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ABSTRACT



In this paper we model a dam break flow using the FTCS (Forward Time Central Space) numerical scheme to estimate the inundation extents caused by failure of a dam: a case for Solai earthfill Dam in Nakuru County, Kenya. This numerical model is based on the Shallow Water Equations (SWEs) that are extensively applied in depicting shallow water flows behavior in hydraulic engineering. The dam’s downstream topography and measured height of the water initially are used as the parameters for this numerical simulation. The numerical simulation of the dam break that provided the inundation map were carried as follows: - spatial discretization carried out using the Central Difference Finite scheme, to cater for any discontinuities arising from the steep gradients; Hansen filters were applied at various nodes, and the time discretization carried out using the Forward Difference Finite numerical method. The two discretization methods mentioned herein add up to the Forward Time Central Space (FTCS) numerical scheme. The inundation map results are compared to the actual Solai Dam failure flooding extent and the performance, accuracy and computation complexity of the method (FTCS) compared to the Monotone Stream Upstream Centered Scheme for Conservation Laws (MUSCL) numerical scheme. 
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[bookmark: _Toc202176157]INTRODUCTION
Water reservoirs are as old as civilization of man (Angelakis et al., 2024). Water impoundments are essential for civilized man activities such as irrigation, domestic uses and hydropower generation. Recreational activities such as fishing and boat riding can take place in these water reservoirs. Figure 1 shows a saddle dam built for the purpose of fishing, hydropower generation and boat riding recreational activities.[image: ]
[bookmark: _Toc202688445]Figure 1: Saddle Dam.  Source: https://www.google.com/search?q=Saddle+dam
According to Singh (2005) if the water impounded by a levee is released at once by the abrupt actual removal or collapse of the levee/dam, then unusual floods characterized by immense energies generated which have a very high probability of causing havoc to the downstream environment. The failure of Solai dam in Nakuru County, Kenya led to loss of 48 lives, property and a morphological evolution of the downstream topography National Environmental Complaints Committee (NECC), 1999). See Figure 2.
Therefore, it is essential to model dam breaks to come up with mitigation measures to combat these cases. Besides the inundation maps will help government settle its citizens appropriately in the downstream and even come up with an Emergency Action Plan in the instance of the failure of the dam. This necessitates the need of devising an appropriate model which can accurately and correctly simulate effects of dam break failures, flood routing and sediment transport processes. [image: ]
[bookmark: _Toc202688446]Figure 2 Solai Dam Tragedy
[bookmark: _Toc202176159]Statement of the problem
Researchers have made significant contributions in bed load sediment transport and flood routing caused by intensive storm and dam breakages but majority of them used Godunov type methods and relaxation method in their simulations. In this research, we modeled dam break flood routing by simulating the SWEs using the FTCS numerical scheme (FTCS is an explicit method which is simple to implement) and the results obtained to Magua’s (2015) MUSCL scheme and to the physical actual Solai Dam. Naik (2015) established that numerical schemes were more appropriate and convenient in simulating SWEs using MATLAB code. The capability of the model shall be tested by performing simulations considering an area in Kenya where sediment transport with entrainment caused havoc, loss of lives and property.
[bookmark: _Toc202176165]THE LITERATURE REVIEW
Martinez et al. (2009) used advanced numerical algorithm for resolution on dry and wet areas by spatial discretization using the triangular finite elements. They found out that the model gave an accurate replica of water heights and inundation extents and arrival times of the wave travel for both the physical and numerical case under study. Razad et al (2013) simulated a breach outflow for Jor earthfill dam in Cameron. MIKE 11 software coupled with Macdonald-Landridge-Monopolis and Froelich empirical equations were used to predict the breach parameters to obtain the outflow for the PMF. The peak value for the hydrograph was 13600m3/s. This showed that the Macdonald-Landridge-Monopolis and Froehlich equations were good at approximation of earthfill dams. George & Nair (2015) discussed a breach analysis of Thenmala Dam of Kelara State, India. BOSS DAMBRK software was used to evaluate the degree of flooding, time of wave travel and the velocities of the water downstream. The total time of travel was predicted to be 35.98km. 
Boussekine & Djemili (2016) modeled a gravity dam failure of Hamman Grouz Dam, Algeria. HEC-RAS software was used to determine the water level profiles and surface flows. It was noted that the resolution supported the shallow water equations for unsteady flow analysis. An accurate hydrograph was obtained for computation on a two-minute time step. Farid et al (2016) conducted a research on the finite difference method in simulating the dam break flows and established that Mac Cormack scheme was the best in dam break flow in comparison to the tested Method of Characteristic, Leap Frog and Lax-Wendroff. Juliastuti et al (2019) conducted a research on modeling a dam break failure to predict inundation hazard map for emergency planning of Malahayu dam, Indonesia. The Navier-Stoke’s equations were put to use with the numerical data information provided by the Geographical Information Services (GIS) to plot different geographical heights downstream. Flow simulation was predicted or performed using the ZhongXing HY-21 software and the results translated using the GIS. The results of the dam break analysis are to be used for Emergency Action Plans (EAP) to save the livelihoods of the downstream occupants when failures of the dams are reported earlier. Kyaw (2020) modeled a dam breach analysis for examining the applicability of hydraulics and hydrologic models, Hydrologic Engineering Centre’s for River Analysis System (HEC-RAS) and Hydrologic Engineering Centre’s Hydrologic Modeling System (HEC-HMS) on dam flooding and failure modeling. 
Swastika et al., (2021) investigated the numerical models performance in solving SWEs by using a staggered grid system for conserving momentum and the results were conformal to the experimental results discussed in their literature.  Dharmawan et al., (2024) re-examined and implemented the MCS in precisely modelling the open surface and waves at interface created by diverse flows as they propagate around irregular geometrical settings and heights. The results strongly indicated the applicability of the conventional leapfrog technique in solving real life flows involving various geometries and multi-layer cases. Swastika et al., (2023) presented a new method for implementing primitive SWEs by approximating the free surface variable using a conformal basis whereas the potential velocity utilizing a non-conformal basis. The findings show the stableness and ability of these schemes in solving SWEs and problems involving water flows in shallow regions.
In this research we analyzed and simulated a dam break with regard to the Solai Dam break in Nakuru County, Kenya 2018 tragedy. The main aim of the research was to compare the results with the actual dam break that has already occurred and the comparison to be drawn between the two simulation numerical methods namely: - FTCS and MUSCL scheme. We collected vital information of the dam capacity from an estimate calculation of the reservoir volume. The downstream topography was obtained from the geographical map contour lines. The manning coefficients and breach parameters of the earthen dam were provided by Tschiedel & Paiva (2018). The results obtained may be used by engineers in development of earthfill dams, the hazard management team for evacuation plans and in other many areas related to hydrological engineering and structural designs.
[bookmark: _Toc202176166]METHODOLOGY
The Governing Equations
[bookmark: _Toc202176167]3.0 The Conservation of Mass
The differential form of the equation is given as 

					(1)	


Where,  is the density of the fluid and  is the velocity. For an incompressible fluid (there is no variation of density with pressure).
[bookmark: _Toc202176168]3.1 The Conservation of Momentum
The differential form of the conservation of momentum is given by:

				(2)	








Where, is the gravity acceleration, is the fluid velocity, is the pressure on the fluid, is the fluid density, and is the viscosity within the fluid particles. The assumption will be the water is exhibiting an inviscid flow, then  and by convention the horizontal plane is given by the co-ordinates x-y plates and z in a vertical direction. Now, the body force vectors will be given by where  is the acceleration due to gravity (assumed constant). Then the continuity equation takes the form;

					(3)
[bookmark: _Toc202176169]3.2 The Shallow Water Equations
The SWEs take the final conservative form in contest to Wolf (2013) as

				(4)




Where, is the depth of water, is the velocity vector along the x axis, is the velocity vector along the y axis, is the density of water and g is the acceleration due to gravity. The first equation of the SWEs system is derived from the equation of mass conservation and the latter from the Navier-Stoke’s equation.
[bookmark: _Toc202176170]3.3 Discretization of the Equations using FTCS 
The SWEs for this model shall be defined as follows: -
The continuity equation for the SWEs takes the conservative form (3.6) when the density and other physical conditions are held constant

							(5)
The x-direction Navier Stoke’s equation for the SWEs

						(6)
The y-direction Navier Stoke’s equation for the SWEs

						(7)


The  and are the depth gradients in the x and y directions in that respect and defined as 


									(8)									(9)


The and are the energy grade lines evaluated as

									(10)

									(11)


	Where  is the bed height and  is the manning co-efficient.
The discretization of the three equations comprising the SWEs will be done using the numerical forward time central space scheme as below: -
The Continuity equation takes the form

	,	(12)
Momentum in the x-direction

				(13)
And the momentum in the y-direction

				(14)


	Where and are the fluid velocities in the x and y direction in that respect.
To minimize numerical instability of discontinuous flows caused by the shock waves, filters were applied at every point or node of time step. The Hansen Filter (1962) as used by Adityawan & Tanaka (2012) and Putri et al (2020) defined as 

 				(15)


For  and are the filtered parameters acted as an artificial dissipation.
[bookmark: _Toc202176171]3.4 The Grid Generation




A rectangular mesh fixed over a finite regions  and  for spatial coordinates, and  for time considering the Von-Neumann stability condition defined as     


	Where is the diffusivity constant of water in air. The scheme is stable if 
[image: ]

[bookmark: _Toc202176172]RESULTS
[bookmark: _Toc202176173]4.0 Model Description
The bottom surface spatial dimensions in the x-y plane are set to a square of length 200m. The reservoir height h0 of 10m is considered in the z-direction and the crack/cleft of the dam failure modeled to be in the middle of the y-axis and of length 75m. The downstream height hL of water is set to 5m. The co-efficient of friction between the water and bed is considered to be zero as the large masses of water are released with very high amounts of potential energy. Further assumptions set to be of negligible influence on the model are the rates of seepage into the dry land. The flow is the simulated for 12s to assess the impact of the flow. The diagrammatic model representation is also provided in computational fluid dynamics by Bascarini et al. (2010).
i. [bookmark: _Toc198678312]1D model representation
[image: ]
[bookmark: _Toc202688448]Figure 4 One-dimensional schematic representation of the dam model
ii. [bookmark: _Toc198678313]3D model representation
[image: ]
[bookmark: _Toc202688449]Figure 5: Three-dimensional dam model representation
[bookmark: _Toc202176174]4.1 MatLab Output Figures

[image: ]
[bookmark: _Toc202688450]Figure 6: The water depth in z-direction profile in metres (m) Vs. x-direction distance at time t = 2.0s


[image: ][bookmark: _Toc202688451]Figure 7: Discharge of water in cubic metre (m3) water profile at time t = 2.0 seconds
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[bookmark: _Toc202688452]Figure 8: Water discharge profile at time t = 3.5 seconds after the dam failure
[image: ]
[bookmark: _Toc202688453]Figure 9: Water discharge profile at time t = 8.0 seconds
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[bookmark: _Toc202688454]Figure 10: Water discharge profile at time t = 12.0 seconds


[image: ]
[bookmark: _Toc202688455]Figure 11: Water contour map at time t = 3.5 seconds
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[bookmark: _Toc202688456]Figure 12: Water contour map at time t = 8.0 seconds
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[bookmark: _Toc202688457]Figure 13: Water contour map at time t = 12.0 seconds
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[bookmark: _Toc202688458]Figure 14: Water height Vs x-direction hydrograph (Magua, 2015)
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[bookmark: _Toc202688459]Figure 15: Water profiles (Magua, 2015)
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[bookmark: _Toc202688460]Figure 16: Water contour lines of the flow between two obstacles downstream (Magua, 2015)


[bookmark: _Toc202176175]DISCUSSIONS 
Figure 6  shows the hydrograph for variation of the water height as it flows along the x direction in different times using the FTCS numerical simulation scheme in MatLab. The water height of the dam falls as soon as the dam crevice opens. This is preceded by a constant height of 4m in the z-direction at time (t=10s). Thereafter, a steady height of approximately 1m which vanishes as the time tends to infinity. This is attributed to an increase in surface area of the fluid flow downstream in the x-y planes over time. In figure 7 the volumes of the water also decreased in congruency to the height of the water in figure 6. Additionally, in the discharge volume per unit square area in the x-y plane versus distance along the x-axis hydrograph, the volume of water increased rapidly then it fell steeply after a short time interval t=2.5s to t=4.5s. This impulsive wave energy is approximated by calculation of the potential energy in the water held behind the barrier. 


The water contour/profile exhibited in figure 8 show the surface of the water velocity components as it traverses through the dam crevice for  seconds. An enormous down stream flow for the time t = 3.5s is noted in the model, a similar scenario was reported in the Solai Dam break and this, further, depicts the great potential energy stored in the water behind the dam reservoir being converted to kinetic energy. In figure 9 and 10 the water surface profile spreads on the x-y planes for  seconds which enhances the drop in the water levels drop between the periods mentioned for a distance of 150m along the x-direction; a similar situation is projected to have happened in the Solai Dam tragedy. The rapid reduction in the velocity of water in the actual Solai Dam break resulted from the structures elevated downstream from human development and vegetation. These may be accounted to the mathematical model by incorporating the manning coefficient, slip conditions factors, alongside, sediment transport which make the water more viscous, thus, attaining a viscid flow. Viscid flows are characterized by the fluid sticking to the walls of the channel; therefore, low component velocities are remarked to be associated with such flows. 
Magua (2015), on the other hand, more parameters have been incorporated considering two elevated mounds placed 50m from the crevice epicenter each. Figure 14 show the hydrograph of the water height versus distance along x-direction. The convergence in the Magua’s case is attained for a short period compared to the FTCS simulation method. Since the downstream is composed of two mounds, this act as a barrier which generate a back wash wave. The backward shock wave aids in stabilizing the high kinetic water flow energy. The surface water profile in figure 15 shows the flow around the two obstacles elevated downstream the model. The contour maps in figure 16 depict the energies of interaction between the mounds and the water. The mounds faced stern morphological evolution due to denudation by the impulsive wave. In the Solai dam break, installing physical barriers downstream would have reduced the impact of the water on the man activities devastated. 
The Root Mean Square Error (RMSE) is evaluated using the mathematical expression 



Where y is the FTCS model node value and is the MUSCL Scheme node values at the same time intervals. The table below shows the RMSE values from two the models at various time intervals and they tend to converge to 0.00022 as time tends to infinity. 
Table 1 : The table below shows the RMSE values from the model at various time intervals 
[image: ]
Therefore, the mathematical modeling of physical phenomenon is vital in forecasting the extent of inundation, prediction of dam breach and impact on the structures on the path of the flow after the dam break. Further, natural phenomena like tsunamis, wind typhoons and deep oceanic trenches whirls such as the Bermuda Triangle mystery. 
[bookmark: _Toc202176177]5.1 Limitations of the Study
The research had a number of limitations that could not be evaded due to the time dedicated for the research, complexity of mathematical computations involved, financial resources constraints and technical knowhow of the software utilized for the simulation. For example, due to limited knowhow on coupling of some parameters into the equation such as porosity of the ground and slip conditions among others made our modeling simplified and fit for the Solai dam break analysis. 
[bookmark: _Toc202176178] Conclusion
[bookmark: _GoBack]The impact of obstructions on the flow as a result of dam failure is also investigated. The FTCS scheme in coupled with the Hansen Filter forms the basis of the suggested model. This numerical filter on the model is added to take care of shocks and oscillations resulting from the discontinuity of the flow. The FTCS and MUSCL numerical schemes have the capability of simulating for inundation maps by coupling the SWEs with the downstream energy gradient changes and manning coefficients. The model has its foundation on finite difference method, based on the forward time center space scheme, which gave a converging and robust result making the FTCS an efficient numerical scheme. Moreover, the results are comparable and in agreement with the MUSCL scheme following the small value of the RMSE. This model may be applied in dam break routing maps, development of the coastal harbors, and construction of water channels among other engineering areas where shallow water flows are exhibited. The computations presented in this research have many advantages over some existing models of dam break routing prediction. These include: - (1) incorporation of dynamics associated with flows, (2) filters and limiters can be used to eliminate shocks or discontinuities in the flow and (3) evading of many inadequately understood practical relations such as flow area discharge, and relationships between hydraulic radius, length, gradient, water height and discharge velocities of the flow. The research did put forward a well-established fluid flow equation (Navier-Stoke’s and Continuity equation) whose stability, precision and accuracy have been widely studied and developed in many fields such as Geosciences (magneto-hydrodynamics, oceanography and surface evolution). This research advances the awareness of these existing mathematical equations on dam break analysis to predict precisely on the expected kinetic energy of the water wave fronts, the routing maps and predicted time of arrival at specified locations.
[bookmark: _Toc202176179]5.3 Recommendations
A multifaceted strategy that includes emergency planning, effective response tactics, and pre-failure preventative measures is essential to minimizing downstream damage from a dam break. This entails proactive upkeep, thorough emergency action plans, and concerted efforts from emergency personnel, dam owners, and the impacted population. Regular examinations by trained experts can spot any issues like seepage, cracks, or erosion early on, enabling prompt repairs and halting the spread of the problem. Emergence action plans (EAPs) must be created and updated on a frequent basis. Potential failure scenarios, warning systems, evacuation routes, and communication methods for towns downstream should all be included in these plans. It is crucial to increase public knowledge of dam safety, possible risks, and evacuation protocols. This involves educating locals on safe evacuation routes, warning systems, and EAPs. It is essential to impose zoning laws that reduce possible damage from a dam failure and to restrict development in high-risk inundation zones. The probability and severity of a failure can be considerably decreased by strengthening the dam's structure, enhancing drainage, and putting policies in place to stop erosion or overtopping.
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[bookmark: _Toc202176155]NOMENCLATURE AND ABBREVIATIONS

	Vector of convective flux in x direction of the morphodynamic component

	Vector of convective flux in y direction of the morphodynamic component

	Acceleration due to gravity

	Water height

	Wavelength

	Pressure

	The time level

	Source term vector

	The manning coefficient

	Time

	Velocity of the fluid

	The x direction velocity component 

	The y direction velocity component 

	The z direction velocity component 

	Distance along the x axis

	Distance along the y axis

	Fluid Viscosity

	Fluid density
FTCS Forward Time Central Space
MUSCL Monotonic Up-Stream Central Scheme for conservation Laws
SWEs Shallow water equations
CFD	Computational Fluid Dynamics
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Fig. 4.1 (). 1D schematic representation of the dam model
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Fig. 4.1 (b). 3D schematic representation of the dam model
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Fig. 4.2. The depth of water in the 7 direction in metres (m) Vs. x direction distance (m) at time t=2.0s
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Fig. 4.3. Discharge of water in cubic metres (m) in the x direction at time t=2.0's
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Fig. 4.4. Water profile flow at t = 3.5s after the dam failure
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Fig. 4.5. Water profile at t = 8.0s after the dam failure




image55.png
h (m)

Fig. 4.6. Water profile at t = 12.0s after dam failure
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Fig. 4.7 Water contour map at t = 8.0s
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Fig. 4.9 Water contour map at t = 12.0s
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Fig. 4.11. The depth of water in the in the x direction in metre (m) at different times
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Fig. 4.12. Contour lines of the flow between two mounds placed downstream of the dam after its

failure
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