Mermel
(1968) [10]

Biswas and Chatterjee
(1971) [11]

USCOLD
(1975) [12]

Overtopping 30 23 28 36 35 38
Piping and

seepage 38 40 44 30 25 44

Foundation
defects 15 2 10 15 - 9

Others 17 35 18 19 40 9

Overtopping poses significant risks, leading to potential landslides in concrete gravity
dams and total or partial failures in earth or rockfill dams. The primary causes of overtop-
ping are attributed to a lack of hydrological data and errors in hydrological design. Recent
cases in Korea exemplify the consequences of overtopping caused by extreme water level
fluctuations due to changes in rainfall patterns. The collapse of the San-Dae Reservoir in
Gyeong Ju City, Gyeong-buk Province in 2013 can largely be attributed to the ageing of
the reservoir and a decrease in its functionality [13]. These factors significantly altered
its storage capacity. Similarly, the Cho-San Reservoir faced significant challenges during
maintenance works to raise the embankment height. A heavy rainfall event with a recorded
rainfall of over 300 mm ultimately led to the collapse of a 20 m retaining wall. The collapse
of the Geo-Yeon reservoir dam in Yeongcheon City, Gyeong-buk Province, in 2014 was
primarily caused by heavy rainfall [14]. This catastrophic event was exacerbated by the fact
that the dam had deteriorated over a span of more than 70 years, ultimately leading to its
collapse when inundated (Figure 1).
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Figure 1. Dam collapses due to localized heavy rains in South Korea: (a) San-Dae reservoir;
(b) Geo-Yeon reservoir.

Various factors contribute to an embankment collapse, including unexpected and
flash floods due to the impact of climate change, as well as insufficient dam freeboard,
resulting in significant damages to downstream areas of the embankment. Therefore,
various hydraulic and hydrological variables contributing to the embankment collapse are
being determined and incorporated into the risk analysis [15–18]. However, a limitation
arises during the risk analyses due to the assumption that the initial water level is set as
either an ordinary high water level or a seasonal flood-limited water level. This assumption
hampers the effectiveness of risk modeling, especially when dealing with unexpected and
localized heavy rainfall events [19].

This study addressed the hydrological instability of embankment slopes by employing
copula functions to model the initial water levels of an embankment based on historical
rainfall characteristics. In addition, the analysis incorporated an instability assessment
of unsaturated slopes subjected to rainwater infiltration and overtopping. While the
instability of embankment slopes is typically associated with rapid drawdown, this study
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focused on the stability analysis for embankments that have recently experienced failures
under extreme rainfall events, considering the possibility of overtopping. In addition,
shallow failures of embankment slopes were also investigated with the incorporation of
tension cracks.

2. Hydrological Analysis of Embankment Slope
2.1. Initial Water Levels of an Embankment Using Copula Functions

First, the stability of the embankment or dam slope was hydrologically examined
to determine the probability of overtopping. An initial water level of the embankment
was calculated, which is a major uncertainty variable in the hydrological analysis, us-
ing the copula function. This function was based on the statistical relationship between
the antecedent rainfall and past data on the water levels, offering an effective means
for understanding variable dependency, particularly when examining the distribution
between variables. The copula function was first introduced by Sklar (1959) [20]. This
study evaluated the occurrence of unexpected overtopping. For the given probability
variables X and Y, the marginal cumulative distribution functions FX(x) and FY(y) exist
for the multivariate cumulative distribution function FX,Y(x, y). If these marginal cumula-
tive distribution functions are independent of each other, a copula function C also exists.
Here, the marginal cumulative distribution functions FX(x) and FY(y) are determined by
the probability distribution functions of the probability variables X and Y. The copula
function defines the multivariate cumulative distribution function of the marginal cumu-
lative distribution functions FX(x) and FY(y), as shown in Equation (1). In this equation,
x represents the antecedent rainfall and y corresponds to the dam water level, correspond-
ing to the observed x.

FX,Y(x, y) = C[FX(x), FY(y)] (1)

In this study, the initial fluctuating water level was determined using the copula
function that considers the relationship between the antecedent rainfall and dam water
levels. Table 2 presents the multivariate probability distribution equations of the commonly
known copula functions, which mainly use two variables which were applied to all three
copula functions to check whether overflow occurred with consideration of the initial fluc-
tuation of water level. Table 3 lists the maximum, minimum, and average rainfall amounts
calculated from the 48-h maximum rainfall data collected at 12 rainfall observatories near
dams to perform probability rainfall modeling for overtopping. Table 3 also includes the
standard deviations and constants required for the probability rainfall analysis.

Table 2. Bivariate copula functions used in the analysis (Nelsen, 2006 [21]).

Name Bivariate Copula Function Cθ(u,v)

Gaussian CG(u1, . . . , un; ∑) = ∂
∂u CG(u1, . . . , un; ∑) = 1

|∑|
1
2

exp
(
− 1

2 yT
(−1

∑ −I
)

y
)

Gumbel exp(−((−log(u))θ +
(
−log(v))θ)

1
θ

)
Student-t C(u; v, ∑) =

Γ((v+d)/2)[Γ(v/2)]d−1

[Γ((v+1)/2]
1
2

[
d
∏
i=1

(1 + yi
2/v)

v+1
2 ](1 + yT∑−1 y

v)−
v+d

2

Figure 2 shows the results of modeling the water levels based on the observed an-
tecedent rainfall and water level data using the three copula functions, as presented in
Table 2. With the consideration of the fluctuation of the water level, the Gumbel function
consistently revealed the highest probability of overflow occurrence. These findings high-
lighted the effectiveness of the probability distribution for accurately describing conven-
tional rainfall patterns and water level characteristics. A risk analysis was then performed
using the modeled water level results as the initial fluctuating water level. As a result, this
approach enabled a highly reliable dam risk analysis by considering the fluctuations in the
initial water levels.
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Table 3. Annual maximum rainfall for 48 h in 12 stations for the rainfall probability analysis.

Station Mean
(mm)

Stan. Dev.
(mm) Skewness Kurtosis Minimum

(mm)
Maximum

(mm)

1 177.94 86.63 0.73 2.96 44.00 403.00
2 196.76 109.97 1.05 3.31 46.50 492.00
3 180.46 98.29 1.16 3.90 55.00 464.30
4 182.69 85.38 1.02 3.45 50.50 409.00
5 186.84 91.03 0.91 2.83 82.00 408.00
6 177.59 92.19 1.50 6.25 44.90 529.00
7 190.15 86.50 1.39 6.59 57.00 534.00
8 190.65 83.04 0.85 3.05 74.20 427.00
9 194.82 86.42 1.28 4.39 91.00 470.00

10 187.80 90.31 1.35 4.51 79.00 475.00
11 184.06 83.76 1.05 4.06 63.50 450.70
12 185.21 92.21 0.73 2.53 66.50 402.00
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2.2. Overtopping Probability

In South Korea, the hydrological stability of the embankment typically involves three
essential steps. First, probability rainfall amounts are estimated for rainfall observatories
in the drainage basin, and these estimates are converted to real rainfall amounts. Second,
a rainfall–runoff analysis is performed, considering the estimated areal rainfall amounts and
drainage basin characteristic factors. Finally, the runoff from the rainfall–runoff analysis
is used as the dam inflow, and the safety assessment is evaluated. Further details of this
process can be found in the work of Na et al. (2014) [22]. Figure 3 shows a conceptual
diagram of the dam risk analysis process.

However, the risk assessment of dams commonly used in South Korea assumes that
the initial water level is set as either the designed flood water level (i.e., the project water
elevation) or the seasonal flood limit water level that are determined by the size of the dam
and the rainfall frequency, according to regulatory standards. This assumption neglects
the consideration of water levels caused by antecedent rainfall, thereby leading to a lack of
effective representation of the actual circumstances in the simulation. Thus, the possibility
of overflow is excluded because of the design flood level and the seasonal flood limit water
level. For this reason, it is necessary to analyze the stability of the embankment against
overflow with consideration for extreme rainfall due to climate change. In order to evaluate
all these situations, this study aims to analyze the drawdown and overflow conditions
based on the basic design cross-section of soil dams or embankments [23–25].
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Figure 3. Conceptual diagram for the hydrologic dam risk analysis.

Figure 4 illustrates the results of the analysis, assuming that the initial water levels
were the designed flood water levels. The red line in Figure 4 represents the dam crest, and
the simulation was performed 10,000 times. The figures demonstrated that no overtopping
events occurred when the dam operation simulations were based on the design flood
water level, and the annual exceedance probability remained stable even at a 10,000-year
recurrence interval. Figure 5 presents the results of the analysis, assuming the initial water
levels derived from antecedent rainfall using the Gumbel function. It was found that no
overtopping events occurred during the dam operation simulations when considering the
conventional projected flood elevation. However, overtopping events were observed when
considering the water level fluctuations, estimating potential dam overtopping at a design
frequency of approximately 6000 years. The difference between these results was the result
of confirming the stability up to a 10,000-year return period by setting the initial water
level of the dam as the design flood level and the fluctuating water level during the dam
operation simulation. The results emphasized the effectiveness of considering antecedent
rainfall in the simulation.
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3. Geotechnical Analysis of Embankment Slope
3.1. Stability Analysis of a Slope Due to Drawdown

In the previous section, the hydraulic stability of embankment overtopping was
assessed using probable rainfall scenarios to account for extreme rainfall caused by climate
change, enabling a comprehensive examination of potential overtopping occurrences. To
evaluate the geotechnical stability of the embankment due to overtopping, a slope stability
analysis was conducted with the incorporation of the unsaturated soil characteristics and
water infiltration. In the analysis of this study, the numerical simulation was performed,
assuming that the height of the embankment was approx. 10 m. However, similar results
were obtained in the cross-section of a larger scale, so the tendency for stability could be
inferred [24,26]. A seepage analysis with the design flood water level was carried out to
determine the stability of the embankment slope due to drawdown. The factor of safety for
the upstream and downstream slopes was calculated using Bishop’s simple method, and
appropriate countermeasures were proposed if the values were below the factor of safety
listed in Table 4.

Table 4. Factor of safety standard for the reinforcement of the embankment.

Unstable Factors Condition of Pore-Water Pressure Factor of Safety

Regardless of tension cracks Regardless of pore-water pressure Above 2.0
With regard to pore-water pressure Above 1.4

With regard to tension cracks Regardless of pore-water pressure Above 1.8
With regard to pore-water pressure Above 1.3

For the slope stability analysis, the soil parameters such as the unit weight, cohesion,
and internal friction angle were selected based on the average values derived from the
literature, which are listed in Table 5. Bishop’s simplified method of slices for circular slip
surfaces was used in the calculation of the factor of safety. For the seepage analysis under
drawdown conditions, the hydraulic soil parameters such as the saturated permeability
and unsaturated permeability function were inferred from the soil water characteristic
curve [27] for each soil layer, as listed in Table 5. In the seepage analysis of unsaturated soil,
the fitting parameters (e.g., a, n, m, of the soil–water characteristic curve (SWCC)) were
determined using the van Genuchten (1980) equation [28]. Figure 6 illustrates the finite
element model on a typical embankment, consisting of a clay core and a drain system. The
bedrock was set as an impermeable layer at the bottom. Since drawdown represents the
most unstable condition for the embankment slope, the factor of safety at the pore-water
distribution in the upstream slope during a 5-h drawdown was thoroughly examined. The
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difference in the safety factor was analyzed by comparing and not considering the tension
cracks on the embankment slopes. Tension cracks are associated with slope failure during
shrinkage due to a rapid drawdown of the water level, which could be modeled in the
analysis [29,30].

Table 5. Physical and hydraulic parameters of the materials.

Soil Type Unit Weight
(kN/m3)

Cohesion
(kN/m2)

Friction
Angle (◦)

Permeability
(m/s)

SWCC
Parameters
a (kPa), n

Sat./Res. WC
(m3/m3)

Fill-up Ground 19 5 30 5 × 10−6 17.54, 3.9 0.38/0.01
Clay core 18 15 15 1 × 10−9 50, 2.06 0.45/0.08

Drain 19 0 32 1 × 10−4 1.5, 2.1 0.3/0.0
Bedrock - - - Impenetrable - -
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Figure 6. Initial condition of an embankment with tension cracks.

The slope inclination for both the upstream and downstream slopes was set to
a standard embankment slope of 1:2 (vertical to horizontal ratio, V:H). A drawdown
scenario was assumed in the simulation, during which the initial water level on the up-
stream slope decreased from a 90% (Figure 6) to a 10% water level (Figure 9) over 5 h. The
pore-water pressure distribution within the embankment at the initial 90% water level is
shown in Figure 7. In comparison, the slope instability of the upstream slope at the initial
90% water level is depicted in Figure 8. As shown in Figure 7, the pore-water pressure
was determined based on the initial water level and drain conditions. Figure 9 shows the
pore-water pressure distribution after the drawdown and revealed that the water tended
to be drained towards the slope side due to the drawdown on the upstream slope. Con-
sequently, the pore-water pressure gradually decreased over time. The results indicated
that the upstream slope exhibited a relatively low risk at the initial 90% water level due
to the existence of the water pressure acting on the slope surface. However, when the
water pressure on the slope surface was absent under the drawdown conditions, the slope
presented a high risk of instability (Figure 10). This was due to the fact that when the water
level on the upstream slope dropped rapidly, the retained pore water within the slope
reduced both the effective stress and soil strength.

A high pore-water pressure was still observed in the upstream slope, even if the
water level rapidly dropped. The rapid dissipation of the pore-water pressure resulted in
a substantial reduction in the effective stress, which played a crucial role in contributing to
slope instability in addition to the absence of the water pressure acting on the slope surface.
The factors of safety under the initial 90% water level and drawdown were 1.959 and 1.083,
respectively. A significant drop in the factor of safety was observed immediately after
the water level drawdown, as shown in Figure 10. To examine the slope instability with
respect to the effective stress variations as the pore-water pressure dissipated, the factor
of safety for the upstream slope was re-assessed one day after the drawdown (Figure 11).
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Despite a greater dissipation of the pore-water pressure compared to Figure 9, as depicted
in Figure 12, the embankment upstream slope still exhibited instability (the factor of safety
was 1.161).
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Figure 7. Pore-water pressure of an embankment under the initial conditions.
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Figure 8. Stability of an embankment before rapid drawdown under the initial conditions
(Fs = 1.959).
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Figure 9. Drawdown of the pore-water pressures of an embankment after 5 h.
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Figure 10. Stability of an embankment with rapid drawdown after 5 h (Fs = 1.083).
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Figure 11. Drawdown of the pore-water pressure of an embankment after one day.
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Figure 12. Stability of an embankment with rapid drawdown after one day (Fs = 1.161).

In general, the analysis assumed that the soils were homogenous, and the most
unstable condition for embankments was considered to be during drawdown. In re-
ality, embankments can experience cracking and deformation as the pore water drains
out. However, since the numerical simulations could not capture these phenomena, this
study focused solely on the slope stability due to water level changes (drawdown) and
tension cracks.

3.2. Stability Analysis of a Slope Due to Drawdown and Tension Cracks

In this section, the safety factor of the embankment slope was calculated with the
incorporation of tension cracks. In most cases, tension cracks represent the primary factor
contributing to the failure of the embankment slope during drawdown events by decreasing
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the shear resistance to slip failure. As a result, the distributions of the pore-water pressure
obtained from the seepage analysis remained consistent whether tensile cracks were present
(Figure 13) or absent (Figure 9) on the slope of the embankment. However, a shallow failure
was observed in the slope, as shown in Figure 14. It was attributed to the presence of
tension cracks after 5 h of drawdown. In this case, the embankment slope exhibited a lower
safety factor compared to the scenarios where no tensile cracks were present.
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Figure 13. Distribution of the pore-water pressures in the embankment with tension cracks (after 5 h
of drawdown).
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Figure 14. Stability of an embankment with drawdown after 5 h (Fs = 0.946).

In general, when an embankment slope that has been submerged for an extended
period is suddenly exposed to sunlight during drawdown, it is prone to the formation of
tensile cracks, significantly elevating the risk of collapse. Figure 15 shows the changes in the
factor of safety for the upstream slope over time after drawdown. The lowest factor of safety
was obtained at 5 h due to a higher pore-water pressure remaining in the embankment
slope, resulting in a significant reduction in the effective stress. However, the factor of
safety tended to recover after 5 h as the pore-water pressure decreased. As observed in the
comparison, the embankment slope during drawdown was vulnerable to failure caused by
tensile cracks. These cracks represent a pivotal factor that can lead to potential collapses,
thereby emphasizing the necessity for a thorough evaluation of the reinforcement measures
during construction.
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3.3. Stability Analysis of a Slope Due to Overtopping

The probable rainfall was estimated at the weather station near the target basin area
to assess the potential for embankment overtopping. Subsequently, a transient simulation
was conducted. Figure 6 depicts the stability analysis of the embankment slope subjected to
overtopping, assuming that the embankment’s hydraulic and mechanical properties were
the same. The most critical condition for the embankment slope was observed when the
water pressure from the water level disappeared. However, it was also essential to assess
the stability of the downstream slope against overtopping caused by prolonged rainfall.

The wetting zone in the downstream slope extended deeper and wider due to pro-
longed rainfall. The water infiltration into the slope caused the unsaturated permeability
function to reach the saturated permeability rapidly. Overtopping was prone to occur due
to heavy rain and extreme fluctuations in the initial water level. As a result, there was
sufficient time and rain to consider the downstream slope as saturated conditions after
overtopping. Similar to the upstream slope, the slope angle was set at 1:2 (V:H). A rainfall
intensity of 20 mm/h (≈ 5.56× 10−6mm/s) was considered in the analysis.

Figure 16 illustrates the distribution of the pore-water pressure in the embankment
slope as the overtopping commenced. In contrast, Figure 17 shows the factor of safety
for the downstream slope under the overtopping conditions. The rainfall made the slope
saturated, resulting in a lower factor of safety below unity. As overtopping progressed, the
pore-water pressure in the saturated downstream slope decreased due to the drainage layer
of the clay core. The reduction in the pore-water pressure increased the effective stresses of
the soil, leading to a partial improvement in the factor of safety for the slope compared to
the initial conditions.
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Figure 16. Pore-water pressure of an embankment under the initial conditions after overtopping.
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Figure 17. Stability of an embankment under the initial conditions after overtopping (Fs = 0.859).

Figure 18 presents the pore-water pressure distribution within the slope after 10 days
of overtopping, while Figure 19 shows the factor of safety of the downstream slope after
the same duration. The results exhibited that the pore-water pressures and factors of
safety were improved, but the slope remained in an unstable condition. To assess the
slope stability over time, Figure 20 illustrates the changes in the factor of safety from
the beginning stage of overtopping to after 10 days. It was found that the downstream
slope experienced its greatest instability at the beginning of overtopping, and it gradually
increased as the pore-water pressure decreased slightly.
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Figure 18. Pore-water pressure of an embankment over 10 d after overtopping.
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4. Conclusions

This study highlighted the importance of estimating the embankment risk through an
evaluation of overtopping rather than relying solely on the fixed water levels. A numer-
ical analysis was conducted to assess the instability of the embankment under different
rainfall scenarios that could lead to embankment overtopping. The key conclusions and
contributions of this study are as follows.

1. The hydrological analyses revealed that utilizing copula functions to account for
the water level fluctuations resulted in a higher probability of overtopping than
a conventional approach that relied on the seasonal flood-limited water level. This
proposed approach can be viewed as a proactive effort for enhancing the stability of
the embankment slope in the face of climate change challenges.

2. During rapid drawdown, the upstream slope of the embankments presented the
highest risk. However, an increased risk was identified in the downstream slope of the
embankments during the initial stages of overflow, which could result in soil erosion
and entrainment due to saturated conditions.

3. Countermeasures against tensile cracks, a critical factor triggering collapses during
drawdown events, should be thoroughly examined. In addition, the approach involv-
ing the initial fluctuation of the water levels plays a crucial role in the potential for
embankment overflow during extreme rainfall events.
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