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ABSTRACT

This paper presents the numerical simulations of flow and dam body sediment transport over 
a movable bed due to an earthfill dam break. The RANS equations, together with the k-ω SST 
turbulent model, are employed. The phase characteristic parameter is used as the phases of air, 
water, sediment, and bulk of dam body. The system of equations is solved numerically using 
the PISO algorithm. The numerical model is first verified using the dam break experimental 
data from the literature. The model successfully captures the temporal changes in the measured 
flow depths, pressures, wave fronts, and arrival times. Th e ve rified mod el is the n app lied to 
simulate the flow and sediment transport as a result of an artificial earthfill dam break having 
an obstacle at its downstream section. The simulations show that there is a noticeable decrease 
in the shock pressures at all points around the obstacle and there is an increase in the water 
levels. The bulk dam body sediment moves together with the water fl ow wh ile sp reading. It  
takes longer time for the sediment laden flow to reach the obstacle. The investigation of dam 
body formed by different soils shows that the soil type has minor effect while the transport of 
sediment can raise the water levels and change the morphology of the downstream section.
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INTRODUCTION

Earthfill dams have been widely built all over the world 
due to mainly economical reasons. These dams however are 
prone to failures as a result of erratic seeping, piping, insuf-
ficient spillway capacity, overflows and extreme inflows. 

The most recent examples are Patel Milmet Embankment 
Dam in Kenya failed on 9 May 2018 and Laos Embankment 
Dam in Vietnam failed on July 23, 2018 due to extreme 
inflows [1]. When such dams fail not only water but also 
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dam body sediment transport occurs, resulting in an 
inundation of downstream area with muddy flow causing 
severe damage to human lives and livestock. For example, 
as a result of the failures of these two dams, about 190 
people were buried under the mud (https://en.wikipedia.
org/wiki/Patel_Dam_failure; https://en.wikipedia.org/
wiki/2018_Laos_dam_collapse).

Dam failures are thus studied experimentally and 
numerically. Experimental and numerical studies are car-
ried out in one-dimension [2]-[5], in two-dimensions [6]-
[12] and in three dimensions [13]-[17]. In the experimental 
studies, the dam body is generally represented by a movable 
metal and thus the sediment transport part of the physical
process is ignored [18]-[21]. Thus, the researchers, in their
experimental and numerical studies, have mostly concen-
trated on the water flow part. However, as the recent dam
failures show, when such dams fail, both water and sedi-
ment transport play crucial role. Therefore, there is a need
to develop models considering both transport.

The main problems in the existing numerical methods 
in terms of a fluid-solid modelling can be many folds; (1) 
describing the interface position, (2) tracking the moving 
interfaces, (3) implementing the moving boundary con-
ditions, (4) having the discontinues interfaces, (5) hav-
ing the breaking waves, and (6) determining the dynamic 
pressure loads when exposed to several phases. Good 
interface capturing method in modeling the high density 
multiphase flows requires not only the sufficient numeri-
cal accuracy, but also the mass conservation. The particle 
methods, based on the Lagrangian framework for simulat-
ing the multiphase flows, contain the hydrodynamics of 
smoothed particles [22], the finite elements method (FEM) 
without a mesh [23] and the FEM of particles [24]. These 
methods have been extended by many researchers to model 
a wide class of problems associated with complex interac-
tions between liquids and solids due to their high compu-
tational efficiency and simplicity [25]-[28]. However, these 
methods have some restrictions, such as the lack of insta-
bility and consistency in tension due to the distortion of 
the material region, which can lead to low accuracy and 
problems in satisfying the required convergence. Artificial 
viscosity is considered as an important problem in the SPH 
(Smoother Particle Hydrodynamics) applications [20], 
[29]. Furthermore, for the FEM of particles, the mesh size 
and the number of the particles are considered as signifi-
cant parameters [30].

 In the Eulerian approach, however, the level setting 
method [28] and many more advanced numerical meth-
ods are suggested for more accurate modeling of the multi-
phase flows [31]-[37]. The level setting methods are simple 
but less accurate, and thus the reinitialization methods are 
generally used to increase their accuracy. Alternatively, the 
Volume of Fluid (VOF) [38] methods, such as the simple 
linear interface calculation algorithm, the piecewise linear 
interface calculation algorithm, and the VOF least squares 

reconstruction algorithm are well known for reasonably 
conserving the mass and they are often used by research-
ers to simulate the multiphase flows [39]-[43]. The VOF 
method has significantly increased the range of perfor-
mance, accuracy and applicability. With the development 
of computer technology, the VOF has been applied to simu-
late many real large-scale engineering problems such as the 
dam break flows [5], [6], [17], [44], and [45].

Numerical models simulating the flows containing sedi-
ment in a flow field are also developed [46] and [47]. Bao 
et al. [47] carried out the numerical calculations, the geo-
morphological analysis, and the laboratory measurements 
to estimate the extent of potential debris flows. Marsooli 
and Wu [46] developed a three-dimensional (3D) numeri-
cal model for modeling flows during a dam break with 
sediment transport. The hydrodynamic part of the model 
is described by the three-dimensional Reynolds Averaged 
Navier-Stokes (RANS) equations. The non-cohesive sedi-
ment transport dynamics is described by three more partial 
differential equations (for suspended sediment concentra-
tion, sediment rate, and bed elevation). For the numeri-
cal solution, they empoyed the finite volume method with 
a compression boundary capture scheme. Although the 
model of Marsooli and Wu [46] is a comprehensive model, 
it requires heavy numerical computational burden due 
to solving five very highly nonlinear partial differential 
equations.

The objective of this study is to develop a more efficient 
and reliable numerical solver for modeling the process of 
water flow and sediment transport as a result of an earthfill 
dam break. It proposes to consider the sediment as a third 
phase, supplementing the phases of air and water. In this 
way, three partial differential equations would be numeri-
cally solved. The solution would then be much faster and 
more efficient during the modelling process.

The article is structured as having 6 sections: The intro-
duction is given in Section 1. The governing equations are 
presented in Section 2 while the Numerical Algorithm is 
described in Section 3. Section 4 involves the validation of 
the numerical model with the idealized dam break flows 
over fixed and movable beds while Section 5 contains the 
application of the numerical model using the laboratory 
experiments of earthfill dam breaks over fixed and movable 
beds. The Conclusions are presented in Section 6.

GOVERNING EQUATIONS

This study treated the dynamics of the process as having 
the four phases: water, air, sediment, and bulk dam. The 
RANS equations are employed for the incompressible fluid 
flow [17]: 
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j
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where η is a three invariants function of the strain rate 
 tensor D→ [44].

To close the RANS equations, the k-ω SST (shear stress 
transport) turbulent model with two additional equations 
for the two variables k and ω is employed. Issakhov et al. 
[44] empoyed several methods to close the RANS equations 
and concluded that the k-ω was the better one, especially
with respect to the CPU time. For the Newtonian fuids (air
and water), Equation (4) is employed while for the the non-
Newtonian fluids (sediment and earthfill dam), Equation
(6) is used. The Navier-Stokes equations are discretized on
a fixed Cartesian grid using the FVM method. The relation-
ship between velocity and pressure is solved using an itera-
tive method.

NUMERICAL ALGORITHM

The PISO (Pressure-Implicit with  Splitting of 
Operators) algorithm is chosen to solve the RANS equa-
tions (Eqs. 1-3 given in Section 2 above) numerically [49]. 
This is an extension of the SIMPLE method used to solve 
the Navier-Stokes equations. Generally the algorithm PISO 
takes less CPU time [44]. The PISO algorithm is a pressure 
velocity calculation procedure for the Navier-Stokes equa-
tions, originally developed for non-iterative calculation of 
the unsteady compressible flow, but it has been successfully 
adapted to the stationary problems [50]. The PISO algo-
rithm contains one prediction step and two corrector steps 
and it is designed to ensure the mass conservation using 
the predictor-corrector steps. The algorithm can be simply 
summarized by the following steps [49]: 

Step 1. The boundary conditions are set.
Step 2. The discrete momentum equation to calculate 

the intermediate velocity field is solved.
Step 3. The mass flows on the faces of the cells are 

calculated.
Step 4. The pressure equation is solved.
Step 5. The mass flows on the faces of the cell are 

corrected.
Step 6. The velocity based on the new pressure field is 

corrected.
Step 7. The boundary conditions are updated.
Step 8. Steps from Step 3 onward are repeated for speci-

fied number of times.
Step 9. The time step is increased and the steps from 

Step 1 onward are repeated.
The computational grid of the numerical model con-

tained approximately 600,000 hexahedral cells. All the 
calculations were computed in PC: Intel Core i9, RAM 
32 GB.

VALIDATION OF THE NUMERICAL MODEL

Two experimental data herein are used for validating 
the developed numerical model.
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where u is the flow velocity, g is the gravitational accelera-
tion, P is the pressure, ⋅ is the fluid density, ⋅ is the dynamic 
viscosity, μt is the eddy viscosity; χ is the phase character-
istic, χ = αqρq (where ρq is volume fraction of qth phase (can 
be fluid, air or sediment) in the cell, ρq is the density of qth 
phase), i and j stand for the x-, y-, and z-directions.

The phase characteristic (χ) is the fundamental param-
eter in the VOF formulation when solving the multiphase 
fluid flow transport. In each control volume, the volume 
fractions of all phases sum to unity. The fields for all variables 
and properties are shared by the phases and represented by 
the volume-averaged values, as long as the volume fraction 
of each phase is known at each location. Thus, the variables 
and properties in any given cell are either purely represen-
tative of one of the phases, or representative of a combi-
nation of the phases, depending upon the volume fraction 
values. In other words, if qth fluid-phase volume fraction in 
the cell is denoted as αq, then three conditions are possible: 
αq = 0; the cell is empty of qth fluid, αq = 1; the cell is full of qth 
fluid; 0 < αq < 1, the cell contains the interface between qth 
fluid and one or more other phases. Based on the local value 
of αq the appropriate properties and variables are assigned 
to each control volume within the domain. The volume 
fraction equation is not solved for the primary phase; the 
primary-phase volume fraction is computed based on the 

constraint of q
q

n

=
∑ =

1

1. In this study, four phases (n = 4)

as air (q = 1), water (q = 2), sediment (q = 3) and bulk dam 
(q = 4) are used in the modelling procedure for the fluid-
sediment transport as a result of earthfill dam break.

The tensor stress in the incompressible Newtonian 
 fluids is proportional to the strain rate tensor D→ as [17] and
[48]:
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The tensor stress for the non-Newtonian fluids is deter-
mined as:
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DAM BREAK FLOW OVER FIXED BED

The numerical model is first verified using a laboratory 
measurement of a dam break flow on a fixed bed having 
an isolated block, conducted at the Netherlands Marine 
Research Institute (MARIN) [51]. The laboratory tank has 
the length of 3.22 m, the width of 0.993 m and the height 
of 1 m. A rectangular block with a size of 0.403 × 0.161 × 
0.161 m is placed at 1.167 m downstream of the tank. The 
initial water depth inside the tank is 0.55 m, and the lower 
area is dry. Figure 1 displays the tank specification and the 
location of the gauges. Two water level meters (H2, H4) at 
the lower and upper positions of the movable gate, and four 
pressure gauges (P1, P3, P5, P7) on the side and upper parts 
of the block are installed. The details of the experiment can 
be obtained from Kleefsman et al. [51].

Figure 2 shows the temporary changes in the water lev-
els at H4 and H2 sensors. As seen, the model captures the 
measured data. The water levels decrease at H4 up to 2.9 
s, when the first reflected wave moves to the upper wall. 
The reflected wave contacts the wall and it is reflected back 
downstream, indicating a peak water level around 3.9 s. The 
front wave arrives at H2 in 0.4 s, and rises to 2.4 s when 
reflected waves arrive back from the block and the lower 
wall. The results are compatible with those in Cagatay and 

Kocaman [3]. Table 1 summarizes the computed error mea-
sures for these simulations. As seen, the MAE and RMSE 
values are very low as 0.0072 m and 0.0182 m for H2 and 
0.0077 m and 0.0245 m for H4, respectively.

The measured and simulated temporal change in the 
pressures at P1, P3, P5, P7 gauges are presented in Figure 
3. As seen, there is sharp increase in the pressures at P1 and
P3 when the wave hits the block at about 0.45 s. The simu-
lated values show several false bursts on the sensors P5 and
P7 due to air bubbles in the water and it is difficult for the
model to cope with an isolated empty cell surrounded by
fluid cells. Isolated empty cells occur when a progressive
wave contacts the block, redirects upward and falls onto the

Figure 1. The computational geometry of the first laboratory 
measurement [51].

Figure 2. Measured and simulated water depths in the tank 
(H4) and at location H2.

Table 1. Error measures for simulations in Figures 2 and 3

MAE RMSE

P1 (Pa) 84.1 443. 5
P3 (Pa) 74.7 313.8
P5 (Pa) 59.1 269.0
P7 (Pa) 112.3 394.6
H4 (m) 0.0077 0.0245
H2 (m) 0.0072 0.0182
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top of the block. The same case is also shown elsewhere [51] 
and [52]. However, the comparisons in Figure 3 show that 
the developed model has a good ability to predict the tem-
poral change in the pressures. It is especially worth noting 
that a very good prediction is done at location P1. Table 1 
summarizes the computed error measures for these simula-
tions. As seen, the MAE and RMSE values are, on the aver-
age, very low as 82.2 Pa and 355.2 Pa, respectively.

Figure 4 displays the early stages of two snapshots of 
the simulation, together with the images from the labora-
tory experimental measurements of Kleefsman et al. [51]. 
As seen, there is a good match between the snapshots of 
the simulations and the experiments, especially when 
water first hits the block at 0.4 sec and 0.56 s. The obtained 
numerical simulation results are in good agreement with 
the measurement data with regard to the capturing of the 
wave front, arrival times, and pressures. They are also com-
patible with those in Cagatay and Kocaman [3].

DAM BREAK FLOW OVER A MOVING BED 

The second test case involves the applicability of the 
developed model when the dam break water flows over a 
movable bed. The obtained computational values are com-
pared against the measured data and the predicted values 

given in Soares-Frazão et al. [53]. The geometry of the 
region in which the calculations are performed is shown in 
Figure 5. The width of the reservoir section of the flume 
is 3.6 m and the narrow section of the flume is 1 m. The 
fixed base of the channel is covered with coarse and satu-
rated sand layers at a height of 0.085 m. In the laboratory 
measurements, homogeneous coarse sand ρs / ρw = 2.63 is 
used. The model for the sediment phase is considered as 
the non-Newtonian fluid. The water height in the reservoir 
at the initial stage is 0.47 m. Figure 5 also shows the con-
trol points where the hydrometric measurements are car-
ried out. The coordinates of the control points are given in 
Table 2. The details of the experiment can be obtained from 
Soares-Frazão et al [53].

Figure 6 shows the calculated values of changes in the 
water levels at the control points and their comparisons 
against the experimental and computational values given in 
Soares-Frazão et al [53]. As seen, the obtained numerical 
data are comparable with the experimental data. The cause 
of some deviations may be due to conditions associated 
with the characteristics of the sedimental environment, 
as well as the surface roughness coefficients and the initial 
conditions. The presence of a mobile bed (non-Newtonian 
fluid) assists to decrease the flow rate and influence the 
transport in general. This implies that in the case of dam 

Figure 3. Comparison of predicted and measured pressures at various pressure gauges (P1, P3, P5 and P7).
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Figure 4. Images of modeling dam break flood waves at 0.4 s and 0.56 s of the experiments (the top picture is from the 
actual laboratory experiments of Kleefsman et al. [51]).

Figure 5. Plan view of the second laboratory experimental set-up [53].
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failure, sediment deposits can increase at the immediate 
dam vicinity [17] and [54]. 

Figure 7 displays the three dimensional water flow pro-
files at different periods of the simulation. As seen, the model 
has produced reasonable numerical simulations of the water 
flow over a movable sediment bed. From the results of this 
test problem, it can be concluded that the presence of a mov-
able layer can have a significant effect on the movement of 
the flow during a dam break. In particular, differences in 
behavior are noticeable at the initial stages of the break, as 
well as during the first collision of the flow with the obstacle.

APPLICATION OF THE NUMERICAL MODEL 

Earthfill Dam Break Over a Fixed Bed
In each experiment given in Section 4, the dam body 

is resembled with a movable metal gate. However, in real 
life conditions, earthfill dam bodies are constructed from 
bulk of sediments. Therefore, in this section, simulations of 
water and sediment transport due to an earthfill dam fail-
ure is investigated. For this purpose, the first experimental 
model (see Fig.1) given in Figure 8A is artificially concep-
tualized as the one in Figure 8B where the dam body is con-
sidered to be formed as a bulk of sediment in the shape of 
a triangle. All the corresponding dimensions of the region, 
the location of the sensors, and the location of the obstacle 
remain the same as in the first experimental problem, pre-
sented in Section 4. All the sizes of the studied area remain 
the same as in the first experiment and the volume of water 
in the tank has changed due to the artificial dam body. The 
conceptualized triangle bulk dam body has the height of 
0.55 m, with a base width of 0.294 m. Homogeneous coarse 
sand used in the laboratory measurements is considered 
herein with the same density ratio (ρs / ρw = 2.404) and a 
coarse grain density sand is set to 2400 kg/m3. The coarse 
sand model is considered as the non-Newtonian fluid. The 
effective viscosity for the non-Newtonian fluid is calculated 
by Eq. (7). The water height in the reservoir at the initial 
moment is assumed to be the same as 0.55 m.

Figure 9 displays the comparison of the temporal 
changes at P1, P3, P5 and P7 between the A and B labora-
tory conceptualizations and the corresponding experimen-
tal measurements and the computations given in Marsooli 
and Wu [52] and Kleefsman et al [51]. As seen in Figure 9, 
there is a noticeable decrease in the shock pressure at all 

Table 2. Coordinates of the sensors [53]

Measuring detectors X - axis Y-axis

Us1 64 cm –50 cm
Us2 64 cm –16.5 cm
Us5 194 cm –99 cm
Us6 194 cm –33cm

Figure 6. Comparison of the model results against the 
laboratory measurements from Soares-Frazão et al. [53] 
for the water surface profile at different points (Us1, Us2, 
Us5, Us6) (HLLC is the dam break solver: Harten-Lax-van 
Leer-Contact, and WAF: is the dam break solver: Weighted 
Average Flux).
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Figure 7. Water flow over a movable sediment bed at different times of the simulation between t = 0-20 s.
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points (P1, P3, P5, and P7). This is because the sediment 
movement within the water flow reduces the flow veloc-
ity. The slowness in the flow can also be noticed by the 
arrival time of the flow at the measuring points. However, 
it is worth noting that the pressures at all points after 2.5 
seconds for the problem B are higher than those for the 
problem A, since in general the flow becomes calmer after 
2.5 s and the influence of the propagation on the velocity 
becomes less than the mass forces. 

Comparisons of the flow levels are presented in Figure 
10. As seen, the levels of flooding at Н4 and Н2 are notice-
able different for the conceptualizations A and B. The main
difference is that in the formulation B, the flow is relatively
calmer and the levels of flooding at some time intervals are
higher due to the existence of the sediment.

Figure 11 illustrates the effect of bulk dam body sedi-
ment movement together with the water flow. As seen, the 
bulk dam body sediment moves together with the water 
flow while at the same time spreading. Both water and 
bulk sediment fronts reach to the obstacle at 0.7 s and top 
it at 1 s of the simulation. By 2 s of the simulation, we see 
the spreading of the sediment wave at both upstream and 
downstream sides of the obstacle. The water wave front 

Figure 8. Conceptualized dam break experiment: A. the 
dam body is a movable metal [51] and B. the dam body is 
bulk of sediment.

Figure 9. Pressure profiles on pressure gauges P1, P3, P5 and P7.
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Figure 10. Simulated and measured water depths at Н4 and Н2 level meters.

Figure 11. Two-dimensional profiles of the flow at different locations in time.
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position is almost the same as the sediment wave front at 
the beginning of the dam break, yet then, in time, the flow 
is mixed with the sediment influencing the wave front lead-
ing to the inhibition which can be easily observed in front 
of the obstacle after 0.56 s (Figures 11 and 12). Figure 12 
shows the three dimensional movement of water for the 
case A and water and sediment for the case B. As seen, 
it takes longer time for sediment laden flow to reach the 
obstacle, as expected. These results are in agreement with 
the literature [3] and [17].

EARTHFILL DAM BREAK OVER A MOVING BED

To study the influence of the dam body soil type on the 
dam break flow and sediment transport over a moving bed, 
three scenarios are considered for the second experimental 
setting (Figure 13). The basic formulation and dimensions 
of the second experiment remain the same, with the excep-
tion of the dam body. The reservoir has the width of 3.6 m 
and the length of 36.0 m, of which about 27.6 m is usable. 
The coordinates are taken at the center of the dam body. 
The flume bed is covered with coarse and saturated sand 
layers at a height of 0.085 m. The total coating length is 10.0 

Figure 12. Comparison of images from modeling of a dam break without and with bulk soil dam for different times with 
an obstacle.

m, while the length of channel 1.0 m before the narrow sec-
tion and 9 m after the narrow section. In this experimental 
set up, the movable bed is considered to be formed from 
sand with the density ratio of ρs / ρw = 2.6. In each scenario, 
different soil density is considered in the dam body (Table 
3). Figure 13 also shows the control points at which the 
hydrometric measurements are carried out. The coordi-
nates of the control points are given in Table 2.

The simulations for the three scenarios are presented 
in Figure 14, where the flow levels at the four sensors are 
compared. As seen, the flow levels at the sensors initially 
increase due to the presence of a portable bulk dam. At 
the initial moment of the dam break, the dam body soil 
is transferred due to the pressure of the flow. The dam 

Table 3. Three different soil type densities

Scenario Density (kg/m3)
1 2630
2 3000
3 3300
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Figure 13. Considered experimental setup for studying the influence of dam body soil type [53]. 

Figure 14. Measured and simulated water depths at Us1, Us2, Us5, Us6.
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body sediment transport as a whole slows down the flow. 
However, it should be noted that, in general, the transport 
behavior under the three scenarios (three different soil 
type) is very similar. This similarity is due to the relatively 
small volume of the bulk dam compared to the volume of 
water.

Three-dimensional images of the transport at different 
times for the third scenario are presented in Figure 15. As 
seen, the collapsed part of the dam is transported down-
stream and settles in a wider channel. An enormous section 
of the movable bed is transported to a wide section of the 
channel and it starts to slowly settle in the region and forms 
a newly terrain. This phenomenon initiates further modifi-
cation in the terrain, and also leads to a general change in 
the channel. These results indicate that the collapsing and 
consequently moving sediment can significantly increase 
the depth of flooding and change the morphology of the 
downstream area.

CONCLUSIONS

This paper presents the results of the modeling flow 
and sediment transport due to an earthfill dam break. The 
modelling is accomplished by using the VOF method for 
the multiphase flow. The phase characteristic parameter 
is used; as phases of air, water, sediment, and bulk of dam 
body. The system of equations are solved numerically using 
the PISO algorithm. 

Figure 15. Three-dimensional images of a breakthrough at 
different points in time.

The reliability of the proposed numerical method is 
verified by two test problems with the laboratory data. 
The model successfully captured the temporal changes in 
the measured flow depths, pressures, wave fronts, and the 
arrival times. These results illustrate the effectiveness of the 
proposed numerical method. 

Two application problems are considered: (1) the dam 
body is considered having a bulk sediment in the shape 
of a triangle and the downstream section has a fixed bed 
and an obstacle, and (2) the dam body is considered to 
be formed by a different soil and a movable downstream 
bed. The simulations showed that, due to sediment, there 
is a noticeable decrease in the shock pressure at all points 
around the obstacle and there is an increase in the water 
levels. The bulk dam body sediment moves together with 
the water flow while spreading. It takes longer time for the 
sediment laden flow to reach the obstacle, as compared the 
clear water case. The soil type has minor effect while the 
transport of sediment can raise the water levels and change 
the morphology of the downstream section.

The presented modeling results demonstrate the impor-
tance of taking into account the transport of the dam body 
sediment since these can significantly affect the flow by 
changing direction and magnitude. The dam body sedi-
ment transport as a whole slows down the flow. It can cause 
a deformation in the terrain. On the other hand, it can slow 
down the wave front since it would increase the density and 
viscosity of the mixture. In general, it seems that the soil 
type has minor effect on the transport behavior. The devel-
oped numerical model can be useful for realistically model-
ling the three dimensional non-Newtonian fluid transports 
due to an earthill dam breaks over complex terrains.

It needs to be pointed out that, in this study, the con-
ceptualized earthfill dam break simulations are carried 
out. The conceptualized dam bodies (movable metal gate 
and/or triangular sediment) cannot be encountered in 
real world applications. Although the numerical simula-
tions under such circumstances can be useful with regard 
to investigating the behavior and transport of flow and 
sediment and thus consequently gaining an insight into 
the physics of the processes, the applications of the devel-
oped numerical model on real world dam body failures 
could be very beneficial to show the effectiveness of the 
model.
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