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Abstract:  In this paper, the propagation of a flood wave after the break of a reinforced concrete dam is simulated numerically, 

assuming one-dimensional (1D) unsteady flow. Two numerical models are developed based on the 1D Shallow Water 
Equations (SWE) or Saint-Venant's Equations, using the numerical schemes Lax-Wendroff and McCormack, 
respectively. In order to validate the simulation results, a comparison with experimental data is made. The 
experimental set-up consists of a water tank that simulates the reservoir of a dam, followed downstream by a 
horizontal dry bottom section, a triangular bottom sill with high slopes and a small pool of water at rest that ends up in 
a vertical diaphragm. The algorithms can simulate successfully the flow over the triangular bottom sill with a high 
negative value of slope, without any complicate considerations. The comparison of experimental and numerical data 
shows a high degree of convergence. The use of an artificial diffusion factor is favorable for the implementation of 
numerical schemes that are unable to describe abrupt changes of hydraulic flow properties (velocity, water depth, 
bottom bent etc.). There is a weakness in describing the phenomenon of flood wave reflections on vertical diaphragms 
due to the induced supercritical flow conditions, as well as the simultaneous formation of a hydraulic jump.       
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1. INTRODUCTION 

During a dam failure, a flood wave with destructive consequences for the downstream area is 
created. The dam-break and the flood wave which is created by a dam failure, is widely studied by 
many researchers both experimentally and theoretically (especially numerically).  

The two basic areas of research include: a) definition of flow characteristics at the time the dam 
breaks such as flood hydrograph or breach type, which depends on dam's material, b) study of flood 
wave propagation which consists in choosing governing equations and deciding in how many 
dimensions they are solved (one-dimensional [1D], two-dimensional [2D] or three-dimensional 
[3D]). 

The first approach by Ritter (1892) was theoretical, but with many simplifications, such as 
ignoring hydraulic resistance.  

Many researchers studied this phenomenon experimentally, for example Schloktisch (1917)  
studied the small wave propagation, Eguiazaroff (1935) performed wave propagation 
measurements, Dressler (1952, 1954) found that hydraulic resistance is the controlling factor of the 
propagation of the dam-break wave, Montuori (1965), Yevjevich and Barnes (1970) and more 
recently Lauber and Hager (1998), Stansby et al. (1998) and Spinewine and Zech (2007) validated 
their proposed models with experimental data. 

The development of computing machines led researchers to numerical simulations. Chanson 
(2006) notes that there is no theoretical development of this phenomenon since the basic work of 
Dressler (1952) and Whitham (1955) for horizontal slope and Hunt (1982, 1984) for sloping 
channel. 

Numerical modeling methods in literature can be classified, in general, into three categories: 
Finite-Difference (FDM), Finite-Element (FEM) and Finite-Volume methods (FVM). Concerning 
FDM, Terzidis and Strelkoff (1970) studied surges and shocks in open channel flows, Xanthopoulos 
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and Koutitas (1976) simulated numerically a 2D flow after a dam-break, Katopodes and Strelkoff 
(1978) developed a numerical 2D model based on the characteristics method, Bellos and Sakkas 
(1987) developed a 1D numerical model of flood wave propagation in a dry bed. Miller and 
Chaudhry (1989) developed an equivalent 1D numerical model for curved channels, Rahman and 
Chaudhry (1998) noticed the importance of local grid adaptation in dam-break flow. The well 
known DAMBRK software and its replacement FLDWAV should also be mentioned. These 
numerical models were developed by Fread (1984a, 1984b), Fread and Lewis (1988, 1993) and are 
based on the Preissman implicit numerical scheme.   

Concerning 2D or 3D numerical models of FEM, Gee and McArthur (1978) developed a 2D 
numerical model based on the Galerkin technique, Katopodes (1980) developed a 2D numerical 
model for small Froude numbers and later (1984) developed a numerical model based on the 
Petrov-Galerkin technique which has a good shock capturing ability.  

FVM is similar to FEM but in comparison easier and needs less computational work. Concerning 
FVM, Bermudez and Vazquez (1994) proposed a discretization method of bed slope for Saint-
Venant’s equations, Hubbard and Garcia-Navarro (2000) proposed a numerical scheme based on 
Bermudez and Vasquez method, Zoppou and Roberts (2000) developed a numerical method for 2D 
dam-break flows.   

The main goal of the present paper is the study of flood wave propagation after an immediate 
and abrupt break of a reinforced concrete dam. When a reinforced concrete dam breaks, it is 
destroyed immediately and completely, unlike the break of flexible dams, where water slips through 
failure breaches. 

For this purpose, two numerical models are developed, based on the 1D Shallow Water 
Equations (SWE). In cases where flood waves propagate within a river, the vertical and traverse 
velocity components are much smaller than the streamwise velocity component, hence they can be 
considered negligible. Due to this simplification, the problem of propagation of a flood wave can be 
simulated assuming 1D flow (streamwise direction). The numerical method used in the models is 
FDM, which is the most appropriate and less complicated in 1D approach in comparison with FEM 
or FVM. 

2. GOVERNING EQUATIONS 

The governing equations that describe 1D, unsteady, open channel flow are widely known as 
Shallow Water Equations (SWE) or Saint-Venant’s Equations. These partial differential equations 
are based on mass and momentum conservation and are valid under a number of assumptions. With 
suitable modifications, these equations can be transformed to the matrix form shown below: 
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where A is the area of wetted cross-section, Q is the discharge, V is the water velocity, ql is the 
lateral inflow per channel unit length, S0 is the slope of channel bottom, Sf is the slope of energy 
line, Vl is the velocity component of the inflow in main flow direction and y  is the vertical distance 
of the centre of gravity of the cross-section from the water surface. 
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Equations (1) constitute a hyperbolic type system of differential equations in a form appropriate 
to be numerically solved. The main advantage of Equations (1) is that they are in a conservation law 
form, proved to be appropriate for describing a discontinuous flow (e.g. hydraulic jump).  

3. NUMERICAL MODELS 

The only way to solve the governing partial differential equations (1) is an approximate 
numerical simulation using a numerical scheme, for example based on FDM.    

The first numerical model of this study contains the well known explicit numerical scheme Lax-
Wendroff (Lax and Wendroff, 1964), which is using forward time differences and central space 
differences in two steps and has an accuracy of second order. These two steps, as well as the 
solution process of the numerical scheme are described below (Equations (2) and (3), Figure 1): 
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Figure 1. Lax-Wendroff numerical scheme 

The second numerical model of this study is an improved version of Lax-Wendroff numerical 
scheme, called McCormack numerical scheme, which is more suitable for discontinuous flows. This 
scheme is an explicit numerical scheme which includes two steps (prediction and correction), with 
an accuracy of second order, but forward and backward, instead of central, space differences are 
used. These two steps as well as the solution process of the numerical scheme are described below 
(Equations (4) and (5), Figure 2): 
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In Equations (2), (3), (4) and (5), Δx is the space step and Δt the time step. 

 

Figure 2. MacCormack numerical scheme 

Both above mentioned numerical schemes are stable under Courant-Friedrichs-Lewy (CFL) 
condition:  

1
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where c is the celerity.  
 
Artificial diffusion due to truncation errors is added to the numerical schemes with a weight 

factor (OME) at second or corrector step, respectively (Equations (3) and (5)), so that problems of 
abrupt change of flow characteristics can be solved (Koutitas, 1982): 
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The artificial diffusion is determined as follows (Bellos, 1994):  
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where OME ranges from 0 to 1. 

4. DESCRIPTION OF EXPERIMENTAL DATA  

4.1 Experimental Set-Up 

The experimental set-up was developed by Soares-Frazao (2007) and consists of a channel with  
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a width of b=0.5 m and a length of l=5.6 m, with a horizontal bottom (Figure 3). A vertical 
diaphragm is placed at the end of the upstream section of the channel and another one at a distance 
l1=2.39 m from the first.  

The latter diaphragm represents the dam, while the water tank represents the reservoir. The water 
depth in this section is y1=0.111 m. Just downstream of the water tank there is a dry bed section, 
which has a length l2=1.61 m.  

Downstream of this section, a symmetrical triangular bottom sill is placed, which has a length 
l3=0.9 m and a height y2=0.065 m. Just downstream of the triangular bottom sill there is a small 
water pool at rest, which has a length l4=0.70 m and a depth y3=0.02 m.  

A vertical diaphragm is also placed at the end of the channel. The purpose of this diaphragm is 
the prevention of water flow and the creation of a basin at rest after a dam-break. The lateral walls 
of the channel were made of glass and the Manning’s coefficient has been estimated to be n=0.011. 

 

Figure 3. Experimental set-up 

4.2 Experiment Implementation 

The experiment starts with the abrupt opening of the diaphragm which retains the water of 
upstream tank and simulates the dam. The abrupt failure of a reinforced concrete dam is simulated 
with this process. Water flows in the dry bottom until it reaches the triangular bottom sill. The 
abrupt slope change creates a hydraulic jump.  

Afterwards, the water overcomes the triangular bottom sill and flows in the small water pool at 
rest, which is positioned downstream. The flow is reflected when the water front reaches the 
vertical diaphragm at the end of the channel. The upstream vertical diaphragm reflects the flow too. 
Pictures of five water profiles have been taken in five time steps (t=1.8 s, t=3.0 s, t=3.7 s, t=8.4 s, 
t=15.5 s). 

5. NUMERICAL MODELS IMPLEMENTATION 

5.1 Input Data 

The two numerical models are implemented and validated with data collected from the above 
experiment. 

As it is mentioned, the lateral walls of the channel were made of glass. This fact allows the 
assumption of an infinite width channel which has many advantages as it allows the simplification 
of equations by studying a band of unit width. Hence, the input data for the width of the channel is 
b=1.0 m and not b=0.5 m as in the experiment. The input data for the water depth at the dry bed 
section is h=0.0001 m. It should be noticed that this depth has no influence on the celerity of the 
wave (Bellos and Sakkas, 1987), but is needed for computational reasons. 

Water is restricted by the vertical diaphragms upstream and downstream of the experimental set-
up, creating a pool. In order to simulate these conditions, boundary conditions must be specified. In 
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the upper and lower parts of the channel, where the vertical diaphragms are placed, the discharge is 
assumed to be zero and the water depth is determined with the characteristics method (backward 
and forward characteristics for upstream and downstream boundaries, respectively (Terzides, 1982). 
Finally, the artificial diffusion factor was calibrated to be OME=0.9. 

5.2 Experimental and Numerical Results 

The corresponding water profiles at times t=1.8 s, t=3.0 s, t=3.7 s, t=8.4 s, t=15.5 s are illustrated 
in Figures 4, 5, 6, 7, 8, respectively. These profiles are derived from experimental data, the 
numerical simulation with the Lax-Wenrdoff (LAX) scheme and the numerical simulation with the 
McCormack (MAC) scheme.  

The discontinuity of experimental data is attributed to the fact that only the half of the 
downstream section was photographed, as well as to the fact that there were beams which were used 
to support the lateral walls and hence the optical field was not clear enough. 

A comparison of the experimental and numerical data at times t=1.8 s, t=3.0 s, t=3.7 s, t=8.4 s 
shows a high degree of convergence. At time t=15.5 s there is a divergence between the 
experimental and numerical data, which is probably due to the impact of flood wave reflection on 
the downstream diaphragm. However, the numerical simulation results can be assumed to be 
satisfactory.  

The proposed algorithms can describe the overcoming of an obstacle with high enough negative 
slopes, without any complicated considerations.  

Moreover, the algorithms simulate with high convergence the initial time steps of the simulated 
flow, which are more useful in predictions regarding a real dam-break and the destructive 
consequences in the areas downstream. Besides, the conducted laboratory experiment represents 
just a study case and not a real situation, in which there are no vertical diaphragms downstream of a 
dam that prevent the propagation of a flood wave. 

For future studies, the phenomenon studied in the present paper can be further analyzed taking 
into account the effect of wave reflections on the diaphragms. Moreover, the existence of an 
obstacle downstream of a dam (such as the triangular bottom sill) and the expected energy reduction 
due to the hydraulic jump formation can be investigated in order to see if this obstacle can be 
assumed as a safety measure which limits the destructive consequences of a possible dam-break. 
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Figure 4. Water profile at time step t=1.8 s 
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Figure 5. Water profile at time step t=3.0 s 
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Figure 6. Water profile at time step t=3.7 s 
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Figure 7. Water profile at time step t=8.4 s 
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Figure 8. Water profile at time step t=15.5 s 

6. DISCUSSION AND CONCLUDING REMARKS 

Lax-Wendroff and McCormack algorithms describe satisfactorily the flood wave propagation 
phenomenon in an open channel with a triangular bottom sill, as a result of an abrupt dam-break, 
without any complicated considerations.  

The governing equations mentioned above are suitable to describe the flood wave propagation on 
a dry bed. 

The use of an artificial diffusion factor is favorable for the implementation of numerical schemes 
that are unable to describe abrupt changes of hydraulic flow properties (velocity, water depth, 
bottom bent etc.). 

There is a weakness in describing the phenomenon of flood wave reflections on vertical 
diaphragms due to the induced supercritical flow conditions, as well as to the simultaneous 
formation of a hydraulic jump. 

Despite the 1D simplification, the developed numerical models seem to be capable of describing 
the propagation of flood wave after the failure of a reinforced concrete dam with an open channel 
downstream. The 1D FDM solution methods are easier, faster and less complicated when compared 
with 2D and 3D approaches or other numerical methods.  

The models can be used to estimate the time it will take for a possible flood wave to reach an 
area downstream of a broken dam as well as the respective water depth. This estimate can aid the 
design of early warning systems. 
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