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Abstract: This study examines the effectiveness of parapets in preventing overtopping failures of
small-scale homogeneous reservoir dams under seismic loads. In this study, a parapet covered the
entire width of the dam crest and was designed to ensure its weight is transmitted to the dam crest.
The test included four modes: initial mode, first seepage, seismic, and second seepage. The results
show that without parapets the crack length and width expand significantly in the dam crest during
the seismic mode, and the effect was large in the second seepage mode. The crack depth increased
by 11.3–24 times during the seismic mode and expanded up to 73.3% of the dam height in the
longitudinal direction along the axis of the crack formed in the dam crest during the second seepage
mode. These findings suggest that the earthquake weakened the dam body, making it vulnerable
to penetration. In contrast, the parapet structure effectively suppressed most of the tensile cracks
by increasing the constraint force. Additionally, no crack expansion or tearing occurred during the
second seepage mode post-earthquake, indicating improved seismic performance and suppression of
seepage deformation.

Keywords: homogeneous reservoir dam; parapet; seepage behavior; seismic performance; disaster
prevention

1. Introduction

Localized torrential rains owing to climate change have caused extreme flooding
and resulted in overtopping-induced embankment failure worldwide for the past several
years [1,2]. The increasing frequency, duration, and intensity of natural disasters has
heightened the importance of future disaster risk management in the community [3–5].
In 2020, 41 deaths and damage to 1057 hydraulic facilities were reported in Korea due
to torrential rainfall between 24 June and 16 August, the longest such period in history.
Additionally, 22 small-scale reservoir dams collapsed during this period [6,7]. Most of
the reservoirs that failed were fill-type embankments (H ≤ 15 m) built over 50 years ago,
with their failure caused by overtopping. Figure 1 shows the relationship between the
August rainfall and reservoir failure in Korea between 2010 and 2020. Rainfall in 2020
(657 mm), which caused the failure of small reservoir dams, was the highest during the
2010–2020 period. Although rainfall in 2002 (688 mm) and 2003 (684.2 mm) was higher
than that in 2020, only one to two reservoir failures were reported. However, by 2020,
85.6% of reservoirs aged above 50 years had collapsed, with earth-fill dams accounting
for 99.8% of all reservoirs [8], implying that overtopping was not the only trigger for dam
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failure. Table 1 shows the causes of reservoir dam failures for the 2010–2020 period, with
most failures attributed to torrential rainfall. Some failures were also caused by piping
defects due to aging conduits. Although determining the exact cause of dam failure is
difficult, it is evident that the failures occurred in dams over 50 years old, potentially
because of construction and maintenance issues linked to the prevalence of homogeneous
reservoir dams built under poor social conditions during the Japanese colonial period
and the Korean War (1930–1970) [9]. Most small reservoirs constructed during this time
lacked proper flood protection and control measures or maintenance, increasing the risk of
dam failure today. In addition, overflow accounted for the highest failure rate (35.9%) in
fill-dam-failure statistics [10], with such failures often attributed to unfavorable physical
soil conditions, including compacted soil, soil moisture, and clay content. These conditions
can lead to flooding as water levels rise uncontrollably due to soil erosion or structural
defects [11,12]. These findings suggest that preventing flooding in old reservoirs, which
continue to increase every year, is difficult when torrential rains exceed the designed
flood level.
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Figure 1. Relationship between rainfall and reservoir failure (Korea).

Table 1. Causes of failure of reservoir dams during 2010–2020.

Years
Number of

Failures

Cause of Embankment Failure

Dam Type Cause Note

2010.8 2 Homogeneous-type Torrential rain -

2011.8 1 Homogeneous-type Torrential rain -

2012.8 1 Homogeneous-type Torrential rain -

2012.8 2 Core-type Torrential rain -

2013.4 1 Homogeneous-type Deterioration Conduit defect

2013.7 2 Core-type Torrential rain -

2014.8 1 Homogeneous-type Torrential rain -

2014.9 1 Homogeneous-type Torrential rain -

2014.9 1 Core-type Deterioration Conduit defect

2016.10 2 Zoned fill-type Torrential rain -

2018.7 1 Homogeneous-type Torrential rain -

2019.10 3 Zoned fill-type Torrential rain -

2020.7 1 Homogeneous-type Deterioration Conduit defect

2020.8 3 Homogeneous-type Torrential rain -

2020.8 13 Core-type Torrential rain -

2020.8 5 Zoned fill-type Torrential rain -

Total 40 -
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Given the above background information, the present study evaluates the effectiveness
of dam reinforcement and flood prevention by constructing a parapet structure on the dam
crest. Although a few parapet-designed reservoir dams exist, most of them are concrete
or rock-fill dams. An example of an earthen dam, such as the one studied here, is the San
Luis Dam in California, USA; its dam parapet wall is made of reinforced concrete and is
14 feet high and 4 feet wide. In some cases, parapets are designed only in certain sections of
the dam crest along the upstream slope [13], whereas in this study, the parapet covers the
entire width of the dam crest and is designed to ensure that its own weight is transmitted
to the dam crest.

The anticipated structural effects of constructing parapets on dam crests include the
following: (a) The trapezoidal shape of dams can provide better water pressure resistance
and load distribution, which helps crack suppression inside the embankment. The weight
of the parapet can also restrain the seepage progression. (b) In Japan, most small-scale earth
dams with sandy soil embankments have suffered damage because of earthquakes; even
a 5.4 magnitude earthquake can cause embankment failure [14]. Parapets can improve
seismic performance by preventing the displacement generated from the dam body. A
centrifugal model test was conducted in this study to investigate this effect. Building full-
scale circular dams can be expensive and time-consuming; however, centrifugal models
can simulate such structures on a smaller scale. By rotating the model, a force similar to
gravity is applied in the central direction, allowing the model to produce a deformation
that approximates a circular shape. Previous studies have used centrifugal models to
evaluate embankment deformation, hydraulic behavior, and reinforcement effects in soft
ground or various ground conditions during earthquakes [15,16]. One closely related
study describes the characteristics of water pressure changes during an earthquake in
a fill dam [17]. While the existing literature provides valuable suggestions for future
experimental directions, it typically relies on single-shot experiments that do not link
seepage and seismic behavior. In the context of centrifugal model experiments for hydraulic
facilities, continuously considering the infiltration problem applied to the embankment can
closely simulate field conditions.

This study is novel because it focuses on linking seepage and seismic experiments to
provide a more comprehensive understanding of potential issues that may arise in reservoir
dams. Furthermore, the effectiveness of the parapet on the dam crest is evaluated.

2. Materials and Methods
2.1. Centrifugal Model Test

A centrifugal model test was conducted to match the stress state due to the material
weight in a 1/N scale model (hm) made of the same material and density as the prototype
(hp). By introducing a centrifugal force equivalent to NG (G: gravitational acceleration,
9.8 m/s2) in the model, a gravitational field becomes N times stronger than that of the
Earth’s gravity, thus enabling a direct comparison of the stresses in the model and the
prototype. To obtain the same stress state of the prototype and model, the following
relationship applies:

hm/hp = 1/N (1)

Table 2 lists the similarity law applied to the centrifugal model test [18]. The centrifugal
model test device used in the experiment was an accelerator with a rotational radius of
1.5 m; the dimensions of the model container, called the “rigid box”, were 45 × 45 × 30 cm.

2.2. Scenario Setting

Reservoir dams are vulnerable to changes in water levels during construction and
maintenance. Therefore, simple experiments are required that can provide realistic con-
ditions to accurately simulate potential hazards such as heavy rainfall or earthquakes.
Initially, the dam model is in a state where no load or pressure is applied, and experiments
must be conducted to bring the material closer to saturation. The flood level is applied
to the upstream water level under the assumption that the embankment saturation state
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is reached when the pore water pressure in the downstream embankment zone increases.
Based on the initial model, the study confirms the hydraulic behavior in the first infiltration
mode, stress behavior during seismic motion, and state changes in the dam model during
the second infiltration mode after the earthquake in each mode. The study comprises four
processes, with each experimental mode classified as either with or without parapet, as
shown in Figure 2.

Table 2. Similarity law in the centrifugal model test.

Properties Prototype Scaling Factor Properties Prototype Scaling Factor

Density 1 1 Mass 1 1/N2
Length 1 1/N Force 1 1/N2

Displacement 1 1/N Stress 1 1
Velocity 1 1 Strain 1 1

Centrifuge acceleration 1 N Time (static) 1 1/N2
Seismic velocity 1 N Time (dynamic) 1 1/N
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Figure 2. Scenario setting.

2.3. Modeling and Experimental Conditions

The reservoir dam prototype was a homogeneous small-scale reservoir with a height
of 6 m, dam crest width of 4 m, and slopes of 1:1.2 and 1:1.3 on the downstream and up-
stream sides, respectively. Figure 3 shows the design conditions applied to the model dam
construction. A silicon mat (thickness: approximately 2 cm) was installed at the boundary
between the model dam and foundation to ensure seepage only within the embankment.
The foundation was 15 cm deep, comprising hard sand with over 95% compaction. Ac-
celerometers and three water pressure gauges were used to measure seepage and seismic
behavior. Additionally, three small pumps were used to circulate water and maintain the
upstream water level during the experiment. The small pump was designed to pass water
only through a wire mesh to prevent failure due to soil mixing. The parapet was made of
cement with dimensions of 30 × 20 × 200 mm (height × width × depth) and a weight of
2.07 kg. The upstream water level was applied to the viscous fluid. For 100% saturated
soils, the physical properties of the soil, such as strength and stiffness, are not affected by
viscous fluids [19].

In the centrifugal model test, instantaneous failure may occur owing to comparatively
fast seepage flow caused by massive gravitational acceleration. Consequently, the viscous
fluid was designed to have the same viscosity (50 G) as that of the scale factor of the
model. For monitoring equipment, an action camera was placed in front of the model
to observe cracks caused by the weight of the parapet structure and deformation of the
dam. Additionally, DIPP-Motion V image analysis software was used to numerically track
the deformation of the model dam after centrifugal loading [20]. For image analysis, a
marker was assigned to the model image captured by the camera and used to calculate the
deformation displacement before and after the experiment by tracking the RGB value of
a specified pixel. Displacement can be measured and described in both longitudinal and
transverse directions.
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2.4. Construction Materials

Weathered granite, predominantly sandy soil, has often been used as construction
material for embankments, contingent on the construction environment. Depending on the
degree of rock weathering, the distribution of components such as sand, silt, and gravel,
can exhibit a wide range of properties and may have low stability compared to other
soil types [21]. In this experiment, weathered granite soil was selected, considering that
small-scale earth dams constructed in the past had abundant sandy soil [14]. Figure 4
shows the grain size distribution of the weathered granite soils. In the laboratory test,
weathered granite soil exhibited horizontal permeability (kh) of 7.45 × 10−6 m/s and a
specific gravity (Gs) of 2.65. The maximum dry unit weight (
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) was 1.89 (t/m3) and the
optimum water-content ratio (wopt) at this time was 7.5%. Generally, weathered granite
soil has a permeability in the range of 10−4 m/s (sandy soils) to 10−6 m/s (silty soils) [22];
thus, the coefficient of permeability measured in the laboratory is considered suitable
as a construction material. However, it should be noted that differences in materials
and construction methods used may result in potential variability between the strength
calculated using laboratory tests and field tests [23]. This variability suggests possible
limitations in evaluating the stability of the dam body with a reduced model.
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As this study aimed to investigate the effect of seepage and seismic behavior on
the reservoir dam condition, the calculation of the dam safety factor is not included.
Therefore, in this experiment, the mechanical parameters of dam building materials, such
as material strength, modulus of elasticity, tensile strength, and compressive strength, were
not considered while calculating the safety factor for reservoir dams or parapet structures.
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2.5. Input Seismic Motion

Korea is located on the Eurasian Plate, and earthquakes of magnitude (M) 3 or higher
have been recorded since digital measurement began in 1978. According to the earthquake
classification, M 4.1–5.0 (9%), M 5.1 or greater (2%), and M 3.1–4.0 (88%) have been recorded
to date [24]. The maximum possible earthquake on the Korean Peninsula is estimated to
be M 6.5. However, unlike newly constructed dams, small aging earth dams may be
vulnerable to infiltration and earthquakes due to poor construction environments. The
construction materials of old reservoir dams in Korea have problems such as high sand
content, high slope angle (about 1:1.5), and no seismic design. In Japan, old small earth
dams with high sand content have been damaged and collapsed in an M 5.4 earthquake,
suggesting that an M 6.5 earthquake could be too strong for identifying seepage and stress
behavior in small old reservoir dams. Therefore, to avoid exaggerated test results, this
experiment determined an acceleration of 1.1 m/s2 (approximately 0.1 g) based on the
collapse history of a small-scale earth dam that experienced M 5.4 (0.1 g) acceleration in
Japan [14]. Figure 5 illustrates the input seismic motion used in this study. It is crucial
to select the right earthquake motion records that minimize variables in the test results
due to the scale model of the earth dam to obtain accurate test results [25,26]. A sine
wave was used to monitor the behavior of the small earth dam at a specific frequency in a
basic experiment. Although sine waves produce more severe conditions in terms of the
number of load cycles, they enable effective monitoring of the structure’s behavior, which
is useful for comparing the effects of different seismic motion types on the behavior of
structures and soils. During the experiment, 50 G was applied for 0.4 s. The scale of the
prototype is 20 s. The sine wave’s amplification gradually increased and remained constant
at maximum acceleration for a period before gradually decreasing. This gradual increase
in amplitude prevented abrupt changes in the load that may create shock or impact and
affect the structure or sensors used for measurement. Gradually increasing load allows
the structure and instrumentation to adjust to the changes in a more controlled manner,
enabling a more accurate measurement of the response.
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3. Results and Discussion
3.1. Deformation Shape and Displacement

Considering overtopping failure is related to the embankment state, deformation was
observed inside the embankment zone along the parapet and dam crest. Figures 6 and 7
show the conditions without and with a parapet, respectively. In Figure 6a, only the
upstream flood water level (h = 11 cm) is set as the initial condition of the model dam;
Figure 6b illustrates the condition in which only seepage is applied under 50 G; Figure 6c
depicts the condition in which an earthquake with an acceleration of 1.0 (m/s) is applied
after penetration; Figure 6d shows the condition of seepage after the earthquake.
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Figure 6. EMB model deformation: (a) initial mode, (b) 1st seepage mode, (c) seismic mode, and
(d) 2nd seepage mode (unit: mm).
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Figure 7. Parapet model deformation: (a) initial mode, (b) 1st seepage mode, (c) seismic mode, and
(d) 2nd seepage mode (unit: mm).

In the EMB model, as with the first seepage mode, a deformation of 3 mm depth was
evident in the downstream dam crest, indicating vulnerability at the top of the downstream
slope. In the seismic mode, a settlement of 8–13 mm occurred from the center of the dam
crest to the top of the downstream slope, indicating the widening of the vulnerable area
formed in the first seepage mode. As the top of the downstream slope was located at
the narrow cross-sectional area, it may have been vulnerable to hydraulic pressure or
seismic stress. In the second seepage mode, it extended to 73.3% of the embankment height,
i.e., the depth from the dam crest (32 mm), along the crack axis formed in the seismic mode.
Additionally, a crack depth of approximately 20 mm was observed in the center of the
downstream slope. These findings suggest that after an earthquake, the dam body may
experience accelerated durability degradation, leading to conditions in which cracks can
easily expand, which could significantly threaten the stability of earth dams if left without
any maintenance.

The first seepage mode in the parapet model was similar to that in the EMB model,
as a slight deformation of 3–4 mm depth was evident at the top of the downstream slope.
However, deformation was not observed in seismic mode, indicating a large difference
from the EMB model. These results suggest that the parapet’s weight acted on the dam
crest and suppressed the deformation. Additionally, no other cracks or deformations were
observed in the second seepage mode; therefore, it is believed that the effect of parapet
weight also suppressed penetration. The deformation results suggest that the top of the
downstream slope is vulnerable to pore water pressure and earthquakes. The displacement
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of the model dam, presented in Figure 8, was computed using DIPP-Motion V image
analysis software. Displacement calculations were performed for Section A (downstream
slope), B (dam crest), and C (upstream slope), as shown in the figure, with the maximum
displacement values for each section listed in Table 3.
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Figure 8. Displacement comparison in the EMB model and parapet model: (a) 1st seepage mode,
(b) seismic mode, and (c) 2nd seepage mode.

Table 3. Maximum value of displacement extracted from Section A, B, C (unit: mm).

Location Dam Crest (Section B) Upstream (Section A) Downstream (Section C)

Mode EMB Parapet EMB Parapet EMB Parapet
1st seepage mode 2–6 1–3 11–14 1–3 1–3 1–4

Seismic mode 8–15 2–5 11–14 1–3 2–5 2–5
2nd seepage mode 12–20 5–9 11–14 1–3 2–5 4–7

The upstream slope of the EMB model experienced a settlement of 11–14 mm, which
remained constant until the seismic and second seepage modes. In contrast, the parapet
model exhibited minimal displacement in all modes, probably due to the weight of the
structure slowing down the seepage rate. During the seismic mode, the dam crest of the
EMB model experienced a rapid increase in settlement resulting in a displacement more
than twice that of the first seepage mode. This displacement continued to increase after the
earthquake, indicating the significant effect of earthquakes on the hydraulic deformation of
the dam. During the experiment, the downstream slope swelled slightly in the transverse
direction; however, the displacement due to earthquakes or pore water pressure was
relatively small in all modes.

In contrast, the parapet model exhibited a relatively stable tendency with a gentle
increase in displacement in all modes. Interestingly, no lateral displacement occurred
due to the slip phenomenon, despite no measures being implemented to prevent slip
between the parapet and the dam crest because the parapet designed in this study had a
structural shape that made it difficult for displacement to occur. Additionally, as a constant
weight was applied to the entire width of the dam crest, the dam crest damage through the
lateral movement of the parapet was difficult. This finding suggests that parapet load was
distributed across the entire area of the dam crest, helping suppress lateral displacement.

3.2. Dam Crest Cracks

The deformation and displacement results of the model indicate that a vulnerable
section developed in the dam crest. Figures 9 and 10 show the dam-crest cracks in the
EMB and parapet models, respectively. The EMB model exhibited long lateral cracks in
the primary seepage mode, adjacent to the upstream dam crest. In the seismic mode,
cracks developed along the lateral axis, appearing similar to the cracks caused by actual
earthquakes in earth dams [27,28]. There was no change in the crack shape in the second
seepage mode compared to the seismic mode, although a widening and deepening was
evident. Additionally, the crack shapes increased in the downstream direction, implying
that the deformation caused by the pore water pressure inside the dam acted in the direction
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of the dam crest. Consequently, further discussion is required regarding the effect of
continuous hydraulic deformation on the inner stability of the dam after an earthquake.
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In the parapet model, the parapet was removed to confirm the effect of the parapet
in detail, and the dam crest crack shape was observed. In the dam crest, no cracking was
observed for all scenarios used in this study. Clearly, the parapet (W: 2.07 kg) improved the
seismic performance by increasing the constraint force of the dam crest, even at a weight
level of approximately 18% of the model dam (W: 11.2 kg).

Figure 11 illustrates the length, width, and depth of the cracks, with crack size calcu-
lated based on the first seepage mode. The crack length generated in the first seepage mode
increased by 2.1–2.4 times in the seismic mode. In the second seepage mode, the expan-
sion of the crack length was insignificant as it increased by approximately 1.1 times. The
crack width generated in the first seepage mode increased by 5.0–8.0 times in the seismic
mode. In the second seepage mode, the expansion of the crack width was insignificant as
it increased by about 1.2 times. The crack length and crack width results showed that the
earthquake rather than the hydraulic pressure affected dam crest cracks. In contrast, crack
depth showed a different pattern compared to crack length and width. The crack depth
increased continuously after the earthquake, ranging from 11.3 to 24 times in the seismic
mode and 22.5 to 48.0 times in the second seepage mode, enlarging the deformation caused
by the pore water pressure in the embankment.
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Figure 11. Dam crest crack size: (a) crack length, (b) crack depth, and (c) crack width. IM: initial
mode; FSM: 1st seepage mode; EM: seismic mode; SSM: 2nd seepage mode.

The following conditions can be inferred from the shape and size of the cracks on the
dam crest:

1. In the case of cracks remaining at the dam crest, large-scale tensile cracks can be
caused by loading in the crack direction during an earthquake.
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2. The increase in crack depth after the earthquake indicates that the deformation contin-
ues owing to the pore water pressure in the embankment, suggesting that stabilization
measures and management of embankments after an earthquake are necessary.

In the parapet model, after removing the parapet, the condition of the dam crest was
inspected under the first seepage mode, seismic mode, and second seepage mode. Unlike
the EMB model, no tearing or crack expansion was observed in the dam crest; therefore, no
crack size was recorded.

The parapet model results show that, even if seepage continues after an earthquake,
the embankment stabilizes in the long term owing to the pressing effect.

3.3. Pore-Water-Pressure Variation

The results of the deformation, displacement, and crack depth of the body and the
dam crests show that the pore water pressure after an earthquake is critical for stability.
Consequently, a comparison was conducted for pore-water-pressure changes in the em-
bankment before and after the earthquake. In particular, the pore water pressure from
reaching 50 G in each mode to the point at which 50 G ended (15 min) was compared for
the EMB and parapet models. Figure 12 illustrates the comparison results for the pore
water pressure between the EMB and parapet models.
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Figure 12. Comparison of pore water pressure between the EMB and parapet models: (a) 1st seepage
mode and (b) 2nd seepage mode.

In this comparison, the pore water pressure of the upstream side (P4) of the first
seepage mode was the same. However, in the EMB model, the pore water pressure at the
center of the embankment (P3) and the downstream side (P2) was relatively lower, whereas
the slope end (P1) was relatively higher. This result is attributed to the relatively lower
pore water pressure at P3 and P2 as the EMB model infiltrated to the end of the slope in the
first seepage mode.

The increase in P1 indicates that seepage water in the embankment rapidly reached
the slope end. In the parapet model, P1 showed a remarkably low pore water pressure,
indicating that the seepage rate at the end of the slope was relatively slow during the same
time, with the infiltration progress inhibited by the parapet’s weight.

In the second seepage mode, both the EMB and parapet models exhibited pore-water-
pressure change patterns similar to the first seepage mode for P4, P3, P2, and P1. However,
the pore-water-pressure levels increased for all, compared to the first seepage mode. Thus,
it can be considered that the pore water pressure measured in the first seepage mode
increased after the earthquake, in which the dam body changed to a more porous condition.
The only difference between the first and second seepage modes was the change in pore
water pressure for P4. In the second seepage mode, P4 of the EMB model showed a
relatively lower pore water pressure than that of the parapet model. This result suggests
that infiltration in the embankment progressed rapidly in the EMB model, despite the
increase in pore water pressure in both the EMB model and the parapet model.

In contrast, in the parapet model, P4 and P3 showed an increase in pore water pressure
of 6–8 kPa compared to the first seepage mode, whereas P2 and P1 showed an increase of
2–3 kPa, with the change in pore water pressure considered insignificant. As a result, the
parapet model was found to have a suppressing effect on seepage flow in the dam body
after an earthquake. The slope end is an area where the self-weight of the embankment is
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relatively small due to the trapezoidal shape of the embankment, making it a structurally
vulnerable area for erosion. As the parapet induces low pore water pressure at the end of
the slope, it provides a reinforcing effect in terms of disaster prevention.

4. Conclusions

This study aimed to assess the effectiveness of a parapet in preventing overtopping of a
small reservoir dam. A centrifugal model test with a 50 G acceleration was used to examine
two models: the EMB model and the parapet model. The state change of the reservoir dam
was analyzed in four modes: initial, first seepage, seismic, and second seepage. The study
found that even minor cracks in the dam crest can lead to significant damage under seismic
load, with the cracks increasing in length, width, and depth. The pore water pressure after
the earthquake was also found to be higher than that of existing reservoir dams, leaving
them vulnerable to deformation. However, introducing a parapet suppressed the cracks
and deformation of the dam crest, which improved the seismic performance of the dam
body and delayed seepage flow. The parapet’s pressing effect increased the constraint force
of the dam crest, which stabilized the reservoir dam and improved its disaster preparedness
capabilities because the parapet with a certain weight was designed to press the entire area
of the dam ridge with its own weight, unlike general parapets only designed at the end of
the dam ridge. Nonetheless, the study was conducted only for M 5.4 earthquakes; therefore,
higher-intensity seismic behavior still needs to be confirmed through more experiments.
Furthermore, it would be worth exploring the penetration and deformation inhibition
based on the quantitative weight change of the parapet that covers the dam crest.
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