HENRY

Hydraulic Engineering Repository

Ein Service der Bundesanstalt fur Wasserbau

Conference Paper, Published Version

Maeno, Shiro; Tomita, Akio
Destruction Prediction of a Rubble Mound Weir Using VOF-
DEM Coupled Model

Zur Verfugung gestellt in Kooperation mit/Provided in Cooperation with:
Kuratorium fiir Forschung im Kiisteningenieurwesen (KFKI)

Verflgbar unter/Available at: https://hdl.handle.net/20.500.11970/110087

Vorgeschlagene Zitierweise/Suggested citation:

Maeno, Shiro; Tomita, Akio (2008): Destruction Prediction of a Rubble Mound Weir Using
VOF-DEM Coupled Model. In: Wang, Sam S. Y. (Hg.): ICHE 2008. Proceedings of the 8th
International Conference on Hydro-Science and Engineering, September 9-12, 2008,
Nagoya, Japan. Nagoya: Nagoya Hydraulic Research Institute for River Basin Management.

Standardnutzungsbedingungen/Terms of Use:

Die Dokumente in HENRY stehen unter der Creative Commons Lizenz CC BY 4.0, sofern keine abweichenden
Nutzungsbedingungen getroffen wurden. Damit ist sowohl die kommerzielle Nutzung als auch das Teilen, die
Weiterbearbeitung und Speicherung erlaubt. Das Verwenden und das Bearbeiten stehen unter der Bedingung der
Namensnennung. Im Einzelfall kann eine restriktivere Lizenz gelten; dann gelten abweichend von den obigen
Nutzungsbedingungen die in der dort genannten Lizenz gewahrten Nutzungsrechte.

Documents in HENRY are made available under the Creative Commons License CC BY 4.0, if no other license is
applicable. Under CC BY 4.0 commercial use and sharing, remixing, transforming, and building upon the material
of the work is permitted. In some cases a different, more restrictive license may apply; if applicable the terms of
the restrictive license will be binding.



DESTRUCTION PREDICTION OF A RUBBLE MOUND WEIR
USING VOF-DEM COUPLED MODEL

Shiro MAENO and Akio TOMITA

' Associate Professor, Graduate School of Environmental Science, Okayama University
Tsushima-Naka, Okayama, 700-8530, Japan, e-mail: maeno@cc.okayama-u.ac.jp
’Graduate student, Graduate School of Environmental Science, Okayama University
Tsushima-Naka, Okayama, 700-8530, Japan

ABSTRACT

Nature friendly hydraulic structures such as a rubble mound weir have attracted
attention in recent years. Therefore, it is important to establish an analytical model to
analyze the flow around such a porous weir. The aim of this study is to develop a
destruction prediction model for the rubble mound weir under a gradual increase of discharge.
The VOF (Volume of Fluid) method was used for the flow analysis around and through the
rubble mound weir, and the DEM (Distinct Element Method) was used to express the failure
process. A proposed VOF-DEM coupled model can feed back the movement of the DEM
particles to the flow analysis of the VOF. It is confirmed that the proposed model can
reproduce the step by step destruction of the rubble mound weir similar to the experimental
results.
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1. INTRODUCTION

Recently many nature-oriented river works were carried out to restore the river
environment. Considering this background, use of a porous weir made of natural stone is
expected as an alternative structure of an impermeable weir made of concrete or steel because
a porous weir excels in river environment. Michioku et al. (2003, 2004, 2005a, 2005b)
investigated a rectangular porous weir experimentally and theoretically. They showed a
practical discharge equation for a porous weir. Maeno et al. (2002, 2004, 2005) also
clarified the failure process of a trapezoidal weir composed of natural stones experimentally.
Maeno et al. (2004, 2005) applied numerical wave flume, which was developed by Isobe et
al. (1999, 2001), to the flow over a porous weir. In the basic equation, Maeno et al.
introduced the porous resistance term which can express the difference in the permeability of
the porous weir, and they clarified its validity. Ito et al. (2002) and Maeno et al. (2005)
investigated soil-water-structure interaction using the Distinct Element Method. Failure
processes such as a submerged breakwater and a rubble mound weir were shown by their
study. However, the coupling method used in the model has a problem. That is, the
movement of the DEM particles was not taken into account on the flow analysis. In
addition porosity variation due to the movement of DEM particles was not taken into
account.

Considering this background, this study aimed to develop a destruction prediction
model for a rubble mound weir under a gradual increase of discharge. The VOF (Volume of
Fluid) method was used for the flow analysis around and through the rubble mound weir, and
the DEM (Distinct Element Method) was used to express the failure process. A proposed
VOF-DEM coupled model can feed back the movement of the DEM particles to the flow



analysis of the VOF. Numerical results were compared with the experimental results and
applicability of the proposed numerical model was evaluated.

2. OUTLINE OF THE ANALYSIS
2.1 Outline of the flow analysis
To simulate the flow over and through a porous weir, the following basic equations were

used. In these equations the effects of a porous medium were expressed by using the
porosity n, which was introduced by Edward et al. (2000), Michioku et al. (2005¢).
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Here, n is the porosity, ¢ is the time, x,z are the space coordinates, horizontal and
vertical respectively, u,w are the flow rate components in x and z directions, g, g, are
the acceleration components, R ,R_ are the flow drag components, p is the density of
fluid, and p is the pressure. The terms to take into account turbulence are as follows: £ is
the turbulent energy, ¢ is the turbulent energy dissipation ratio, v the molecular viscosity
coefficient, v, is the kinematic eddy viscosity, and v, =v+v,. Standard k—¢& model was
used in this study. With respect to R, ,R,, the following equations were used. In the
equations, not only the laminar effect but also the turbulent effect was considered.
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u,w are the mesh averaged velocities, D, is the diameter of the particle, (4, k,)=(200,

2.8) were used in this study considering the numerical experiment by Maeno et al. (2007).
2.2 Outline of the DEM

The DEM was used to model the deformation of the porous weir which is collapsed easily
under a flood flow (Gotoh and Sakai (1997) and Gotoh et al. (2000)). The interaction
between pairs of particles of coordinates (x;,z;)is modeled with an elastic spring and the
viscous dash pot. Circle shape particles were used in this study. Motion of the particles is



caused by the drag force due to seepage flow and pressure gradient. components F,and F,
calculated by the VOF modules. The governing equations for the DEM particle at (x;,z;)
can be written as follows:

(M, + M), =Y {~f,cosa; + f,sina;} ; +F, (8)
J
(M; + M)z :%:{_fnSinaij+fscosaij}j_(Mi_pwVi)g+Fz (9)
- d.
1,6, ZE-Z{A}J- (10)
J

where the subscripts 7, j indicate specific particles, 6; is angular velocity, f,,f, are the
normal and tangential forces acting at the contact point of two particles, M. is the particle

1
mass, a; the contact angle between contacting particles, V; is the particle volume, I; is

1 1
the momentum of inertia, d; is grain diameter, p,, is the density of the water, M/ is the
added mass. The added mass M, is given as M, = pC,,V;, where the added mass
coefficient C;, =0.5 was used. F,,F, are the external forces transmitted from the fluid
to the DEM particles. In the present research the forces are composed of the drag due to the
flow Fj and due to the pressure gradient Fg.

Fx:FDx+FS)C’ FZ:FDZ+FSZ (15)

The external force due to the drag from flow Fj, is calculated using the following
expressions:
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where U and W (U=u/n, U=w/n) are the velocities in x and z directions
respectively, u,; and w, are the instantaneous particle velocities in x and z directions
respectively, 4, is the cross-section area of the particle, and Cp, is the drag coefficient.
The seepage velocities U and W are calculated by the VOF module for centers of cells,
therefore in case a particle located by parts in two cells, the average value is taken.

The external force component Fg originates from the water pressure gradient force acting
on particle volume V. The spring constant and the damping coefficient of the viscous dash
pot of the DEM particles are calculated automatically due to the mass of the particle and an

incremental time step (see Gotoh and Sakai; 1997 and Gotoh et al.; 2000).
2.3 Numerical model and conditions

(a) Numerical model

Figure 1 shows a rubble mound weir model used in the numerical analysis. This
model corresponds to the experimental model used by Maeno et al. (2002). The weir was
composed of natural stone and its mean particle size is about 4.8 cm. In the experiment, the
rubble mound weir was destroyed at its downstream slope under over flow condition.
Figure 2 shows the numerical mesh used in the VOF analysis and initial packed state for the
DEM analysis. The lowest particles are fixed to the bottom and other particles were packed
using free packing method due to gravity. Mesh sizes for the VOF analysis are 2.5 cm in the
x direction and 1.0 cm in the z direction respectively. The lowest mesh size in the z
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F1g 4 Porosity distribution at initial state

Fig.3 Porosity adjustment
direction is 0.5 cm.

(b) Numerical condition

The discharge condition was set referring to the experimental results by Maeno et al.
(2002). In the experiment, the rubble mound weir started to destruct at the quantity of 15 1/s.
And the destruction progressed step by step. Therefore the discharge in the numerical
analysis was set 10 to 25 I/s, and it was increased linearly taking 120 seconds. Incremental
time step At was 10><10_4 (s), added mass coefficient was C,, =1.0, inter-frictional
coefficient between particles 1 was 0.577 and that between wall and particles was 0.176.

2.4 Coulpling VOF-DEM

In the VOF analysis, as described in Egs. (2) - (4), the porosity of the porous region
must be properly given. And in the DEM analysis, as shown in Egs. (5) - (7), the porosity
also becomes an important factor to calculate the drag force caused by the flow. Significant
changes of porosity are expected during a destruction process of the rubble mound weir, and
therefore the parameter has to be updated according to movements of the rubble when coupling
VOF-DEM analysis. Maeno et al. (2006) proposed the porosity estimation method in the
VOF-DEM-FEM coupled model for the submerged breakwater. In their model, the size of
the DEM particle was smaller than the numerical grid size. If the DEM particle is larger
than the grid size, the model can not be applied (see Figure 2). Therefore, in this study the
following new method was proposed.

Figure 3 shows the state of the mesh and the DEM particle. The center of the particle
is located at the rectangular part filled with blue color. Values in the Figure show the
porosity in each cell. In this study, the particle is assumed in a two-dimensional cylindrical
shape. Therefore, as shown in Figure 3 (b), if the cell is fully shaded by the DEM particle, the
porosity in the cell becomes zero (see the red frame cell in Figure 3 (b)).

As described above simple calculation of the void area in the two dimensional domain,
based on the arrangement of the DEM cylinders is obviously underestimated compared to a
three-dimensional matrix of spheres. In this research, a new effective method is proposed to
handle changes of the porosity related to the movement of the DEM particles even in a
two-dimensional domain. First, particle area A occupied for each cell was calculated.
Then the porosity n was rectified using experimentally obtained porosity 7y, =0.41.

n=(Ap+ Aneg,) (Ay + 4y) (11)
where, A, is a rate of porous area except for the particle for each cell. The area of



Table 1 Tensile force in each direction

Fv Fn Fh
2.81N 3.04N 4. 75N
(287g) (311g) (485¢)

Fig.5 Tensile test

corresponding cell A4, is A+ A,.

Although the porosity can be calculated using Eq. (11), the calculation load increases
when the change of the porosity due to the movement of the particle is calculated in every
time step. Therefore the following method was adopted in this study. First, the cell where
the center of the particle exists divided into small sub-areas. 4, of the surrounding cells
was calculated in advance for every sub-area. For example, Figure. 3 (a) shows values of
Ay when the center of the particle is in the blue color sub-area. It is possible to give the
porosity only in the decision of the particle location. If there are two particles in the same
cell, 4, was superimposed.

Figure 4 shows the porosity distribution in and around the porous weir. As shown in
this Figure, the porosity of the porous weir was properly given and the effectiveness of the
proposed method was confirmed. Proper value of the porosity can help proper evaluation of
the porous resistance in the VOF analysis.

2.5 Outline of the experiment

(a) Experimental results for rubble mound weir

Maeno et al. (2002) showed that initial destruction of the rubble mound weir starts with
a removal of a few stones along the downstream slope of the weir. Afterwards, the
destruction of the downstream slope progresses gradually. The destruction of the rubble
mound weir does not progress continuously; but it progresses with a collapsing stage and a
stable stage alternately. Considering the seepage force distribution in the rubble mound
weir, Maeno et al. (2002) concluded that not only the tractive force but also the seepage force
would be the causing factors in the early stage failure of the downstream slope. And the
failure of the weir progresses with an increase of the effect of the tractive force of the
overflow.

(b) Tensile force

As shown in Figure 5, tensile strength was measured by a pulling test of the stone
located on the downstream slope of the weir. In the experiment tensile force to vertical,
horizontal and normal direction against the slope were measured using a spring balance. The
slope of the weir was 27° with reference to Maeno et al (2002, 2004). Each experiment
was performed ten times. Table 1 shows mean values of the test results. The tensile forces
for vertical and normal directions are about 60% of the horizontal force. This result means
that the pressure of the normal direction might have a large effect on the removal of the stones
on the slope. And this result also supports Maeno el al.’s result that the removal of stones is
caused by the pressure gradient.

3. NUMERICAL RESULTS
3.1 Destruction process

In the experiment, an initial destruction started when the discharge reached about
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from the initial discharge, it was gradually increased in the analysis.
movement of the particles can be seen in the early stage of the calculation.

Therefore, initial discharge for the numerical analysis was set at 10(1/s).
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Starting
No noticeable
Although the

removal of the particle did not occur, particles start to vibrate when the discharge becomes

larger than 15(I/s).

In the experiment, initial destruction with the removal of loosely

engaged stones on the downstream slope of the weir started when the discharge reached

14(1/s), whereas the numerical results did not show the removal of the particles.

This result



suggests that the particle engagement for o=15.00s)
the numerical analysis was not so loosely @5t © o)
engaged as for the experiment. i

Figure 6 shows the second stage
destruction whose state was defined by o
Maeno et al.(2002). The required time °
was 56.8 s after the calculation started and 194005
the discharge at this stage was 17.1(1/s). st
First the particles located on the ¢
downstream slope of the weir started to .|
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the porosity can be also reproduced. This -
proves the validity of the porosity
adjustment method proposed in this study. ===
With respect to the discharge, a second
stage destruction started when it reached  Fig.10 Velocity distribution in and around
about 17(I/s). In the experiment, the rubble mound weir
second stage destruction occurred when the
discharge reached about 16.5(1/s). Numerical result agrees well with the experimental result.

After the second stage destruction, although only one particle washed away, no
noticeable destruction could be seen. In other words, a stable state was maintained for a
while. With an increase of the discharge, 16 s after the second destruction, a third
destruction occurred at a discharge of 19.2(I/s). Figure 7 shows the third stage destruction.
Unlike the second stage destruction, two particles located at the shoulder of the weir washed
away. In the experiment the third stage destruction occurred when the discharge reached
20.4 (I/s). The proposed model can also reproduce the third stage destruction.

As mentioned above, the alternative destruction process of the rubble mound weir with
destruction stage and the stable stage was well explained by the proposed numerical model.
That is, the analytical model is effective as a failure prediction model of the rubble structure
installed in the field.

1.0(m/s)

1.0(m/s)

3.2 Effect of pressure gradient and drag force

Figure 8 shows pressure gradient distribution when the second and the third destruction
occurred. And the areas in a red broken line are the particles where they were going to move
in right after. Maeno et al. clarified that the pressure gradient acting on the surface particles
at the downstream slope plays an important role as for the removal of the particles there.
With respect to the second stage destruction, as shown in Figure 8, a rather high pressure
gradient was acting on the particles on the slope. The forces in the normal direction to the
slope are acting on the particles on the slope. This result supports the tensile test results that



the particles on the slope are easily moved to normal and vertical direction.

As for the third stage destruction, the same kind of upward forces occurred on the
shoulder part of the weir. It was concluded that the pressure gradient had a large effect on
the step by step destruction of the weir.

Figure 9 shows the drag force distribution caused by the flow around the particles.
Although the drag forces increase near the shoulder region, its effect on the movement of the
particles seems to be smaller compared with the effect of the pressure gradient.

3.3 Flow in and around the rubble mound weir

Figure 10 shows the velocity distribution in and around the weir with an increase of the
discharge. First uniformly approaching flow turns the flow direction due to the existence the
rubble mound weir. Although part of the flow infiltrates the rubble mound weir, most of the
flow flows upwards along the upstream slope of the weir and flows onto the rubble mound.
The flow velocity increases with flowing on the weir crown. The flow rate into the weir
increases on the downstream side of the crown. The flow velocity and water depth gradually
increase with an increase of the discharge. The orange line shows the outline of the weir.
The progress of the weir destruction and the change of the flow distribution with an increase
of the discharge were appropriately explained by the numerical analysis. Such features have
been experimentally confirmed by Maeno et al. (2002), and it proves the validity of the
numerical model.

4. CONCLUSIONS

In this study, the VOF-DEM coupled numerical model to simulate the flow and the
destruction process of the rubble mound weir was proposed and its validity was investigated.
Obtained main results are as follows.

1) Proposed VOF-DEM coupled model can reproduce not only the movement of the particles
but also the flow region.

2) Destruction process of the rubble mound weir was properly explained such as the removal
of particles on the downstream side slope of the weir and the collapse of the shoulder part
of the weir with an increase of the discharge.

3) The step by step destruction of the rubble mound weir with an increase of the discharge
were explained by the proposed numerical model.

4) Pressure gradient occurring at the downstream slope has a large effect on the movement of
the particles there.

In this study, the effect of the initial packing and mixed particle size was not studied.
Improvement of the accuracy of the model has to be done in a future study.
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