
Numerical Analysis of Earth Dam Behavior Considering Soil Strength and Water 
Level 

Juik Son, Quadri Olakunle Babatunde, Yoon Geom Heo, and Yong-Hoon Byun* 
Department of Agricultural Civil Engineering, Kyungpook National University, Republic of Korea, yhbyun@knu.ac.kr 

Dong-Ju Kim 
School of Civil, Environmental and Architectural Engineering, Korea University, Republic of Korea 

ABSTRACT: This study investigates the failure behavior of sand-filled earth dams with various internal friction angles under different 
water levels using a two-phase material point method (MPM). Four numerical dam models are developed by varying the internal 
friction angle of the embankment fill material, and displacement distributions are analyzed for water levels of 2 m, 5 m, and 8 m. The 
numerical results show that, regardless of water level, horizontal displacements occur in opposite directions from the center of the dam, 
while vertical displacements show uplift at the toes and settlement within the dam body. At the upstream side, the greatest average 
displacements occur at a water level of 5 m, whereas at the downstream side, both horizontal and vertical displacements increase with 
water level. The difference in displacement between the downstream and upstream sides is greatest at 8 m and minimal at 2 m and 5 
m. Eventually, the displacement distributions obtained from the two-phase MPM may be useful to better understand the stability of 
sand-filled earth dams under various water levels and strength parameters. 
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1 INTRODUCTION 

Earth dams are essential structures for water storage and 
irrigation. The failure of an earth dam can cause enormous 
property damage and loss of life. Therefore, it is important to 
accurately evaluate the stability of embankments. Previous 
studies have assessed the stability of earth dams using 
numerical simulations and physical model tests (Beek et al., 
2010; Salmasi et al., 2020; Rajabian, 2023; Al-janabi et al., 
2024; Kim et al., 2024a). 

Rainfall intensity and dam geometry influence the failure 
behavior of earth dams (Kim et al., 2024b). In addition, 
embankments exhibit different failure patterns depending on 
the water level. In particular, the stability of the embankments 
decreases under extreme water level conditions, such as a full 
reservoir or a very low water level (Yin et al., 2018). The 
stability of earth dams is commonly evaluated using the factor 
of safety obtained through the limit equilibrium method or the 
finite element method (FEM). However, for large deformations, 
these methods cannot analyze post-failure behavior due to the 
distortion of the computational mesh. Moreover, the factor of 
safety does not provide detailed information about the failure 
process of the embankment (Abe et al., 2014; Ceccato et al., 
2021). Alternatively, the material point method (MPM) was 
developed, combining Lagrangian particles and an Eulerian 
mesh to prevent mesh distortion and enable large-deformation 
modeling of history-dependent materials (Sulsky et al., 1994). 

This study explores the behavior of sand-filled earth dams 
with different internal friction angles under various water levels 
using a two-phase MPM. First, the MPM is introduced, and the 
conditions of the simulation model are described. The failure 
behavior under different water levels is then presented, focusing 
on the upstream and downstream slopes. 

2 NUMERICAL ANALYSIS 

2.1 Material point method 

The Lagrangian and Eulerian methods are numerical 
approaches employed in the MPM analysis. In the Lagrangian 
method, the computational mesh moves together with the 
material during the calculation process. This approach is 
advantageous for identifying material boundaries and handling 
history-dependent constitutive models. However, large 

deformations can cause severe mesh distortion. In contrast, the 
Eulerian method keeps the computational mesh fixed in the 
background while the material moves through the mesh. This 
avoids mesh distortion and allows the analysis of large 
deformations but makes it difficult to capture material 
boundaries and interpret history-dependent constitutive models. 

The MPM combines the advantages of both methods by 
discretizing physical quantities, such as mass, velocity, 
position, and stress, into Lagrangian particles, while solving 
momentum equations and spatial derivatives on an Eulerian 
mesh. The results are then interpolated back to the particles 
using shape functions. Based on this information, the positions 
of the material points are updated, and the mesh is reset to its 
original configuration. This procedure is implemented using the 
Anura3D code, which includes single-point-based, one-phase 
and two-phase formulations. The two-phase formulation treats 
saturated soils as a unified set of material points, with pore 
water pressure as an additional variable to represent the coupled 
solid–fluid interactions (Conte et al., 2020). 

 

2.2 Dam modelling 

The geometry of the earth dam was determined based on the 
median dimensions of agricultural earth dams in South Korea. 
The model dam was designed with a height of 10 m, a crest 
width of 3 m, and upstream and downstream slopes with a 
horizontal-to-vertical ratio of 2:1. The geometry of the model 
dam is illustrated in Figure 1, and the material parameters used 
in this study are summarized in Table 1.  

The strength parameters and dry unit weights of the 
embankment material were determined based on the ranges 
suggested in the California Department of Transportation 
Geotechnical Manual (2022). Four cases were considered, and 
three water levels—2, 5, and 8 m—were set. The parameters for 
each numerical case are summarized in Table 2. 

A seepage analysis using FEM was performed to 
determine the initial phreatic line, applying material parameters 
similar to those used in the MPM. The phreatic line obtained 
from the FEM analysis was adopted as the initial pore water 
pressure distribution in the MPM, which was then allowed to 
evolve during the simulation.  
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Figure 1. Earth dam model 

Table 1. Material parameters for dam models 

Parameters Value 

Liquid density [kg/m3] 1,000 

Porosity [-] 0.3 

Liquid bulk modulus [kPa] 80,000 

Liquid dynamic viscosity [kPaꞏs] 1ꞏ10-6 

Intrinsic permeability [m2] 1ꞏ10-10 

Young’s modulus [kPa] 30,000 

Poisson ratio [-] 0.3 

Table 2. Summary of friction angles and unit weights of dam models 

Case Friction angle [°] Dry unit weight [kN/m3] 

1 28 16.0 

2 32 17.7 

3 36 18.8 

4 40 19.6 

 

3 RESULTS 

3.1 Displacement distribution 

The horizontal and vertical displacement distributions during 
the post-failure behavior of a sand-filled dam with an internal 

friction angle of 28° under different water levels are shown in 
Figure 2. Positive horizontal displacement represents 
movement toward the downstream side, while positive vertical 
displacement indicates upward movement. In the horizontal 
direction, the upstream and downstream sides generally move 
left and right, respectively. Vertical displacement shows uplift 
at the toes of both slopes and settlement within the dam body, 
regardless of water level. For water levels of 2 m and 5 m, the 
displacement distributions are largely symmetrical between the 
upstream and downstream slopes. In contrast, at a water level 
of 8 m, the displacement distribution is markedly skewed 
toward the downstream side. 
 

3.2 Water level effect 

3.2.1 Horizontal displacement 

Displacement was evaluated using the average values measured 
within the upstream and downstream regions of the dam. Figure 
3 shows the variation in average horizontal displacement with 
water level. At the upstream side, the average horizontal 
displacement is significantly influenced by changes in water 
level but less influenced by the internal friction angle of the 
sand. For water levels of 2 m and 5 m, the average horizontal 
displacement is approximately 0.10 m and 0.19 m, respectively. 
At a water level of 8 m, the average horizontal displacement 
reduces to about 0.05 m. This trend is consistent with the 
findings of Yin (2018), which reported that the factor of safety 
of the upstream slope was lower at the ordinary water level than 
at both the full reservoir level and the low water level. In 
contrast, at the downstream side of the dam, the average 
horizontal displacement significantly increases with the water 
level. 

 
Figure 2. Displacement distributions of the dam model with an internal friction angle of 28° in horizontal and vertical directions 
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Figure 3. Variation of average horizontal displacement with water 
level: (a) upstream; (b) downstream 

3.2.2 Vertical displacement 

The variation in the average vertical displacement with the 
water level is shown in Figure 4. At the upstream side, the 
average vertical displacement varies significantly with water 
level. Similar to the horizontal displacement pattern, the 
average vertical displacements at the water levels of 2 m and 8 
m are lower than those at the water level of 5 m. At the 
downstream side, the average vertical displacement increases 
with the water level. Consequently, the difference in average 
vertical displacement between the upstream and downstream 
sides is substantially greater at a water level of 8 m compared 
to 2 m and 5 m. These results indicate that both vertical and 
horizontal displacements of the dam are governed more by the 
water level than by the internal friction of the sand. 
 

4 CONCLUSIONS 

This study investigated the failure behavior of sand-filled dams 
with various internal friction angles under different water levels 
using a two-phase MPM. Horizontal displacement occurred in 
opposite directions from the center of the dam—toward the 
upstream and downstream sides—regardless of the water level. 
The displacement distribution at water levels of 2 m and 5 m 
was symmetrical, whereas at 8 m, greater displacement 
occurred on the downstream side. At the upstream side, a water  

Figure 4. Variation of average vertical displacement with water level: 
(a) upstream; (b) downstream 

level of 5 m led to the greatest average displacement in both 
horizontal and vertical directions, while at the downstream side, 
both horizontal and vertical displacements increased 
substantially as the water level rose. The difference in 
displacement between the downstream and upstream sides was 
greatest at a water level of 8 m and minimal at 2 m and 5 m. 
The findings of this study may be helpful to identify critical 
parameters which influence the stability and failure patterns of 
embankments under various water levels and internal friction 
angles. 
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