International Journal on Vol.11 (2021) No. 6
Advan_ced Sci(_ence ISSN: 2088-5334
Engineerin

Information Technology

2D Numerical Model of Sediment Transport Under Dam-break Flow
Using Finite Element

Qalbi Hafiyyan®", Dhemi Harlan ®, Mohammad Bagus Adityawan °, Dantje Kardana Natakusumah©,
Ikha Magdalena ¢

¢ Water Resources Development Center, Institut Teknologi Bandung, Bandung, 40116, Indonesia
b Water Resources Engineering and Management, Institut Teknologi Bandung, Bandung, 40116, Indonesia
¢ Water Resources Engineering Research Group, Institut Teknologi Bandung, Bandung, 40116, Indonesia
4 Industrial and Financial Mathematics Research Group, Institut Teknologi Bandung, Bandung, 40116, Indonesia

Corresponding author: "qhafivyan@gmail.com

Abstract— The potential hazard of dam construction is the possibility of dam failure. Dam failure will cause damage to property and
the environment, as well as loss of human life. In addition, the dam-break flow also causes erosion and sediment transport which can
affect the morphology of rivers around the dam. Dam-break flow analysis is needed to minimize the potential hazards of dam
construction. Dam-break flow analysis can be done by performing numerical modeling. This study develops a numerical model using
the Taylor Galerkin method. The Taylor Galerkin model is used in simulating the dam-break flow along with the sediment transport
that occurs. Mathematically, this flow is generally expressed by the shallow water-Exner equations. The shallow water equations
describe the movement of water, and the Exner equation describes the movement of sediment. The model will use the Galerkin method
for spatial derivatives and the Taylor series approach for time derivatives in this study. A numerical filter by Hansen was also added
to the model to overcome the instability of the model due to numerical oscillations. To determine the performance of the Taylor Galerkin
model, simulation results were compared with experimental data and other numerical results from previous studies. The Taylor
Galerkin model can simulate the dam-break flow with sediment movement over a movable bed well based on this study. Studies like
this are needed to reduce the high risk of dam failure.
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shallow water equations (SWE). Several numerical methods
I. INTRODUCTION can solve this equation. These schemes are finite-difference
[9]-[12], finite element [13]-[16], and finite volume method
[17]-[21]. Of all these methods, the finite difference method
is the most frequently used. This is due to its simplicity.
However, the finite difference method tends to be unstable in
dealing with shock waves [22]. The finite element method
(FEM) and the finite volume method (FVM) have better

Dam construction carries a large potential risk in the form
of possible dam failure [1]. Dam failure is an event where the
dam collapses and causes the dam cannot keep the water.
These events could negatively impact the property in the
downstream area of the dam and the environment around the
dam [2]-[7]. The dam-break flow causes erosion and
sedim£n1 Eng)vement along the flow path. The effects of stability than the finite difference method (FDM). Another
erosion and sediment movement may be even more dangerous advantage of FEM is its flexibility 1 n handling cases Wit,h
than the effects of flooding [8]. Thus, a study on the dam- complex geomeries. Thus, the ﬁmte elem ent method is
break flow needs to be carried out to minimize the impact of suitable for Qam-break ﬂqw modeling. This is because the
dam failure. model dpmams tgnq to be irregular or complex. .

One way to study this flow is to do numerical modeling. In this study, It 1s necessary to combine mor.phodyna.mlc
Numerical modeling will be more effective than laboratory an hg/ drodyna.mlc equ(aiitlons.d. Morphodynamic equatll(l).rlls
experiments. Dam-break flow hydraulic modeling has been escribe crosion  an sediment  movement, — while

done a lot. The modeling is generally formulated using hydrodynamic. equat.ions d@scribe water .ﬂow. The
morphodynamic equation used is the Exner equation. Several
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researchers have used the SWE-Exner model to simulate the
dam-break flow and the sediment transport that occurs. The
majority of these researchers use the FVM to solve the SWE-
Exner model [23]-[25]. Meanwhile, not many researchers
have used the FEM to solve the SWE-Exner model.

In the present study, the Taylor Galerkin method was used
as a numerical scheme. This method was first developed by
Donea [26]. The Taylor Galerkin method has a very simple
algorithmic structure [27]. Also, the method does not need the
determination of free parameters to maximize its accuracy
[26]. The Taylor Galerkin model has been used in Zendrato
[22] to simulate 1D dam-break flow without erosion and
sediment movement. It shows that the Taylor Galerkin model
is capable of simulating 1D dam-break flow. Zendrato [22]
also shows that the Taylor Galerkin model gives more
accurate results than the finite-difference model. The Taylor
Galerkin model also successfully simulated a 2D dam-break
flow on a non-erodible bed [28]. In the present study, the
Taylor Galerkin model was used to simulate the dam-break
flow along with the sediment transport that occurs. To reduce
numerical oscillations on the Taylor Galerkin model, a
numerical filter by Hansen was applied. The filter has been
used successfully in some previous studies [15], [28], [29].
This paper aims to report the performance of the Taylor
Galerkin model in simulating the dam-break flow with
sediment transport over a movable bed either in one-
dimensional or two-dimensional. The results of the model will
be compared with experimental laboratory data. Also, it is
compared with other numerical results from previous studies.

II. MATERIAL AND METHOD

A. Governing Equation

The governing equation comes from coupling the Exner
equation and shallow water equations (SWEs). The shallow
water equation is used to simulate water flow, while the Exner
equation simulates sediment transport. The vector form of the
2D SWE-Exner equation is as follows (by ignoring suspended
load, wind effect, the Coriolis force, momentum due
turbulence and viscosity):
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With 4 is water depth, g is gravitational acceleration, z is
bed level, p is bed porosity, u is the water velocity in the x-
direction, v is the water velocity in the y-direction, So, and So,
denotes bottom slopes, ¢« and g;,, are sediment discharge per
unit width, Sf; and Sf, correspond to bottom frictions. The
bottom frictions can be calculated according to Manning’s
formula:
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With n correspond to Manning’s coefficient.

The sediment transport equations used in this study are
Meyer-Peter & Muller (MPM) and Grass formula. Grass
proposes a formula for sediment transport discharge as
follows:

qsx = Ag u? (uz + v2) (8)
sy = Agv*(u® +v?) ©)

The constant 4, has a value between 0 and 1. If the value
is close to 1, it means that the model describes a strong
interaction between water and sediment particles. The
constant is obtained based on experimental data.

The MPM formula is a sediment discharge formula based
on the median grain diameter (ds). The formula is as follows:

Gsx =8.[9(s — 1)d502(max(0, Ty — T*yc)) 05 (10)

Goy = 890 — Ddsy? (max(0,7.,, —7.0)) 5 (11

Typically, the critical bed-shear stress (z+) is 0.047, while
the bed-shear stress (zxx, 7+,) can be calculated by the

following equation:
n2qy |qx?+ ay?

Tix = —(5—1)d50h7/3 (12)
n2‘1y qx2+qy? 1
by = T g3 (13)

with s is a relative density of fluids, ¢. and ¢, are unit
discharge components.

B. Taylor Galerkin Method

This study uses the Taylor Galerkin method to overcome
the governing equations. Donea [26] obtained this method by
combining the Taylor series approach and the Galerkin
method. This study uses linear triangular elements to discrete
computational domains. The time derivative of the 2D SWE-
Exner equations is solved using a second-order Taylor series
as follows:

urrt = um e ()" +25(Z29) (g



Rearranging equation (1), so the time derivative in terms of
space derivative as below:

au aF;
E: —a—x; (15)
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By substituting equation (15) to (16), the following

equation is obtained:
aF]'
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Then the equation below is obtained by substituting
equations (15) and (17) into equation (14).
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For space derivatives, several approximation functions are
used as below:
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with N; refers to the piecewise linear shape function for

node i.
G = G]-‘BP,g A= A]‘?P,g (20)

where P. corresponds to piecewise constant shape function
for element e. The next step, equation (18) is then weighted
with the shape functions N; to obtain

[,4UNde = 4t [, (S - g—’;)n N,dQ + “Zﬁfn (G (s -

n
il _om)
6x]) (A]( 6xk )) N"dﬂ
where Q is the computational domain. Consistent mass

matrix (M) is given by
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Gauss Theorem is applied to equation (21) to obtain a weak
form. After that, the two sides of the equation (21) are
multiplied by Nj, and using the consistent mass matrix, the
following equation will be obtained
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where ng is a normal vector component to boundary I
Equation (23) can be solved with a two-step algorithm as in
[30], then the final equation will be obtained as follows:
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C. Numerical Filter

In this study, the Taylor Galerkin model will be added with
a numerical filter. Its purpose is to reduce numerical
oscillations in the model and to obtain better stability. The
numerical filter will be applied to each computational point in
each iteration of time. Parameters such as bed level, the
velocity of flow, and water depth will be updated using the
equation below:

Piyq,jtPi—1,j+Pijy1+Pij1 % (1 _ C) (25)

Pi'jzpi']'XC‘}‘ P

The correction factor (C) used is 0.99, with P is according
to the parameters filtered.

III. RESULT AND DISCUSSION

A. 1D Experimental Dam-break Over Erodible Bed

A case with experimental data is presented. This case was
conducted in a rectangular flume at the UCLouvain [31]. The
flume was 6 m long. Then, there is a gate located in the center
of the flume simulating an idealized dam. The water depth at
the upstream part is 0.35 m. Meanwhile, the downstream part
is in dry conditions. The initial bed level is set to zero, and
Manning’s roughness coefficient is assumed 0.001. In this test
case, the grass equation is used to calculate the sediment
discharge with Ag =0.005 and P = 0.3.

Fig. 1 represents the experimental and numerical results of
the bed profile and water level for t = 1 second. A good
agreement between the experimental results and the Taylor
Galerkin solutions was found for the bed profile and water
level. A good agreement is also seen between the Taylor
Galerkin simulation results and the numerical results by
Magdalena et al. [25].

B. 1D Hypothetical Dam-break Over Movable Bed

Magdalena et al. [25] have performed an analysis of this
hypothetical case. The computational domain for the
hypothetical case is 10 m x 1 m, divided by 8000 linear
triangular elements. The position of the dam is in the center
of the computational domain. In the beginning, the dam is
assumed to break down instantaneously. The water body is
assumed stationary. Initially, upstream water was 2 m high,
and downstream water was 0.125 m high. Then, the initial bed
level is set to zero. The bed is assumed to be frictionless. In



this case, the grass formula (with Ag = 0.005 and P = 0.3) is
used to calculate the sediment transport.

Fig. 2 shows the bed profile and water level at time t = 1
second after dam failure, where the solid dots represent Taylor
Galerkin model results, and the lines illustrate the numerical
results of the previous study. From this figure, it can be seen
that the flood waves are propagating downstream. The flood
waves caused scouring around the dam site. Flood waves also
cause an increase in bed elevation in the downstream area.
This is due to the flood waves bringing along the scoured
sediment particles. Fig. 2 also shows that the Taylor Galerkin
model has also given a good comparison with the simulation
results by Magdalena et al. [25].
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Fig. 2 Comparison of the simulation results (t = 1 s) for the hypothetical case

C. 2D Dam-break Flow on Erodible Bed in Sudden
Expansion Channel

Iervolino et al. [32] have analyzed the case of 2D dam-
break flow on an erodible bed in a sudden expansion channel.
This experiment was carried out on a flume. The width of the
flume has expanded from 25 cm to 50 cm. The expansion
occurs at a distance of 1 m to the right of the gate (see Fig. 3).
Meanwhile, the length of the flume is 6 m. The bed material
was uniform sand coarse. The specific density was 2.63, and
the median grain diameter was 1.72 mm and. Initially, the
bottom of the flume consisted of a layer of sand 0.100 m thick.
The sand layer is fully saturated and compacted. Upstream,
there is a layer of clear water as high as 0.25 m (see Fig. 3).
The initial state of water at rest and the outlet is assumed to
be free flow. In this test case, we assume that the coefficient
of Manning is 0.025. The water level fluctuation is measured
at two different points. The first point located at x = 3.75 m
and y = 0.125 m is called P1. In comparison, the second point
isat x=4.2 m and y = 0.125 m which is called P2.
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To determine the model's performance developed, the
model results will be compared with experimental data and
numerical solutions from other studies. Comparison of the
evolution of water levels between experimental and numerical
results is presented in Fig. 4 and Fig. 5. From this figure, the
Taylor Galerkin solutions show good trends concerning
experimental data and other numerical solutions.
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Fig. 6 represents the contour changes of the bed level over
time. From Fig. 6, it can be seen that the sediment particles
are moved downstream. The bed level after the gate has
increased over time. This is due to the supply of sediment
particles from the upstream direction.
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Fig. 6 Contour of bed level at different time

IV. CONCLUSION

This study developed the Taylor Galerkin scheme to solve

the 2D SWE-Exner equations for computing dam-break flow
with sediment movement over a movable bed. The scheme
uses the Taylor series approximation for time derivatives and
the Galerkin method for spatial derivatives. The Hansen filter
is applied to reduce oscillation due to numerical instability in
the model. Then, the performance of the developed model is
tested for some dam-break cases. Based on the numerical
results, Taylor Galerkin numerical scheme with the Hansen
filter succeeded in simulating the dam-break problem over a
movable bed.
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