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ABST RACT  

Infrastructure, including roads, bridges, and municipal facilities, act as barriers to the downstream propagation of flood waves following a dam failure. The 

aim of this work is to investigate the effects of the obstacles and their arrangement on the evolution of flood waves during a dam breach using a numerical 

approach. The obstacles were arranged in two arrangements (triangular and inverted triangular) perpendicular to the flow direction in the downstream 

channel. Wave propagation during dam failure and flow dynamics were modelled by the finite volume method (FVM) using a CFD package. The evolution 

of the free surface of the dam breach was traced using the volume of fluid (VOF) method. However, the uncertainty of the model was evaluated using a 

sensitivity analysis with respect to the mesh resolution and turbulence models. The turbulence characteristics were captured by large-eddy simulations 

(LES) after validating the model using experimental data from the literature. The results show that the model can efficiently reproduce the wave 

development during a dam failure and the flow characteristics. The arrangement of the obstructions played an important role in the development of flow 

around the obstructions through the downstream channel. In this direction, the transitional flow regime, resultant forces in reservoir, and three-dimensional 

flow velocity around the obstacles were predicted for different arrangements. 
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Nomenclature 

a1, a2: distance between neighbor obstacles                                                           Lt: Total length of the reservoir 

d0: mean size of the mesh cells                                                                                Q: Inlet or outlet flow rate from a mesh block  

t: time after the dam-break wave formation                                                            T1: Triangular arrangement of obstacles 

x: the overall channel length                                                                                    T2: Reverse triangular arrangement of obstacles                                                                                  

D, Dw: dam-break flow depth                                                                                   Wr: Width of the reservoir 

Fp: Resultant value of the pressure forces 

Fr: Froude number of the dam-break flow 

Fs: Resultant value of the shear forces 

H0, Hw0: Initial depth of the water column inside the reservoir 

H, H(x,t): Dam-break free surface height at the points of x and time of t 

Li: Length of the downstream channel in distance i 

Lr: Length of the reservoir 
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1. Introduction 

Infrastructures, including buildings, roads, and bridges, play an 

important role in dissipating flood energy. This is because these 

structures act as vertical barriers against the propagation of flood 

waves. Catastrophic floods triggered by dam failures around the 

world have cost many lives and property in recent decades. Many 

urban areas downstream of the dams are affected by the severe 

flood events. In experimental and numerical studies dealing with 

the dam breach phenomenon, the resistance effect of 

infrastructures against flood development is an interesting topic. 

When a dam breaks, the still water column in a reservoir 

collapses and rapid unsteady flow occurs in the downstream 

channel. Both reservoir and downstream conditions can affect the 

propagation of flood waves during a dam breach. Reservoir 

conditions, including water level, gradient, fluid viscosity, and 

shape of the reservoir, are important parameters for the generation 

and evolution of the flood wave during a dam failure, especially in 

the initial phase (Nsom et al. (2000-2019), Khoshkonesh et al. 

(2019,2021), Bahmanpouri et al. (2020)).  The conditions in the 

downstream channel, including tailwater depth, floodplain, 

transitions or obstructions, and complex geometry, can alter the 

flow characteristics of the dam breach as well (Kocaman and 

Guzel (2011), Yilmaz et al. (2013), Aureli et al. (2015), Gu et al. 

(2017), Khoshkonesh et al. (2019), English et al. (2021), Ahadiyan 

et al. (2022)).  

The complex geometry in the downstream channel leads to the 

reflection of the dam break wave, the formation of jumps and local 

3D flows, oblique waves and flow detachments (Ozmen-Cagatay 

and Kocaman (2010), Ozmen-Cagatay and Kocaman (2012), 

Kocaman and Ozmen-Cagatay (2012), Oertel et al. (2012), Azimi 

et al. (2018)). The single or series of obstructions, the invert hump 

and the lateral transitions in the downstream channel form a 

complex geometry that leads to the development of a mixed flow 

regime and dissipation of the energy of the dam failure (Soares-

Frazao and Zech (2008), Wu et al. (2013), Yilmaz et al. (2017), 

Yu et al. (2019)).  

There are numerous studies, both experimental and numerical 

approaches, on the effect of isolated or arrayed obstacles on the 

propagation of flow during dam failure in the downstream channel 

(Soares-Frazao and Zech (2007), Hansch et al. (2014), Issakhov et 

al. (2018), Issakhov and Imanberdiyeva (2019), Saghi and Lakzian 

(2019), Issakhov and Zhandaulet (2020)).  

However, the resistance of a group of obstacles downstream of 

the dam to the propagation of dam failure waves has been 

investigated in only a few studies (Soares-Frazao and Zech (2008), 

Saleh et al. (2019), Fan et al. (2020)). Moreover, the arrangement 

of obstacles has not been considered as a crucial factor in the 

development of rotational flow, air entrapment, three-dimensional 

velocities and specific flow energy in the literature. However, this 

is crucial especially in urban and residential areas due to the 

different arrangement of buildings, roads and other infrastructures 

in cities. 

Therefore, in the present study, wave propagation during a dam 

failure with a group of obstacles was simulated in two triangular 

and inverted triangular arrangements using a CFD package Flow-

3D. The 3D numerical model was used in both simulations, while 

the Navier-Stokes equations were discretized using the second-

order finite volume method and the explicit central difference 

schemes. The evolution of the free surface was followed using the 

volume of fluid (VOF) advection. The model was validated using 

the experimental data published in the literature. Accordingly, the 

model uncertainty was evaluated by sensitivity analysis of the 

mesh resolution and turbulence models. The model of large-eddy 

simulations (LES) was adopted for both arrangement cases after 

the validation tests. 

2. Material and Methods 

2.1. Governing equations 

The Navier-Stokes equations of motion in three-dimensional 

Cartesian coordinates and the addition of the volume and area 

components are given in equations (1-4). 
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Vf, Ax, Ay and Az, are volume and area fractions in x, y and z 

directions. Also, 𝑢, 𝑣, 𝑤, 𝑝, 𝜐, 𝜌,𝑔𝑥 , 𝑔𝑦 and 𝑔𝑧 denote the velocity 

components, fluid pressure, kinematic viscosity, fluid density and 

body accelerations. The volume of fluid method is used to track 

the evolution of the free surface area of the dam break across the 

channel. In addition, F represents the cells that contain the fluid. 

The F values are equal to 1 and 0 in fluid-filled and empty cells, 

respectively. The F value is a number between zero and one in 

half-filled cells (Hirt and Nichols (1981), Flow Science (2012)). 

 
2.2. Initial and boundary conditions 

The dimensions of the model and the initial and boundary 

conditions are shown in Figures 1 and 2 and Table 1. The 

computational domain included the four mesh blocks (Fig. 2). The 

free surface was a slip-free boundary condition, while the shear 

stresses at the free surface were zero. 
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Figure 1. The plan of the dam-break models in triangular (up), and reverse-triangular (down) arrangements 

 

  

 

 

 

 

 

 

 

 

 

Figure 2. The initial and boundary conditions (left), and the mesh resolution in the obstacles’ cross-section (right) in 
triangular arrangement 

 

The wall boundary condition was applied to the channel 

bottom, left, and side walls. The stag pressure condition set fluid 

velocities in the reservoir upstream to zero. The water depth of the 

reservoir Hw0 represented the initial condition. In this study, the 

size of the computational domain in both cases was 15*1.5*0.5m3 

in x*y*z direction. The calculation areas were covered by a 

structured mesh. The end point of the downstream channel was an 

outlet. In addition, all obstacles were oriented in the direction of 

the downstream channel. 

 

Table 1. Dimensions of the dam-break models according to figure 1 

models H0(m) a2(m) a1(m) Wr(m) L4(m) L3(m) Lr(m) Lt(m) 

Triangular T1 0.5 0.4 0.5 1.5 5.76 3.24 5 15 

Reverse-triangular T2 0.5 0.4 0.5 1.5 5.76 3.24 5 15 

3. Results and Discussion 

The model was validated using the experimental data reported 

by Fraccarollo and Toro (1995), Lobovsky et al. (2014), Liu and 

Liu (2017). Sensitivity analysis was performed with respect to grid 

resolution and turbulence model as shown in Fig. 3-5. The model 

underestimated the temporal variation of the flow depth of the dam 

breach at the control point of x =72.2cm, downstream the dam site 

(Fraccarollo and Toro (1995). Accordingly, the x-axis represents 

the duration of the dam break experiment from the beginning of 

the collapse of the water column to the wave development across 

the downstream. In addition, the y-axis shows the flow depth of 

the dam break at the control point of x =72.2cm. However, the grid 

resolution and turbulence model did not significantly affect the 

model accuracy. In fact, the NRMSE value was about 10.9% for 

all models. As can be seen in Fig. 3, all models underestimated the 

flow depth by about 1.5 cm during t = 1s to t = 4s.   
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Figure 3. Temporal variation of the dam-break flow depth Dw in the near field, (a-c) sensitivity analysis results on mesh 

resolution, (d) on turbulence models 

Model accuracy in predicting the temporal variation of flow 

depth was reduced by decreasing the mesh resolution. The 

accuracy of the model in predicting the temporal variation of flow 

depth was reduced at the dam site (x=0) by decreasing the mesh 

resolution from d0 = 2.5cm to d0 = 3.75cm (Fig. 4). An evenness 

appeared in the diagram (Fig. 4c). The reason for this was that the 

discretization of the equations of motion in larger cells increased 

the error in the interpolation of the momentum values in the 

computational domain. It is worth noting that the performance of 

the model was much higher at a distance than near the reservoir. 

Moreover, the turbulence models did not play such an important 

role in the accuracy of the model as in the first case (Fig. 4). The 

model also showed high accuracy in predicting the evolution of 

the free surface during dam failure at all stages except the middle 

stage. It overestimated the height of the free surface by reducing 

the mesh resolution. The results show that the mesh resolution has 

a greater influence on the model accuracy compared to the 

turbulence models. LES model used in both simulations of the 

obstacle array in the downstream channel. The accuracy of the 

model in reproducing the evolution of the dam-free surface was 

examined using the normal root mean square error (NRMSE). 

     

    
Figure 4. Temporal variation of the dam-break flow depth Dw in the dam site (a-c) sensitivity analysis results on mesh resolution, 

(d) on turbulence models  

 

Table 2. Dam-break simulation features (validation with experimental results of Lobovsky et al. 2014) 

Total number of cells 

in mesh block1 in 

x*y*z direction 

Total number of 

cells in mesh block1 

in x*y*z direction 

Mesh cells  

mean diameter (cm) 

Run 

time (h) 
Model 

101× 15× 34 36  × 12 × 30 1.125 0.21 1 

51× 8× 17 15  ×6  ×24 2.25 0.037 2 

 

Table 3. NRMSE values in predicting of the free surface profile (validation with results of Lobovsky et al. 2014) 

Model 1                                                                       Model 2                                              

                                               
 

0.16 0.28 0.37 0.45 0.16 0.28 0.37 0.45 Time (s) 

0.0385 0.0262 0.0995 0.0565 0.0375 0.0294 0.109 0.05450 NRMSE 
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The running time was about six times when the mesh resolution 

in the model validations was about two times (Table 2). Moreover, 

the lowest model accuracy was observed at t = 0.37s (Table 3). 

The NRMSE values below 0.1 mean that the model has the 

highest accuracy in predicting the height of the free surface (Table 

3). For Models 1 and 2, the highest and lowest accuracy of the 

model in reproducing the wave evolution across the downstream 

was at t = 0.28s and t=0.37s, respectively. The NRMSE values at 

these time points were 3% and 10%, respectively. The possible 

reason for the decrease in model accuracy at t = 0.37 was the rapid 

increase in the velocity of the reservoir, which was evident in the 

numerical results (Fig. 5h-5j). In fact, the model overestimated the 

velocity of the reservoir release. In the experimental results, on the 

other hand, the water column had collapsed and the wave 

propagated slowly downstream because of the resistance created 

by the removal of the sluice gate and the potential energy. 

However, in the other cases, the prediction error was less than 6%. 

Thus, the performance of the model in predicting the profile of the 

free surface was remarkable. The model was validated using the 

mesh resolution in three cases with the mean cell size d0 = 1.25cm, 

2.5cm and 3.75cm and the turbulence models of RANS and LES 

at three time points after the dam break of t = 0.16s, 0.28s, 0.37s 

(Fig. 5). The initial depth of water in the reservoir Hw0 was 0.3 m 

at the initial point of the reservoir x = 0. The length of the prismatic 

laboratory channel was 1.1 m. The performance of the model did 

not change dramatically at a mesh resolution of d0 = 1.25 cm 

compared to d0 = 2.5 cm. However, the accuracy of the model in 

predicting the profile of the free surface was significantly lower at 

a mesh resolution of d0 = 3.75 cm (Figs. 5a to 5j). There was no 

significant difference in the prediction of the free surface profile 

between the turbulence models of RANS and LES. The reason 

may have been the simple geometry of the downstream channel 

and the uniform evolution of the dam-break wave (Fig. 5k-5t). 

     

     

     

     

     

     
Figure 5. The free surface profile evolution in the experimental (Lobovsky et al. 2014) and the numerical results, (a-j) the 

sensitivity analysis on the mesh resolution and on the turbulence models (k-t) 
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Table 4. Dam-break simulation features in triangular (T1) and invert-triangular (T2) models 

Model 
Total number 

of cells 

Mesh cells mean 

diameter (cm) 
Run time (h) 

Mean fluid loss during 

)3m3 -10s of simulation (10 

Number of 

mesh blocks 

T1 1823595 1.975 1.46 5.76 4 

T2 1823595 1.975 2.40 5.42 4 

In the present study, the evolution of the dam break wave was 

reproduced with over 1.8 million cells, and the runtime was 

significantly higher for the reversed arrangement (T2) compared 

to the T1 model. The possible reason was the increased resistance 

to dam break wave evolution caused by the first row of obstacles 

(Fig. 1 and Table 4). 

  

(a)        

(b)        

Figure 6. Development of the free surface of the dam breach across the downstream channel (a) model T1 and (b) model T2. The 

profiles shown in the central axis of the channel. (H/V) scale: (1.5/4)  
 

The development of the dam break waves occurred in five 

distinct phases: (i) wave formation in the initial stage, (ii) wave 

development with high velocity over the downstream channel 

before hitting the obstacles, (iii) wave reflection at the obstacles 

and slowing down of the flow, (iv) crossing the obstacles with 

fluctuations of the free surface, (v) attenuating of the wave over 

the downstream channel (Fig. 6).  

The dam break flow was two-dimensional in phase (i), with a 

steep gradient of free surface in the dam area and a smooth curve 

in the reservoir. Thereafter, the free surface gradient at the wave 

front decreased while the wave accelerated in phase (ii). In this 

phase, the transitional flow developed. Accordingly, the free 

surface was smoothed throughout the channel in phase (iii). The 

height of the free surface was reduced by the time evolution of the 

dam break flow during phases (i-v) throughout the channel. In 

phases (iii-v), the flow had a three-dimensional character around 

the obstacles after impact. It is worth noting that the height of the 

wave runup over the obstacles was higher in model T2 than in 

model T1 (Fig. 6). The results were consistent with those of 

Ozmen-Cagatay and Kocaman (2012), Kocaman and Ozmen-

Cagatay (2012). However, they did not report the effect of the 

arrangement of the obstacles on the run-up of the flow over the 

obstacles. 

 

(T1)     

(T2)     

 

Figure 7. The wave evolution acoss the channel in models T1 and T2 at t = 4s. The color scale shows the free surface height (m) 

 
The reservoir was emptied faster in model T1 than in model T2. 

In addition, wave runup over the obstacles was higher in model T2 

than in T1. The flow separation was significant downstream of the 

second and third rows of obstacles in model T1, but only around 

the third row of obstacles in model T2. Accordingly, the 

superposition of transverse waves downstream of the third row of 

obstacles was observed in both models (Fig. 7). The result is 

consistent with that of Soares-Frazao and Zech (2007, 2008). 

However, they did not investigate the effect of aligned obstacles 

in the downstream channel. 

 Wave runup over the first row of obstacles was approximately 

the same in both models, but not in the third row at t = 2s and t = 

4s. In addition, free surface fluctuations developed downstream at 

t = 4s. However, dam flow was dominant in the fluctuations 

upstream of the obstacles. The height of the run-up was reduced 

by wave development over the downstream channel. A mixed flow 

regime was observed around the obstacles (Fig. 8). 
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Figure 8. Dam-break free surface profiles in models T1 nad T2 at t =2s and t = 4s (central axis of channel) 
 

In T1 and T2, there is no difference in the leading distance of 

the dam break wave. Thus, the arrangement of the obstacles is not 

a significant factor in the distance of the wave development. The 

result agrees with Ritter's analytical solution for wave dynamics 

over the fixed bed (Nsom et al. 2000-2019). 

 

        
 

Figure 9. Advancing distance of the dam-break wave in models T1 and T2   

 
The wave front propagating along the downstream channel 

during a dam failure in length x and time t had an upward trend in 

both models in triangular and inverted triangular configurations. It 

is worth noting that the arrangement of the obstacles did not 

significantly affect the distance of wave development during time 

(Fig. 9). 
 

 
Figure 10. Froude number values across the channel in models T1 and T2  

The Froude number is a criterion for the flow regime in an open 

channel. The unit value signifies the transitional flow, while the 

supercritical flow is formed when the Froude number value 

exceeds unity. In contrast, subcritical flow is formed when the 

Froude number is below unity. The fluctuations of the Froude 

number reflect the instantaneous change in the profile of the free 

surface and, consequently, in the depth-averaged velocity of the 

flow. As can be seen in Figure 10, the plots were converged 

upstream from the starting point of the channel at x = 0 to x = 10.5 

m near the obstacles. The direct dashed line shows the critical flow 

with Fr = 1. In fact, the dam break wave propagated rapidly in the 

downstream channel while the Fr values increased from zero at x 

=0 (the initial point of the reservoir) to about Fr = 2 at x = 10.5m 

near the obstacles. Thereafter, the value decreased to one by the 

first row of obstacles in both the triangular T1 and inverted 

triangular T2 models. However, the peak Froude number in model 

T2 (Fr = 3.7) was higher than the value in model T1 (Fr = 2.8) 

around the obstacles. The increasing trend continued downstream 

of the obstacles and through the flow exiting the outlet. The values 

of Froud number were changed with increasing tendency when 

they exceeded the critical value around the dam site. In fact, the 

flow regime was changed from subcritical in the reservoir to 

supercritical in the downstream channel. It is noteworthy that 

another change occurred in the first row of the obstacles where the 

Froude number values decrease while reaching the critical value 

with significant fluctuations. The main reason for the fluctuations 

is the formation of cross currents around the obstacles and the 

rapid change in depth-averaged velocity at this location over time. 

The Froude number values are significantly higher in model T2 

than in model T1 around the obstacles in rows 2 and 3. 
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Figure 11. Temporal variation of the dam-break outflow depth in models T1 and T2  

  

    
Figure 12. Dam-break outflow hydrograph in the dam site in models T1 and T2 
 

The arrangement of the obstacles has no effect on the temporal 

variation of the discharge depth and hydrograph in the dam area 

(Figs. 11 and 12). This is because the drag effects of the obstacles 

do not affect the reservoir, considering how far the obstacles are 

from the reservoir. The reservoir is emptied in the initial stage 

rapidly. Therefore, the steep slope is observed in the initial stage. 

The duration of rapid emptying of the reservoir is of the same order 

of magnitude as the instantaneous collapse of the water column at 

the dam site (Fig. 11). 

According to Fig. 12, the outflow hydrograph also does not 

change with the obstacle's arrangement. The rising limb of the 

hydrograph has a steep gradient, while in the initial stage it rises 

to the peak value Qpeak. After that, it decreases slightly to the 

equilibrium flow rate Qe. The equilibrium flow rate is constant in 

the middle stage and decreases in the middle to last stages due to 

wave damping (Fig. 12). The results are consistent with those of 

Fraccarollo and Toro (1995) and Khoshkonesh et al. (2019). 

 

     

Figure 13. Dam-break inflow hydrograph in the obstacles’ place in models T1 and T2 

 
The inflow hydrograph has a lower value in model T2 than in 

T1 because the reservoir is emptied faster in model T1. However, 

the models converge during the last stages. Therefore, placement 

of obstacles may affect the inflow hydrograph in the downstream 

channel. The peak inflow is larger in model T1 than in T2. 

Accordingly, the outflow of the dam breach is discharged more 

when it flows through model T1 (Fig. 13). 

Flow in a dam breach is three-dimensional, and the components 

of flow velocity u, v, and w change in each section around the 

obstacles. As can be seen in Figure 14, the sign of the velocity 

changes in different directions around the obstacles. However, the 

horizontal component u has a positive sign in the y-direction. The 

velocity peak is about u = 0.6m/s in the horizontal direction, while 

the minimum value over the obstacle body is zero. The positive 

values are the horizontal velocity in the dominant downstream 

direction. The negative values are negligible. This is because the 

flow in the horizontal direction did not pass over the upstream 

obstacles. Moreover, the sign of the transverse velocity in the y-

direction of the channel around the obstacles changed between v = 

-1m/s and 0.8m/s. In fact, the flow evolution was dominant on the 

left side of the transverse direction. Moreover, the vertical velocity 

values were higher than the horizontal and transverse velocity 

values. The peak values changed between w = -1.5m/s and w = 

1.7m/s in both upward and downward directions. The horizontal 

velocity component u is zero above the obstacles, but the velocity 

values increase and then decrease between the obstacles. In fact, 

the stagnation points form upstream above the obstacles. It is clear 

that the variations in flow velocity are larger in model T2 than in 

T1 because the drag effects of the obstacles in the first and second 

rows are larger in model T2 than in T1. The highest velocity values 

are observed in the vertical direction z, where the sign of the 

velocity changes from negative to positive. This is due to the fact 

that the flow develops in opposite directions after hitting the 

obstacles. Moreover, the value of the flow velocity between the 

obstacles and the sidewalls is negligible. The reason could be the 

small distance between the obstacles and the sidewalls and the 

dominance of the wall effects on the flow evolution. In fact, the 

distribution of the flow in different directions during a dam failure 

leads to a reduction of the flow energy when passing through the 

obstacles and the sidewalls (Fig. 14). 
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Figure 14. The velocity transverse profiles in three dimensions of Cartesian coordinates in models T1 and T2 at t = 4s (Input of 

mesh block 3) 

 

 

    

     
Figure 15. The resultants of pressure and shearing forces within the reservoir in models T1 and T2  

The pressure and shear forces act on the reservoir in different 

normal and tangential directions because of collapsing the 

stationary water column in the reservoir when the dam breaks. The 

shear force values increase in both horizontal and normal 

directions in the initial stage due to the rapid development of the 

free surface. Shear force Fs values increased from zero to about 90 

N during t = 2s after dam failure. The increase was due to the rapid 

development of the wave front in the horizontal direction in the 

downstream channel. However, the shear force increased with a 

slight slope to about 100 N during t = 2s to t = 4s. This was due to 

the propagation of a weak negative wave over the reservoir, which 

was opposite to the dominant wave propagation downstream. 

Thereafter, the shear force values decreased to about 20 N at t = 

10s because the flow depth was reduced by the exit of the dam-

break flow from the outlet and wave damping. The resultant 

pressure force in the reservoir was increased from zero at t = 0 to 

about 20 KN at t = 5s. Thereafter, the value was constant during t 

= 5s to t = 6.5s. Wave propagation across the downstream channel 

decreased the pressure force values with a slight gradient to about 

15 KN. The pressure force values were significantly higher than 

the shear force because of water column weight. These values 

increase with a steep gradient from the first to the middle stage. 

This is due to the delay in outflow from the reservoir during dam 

failure and the significant difference between the momentum of 

the wave front and the static water in the reservoir. However, the 

values for the pressure force decrease with a slight gradient during 

the middle to last stages. It is clear that the highest resultant 

pressure force occurs during the middle stage when the reservoir 

was most depleted (Fig. 15). 

4. Conclusion 

The instantaneous wave development during a dam breach was 

modelled using a CFD package, while the effects of the 

downstream obstacle were investigated in a numerical approach. 

The model showed high accuracy in predicting the evolution of the 

free surface of the dam breach, but overestimated the outflow 

hydrographs of the reservoir. The performance of the model was 

highly dependent on the mesh resolution, while the fluid loss was 

negligible. The results showed that the arrangement of the 

obstacles played a significant role in the free surface elevation, 

-0.2

0.2

0.6

1

0 0.3 0.6 0.9 1.2 1.5

u(m/s)

y(m)

Trg1-z=0.25m-t=4s Trg2-t=4s

-1

-0.6

-0.2

0.2

0.6

1

0 0.3 0.6 0.9 1.2 1.5

v(m/s)

y(m)

Trg1-z=0.25m-t=4s Trg2-t=4s

-2.2

-0.8

0.6

2

0 0.3 0.6 0.9 1.2 1.5

w(m/s)

y(m)

Trg1-z=0.25m-t=4s Trg2-t=4s

0

20

40

60

80

100

0 2 4 6 8 10

Fs(N)

t(s)

H0=0.5m-Triang1 H0=0.5m-Triang2

0

4000

8000

12000

16000

20000

0 2 4 6 8 10

Fp(N)

t(s)

H0=0.5m-Triang1 H0=0.5m-Triang2



International journal of COMADEM 

reservoir discharge rate, three-dimensional flow velocity, and flow 

regime around the obstacles. However, there was no specified 

relationship between the arrangement and the wave development 

distance and the resulting forces acting on the reservoir. 
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