CHAPTER 238

Development of a Numerical Simulation Method
for Predicting the Settling Behavior and Deposition Configuration
of Soil Dumped into Waters

Kazuki Oda' and Takaaki Shigematsu !

Abstract

A numerical simulation method, which combines the Marker And
Cell method and the Discrete Element Method, for analyzing the set-
tling behavior and deposition configuration of the particles dumped
into waters is described. Some calculated results are compared with
the experimental ones, and what the settling behavior of the particles
and the deposition configuration on the water bottom depend on is
discussed.

1. Introduction

In recent years in Japan, large-scale man-made islands such as offshore ports
and airports in coastal areas have been increasing in number. They are con-
structed in general by reclamation with a large volume of soil dumped from a
split-hull barge. Hence, from the view point of both the construction manage-
ment and environmental conservation, it has become very important to predict
accurately the settling behavior and deposition configuration of soil. While there
are a few studies ( Oda, 1989 ; Matsumi, 1992) which treated these problems,
their studies can not predict them accurately because in which the interaction of
an ambient fluid motion and a particle motion is not taken into consideration in
theoretical analyses.

In the present study, a new numerical simulation method for predicting more
accurately the settling behavior and deposition configuration of soil particles
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dumped into waters is developed, and what the settling behavior and deposi-

tion configuration depend on is discussed.

2. Simulation Method

The developed numerical simulation method consists of two phases; one is for
analyzing the motion of each particle and the other is for analyzing the ambient
fluid motion. In this paper the two dimensional calculation procedure will be
presented( Oda, 1991 ).

2.1 Calculation of Particle Behavior

The motion of each particle is calculated by using the Discrete Element
Method (the DEM) (Cundall, 1974) which is considered to be useful in analyzing
the dynamic behavior of granular assembly.

The momentum and rotational momentum equations of particle ¢ are written

(mi + m;)dp; = Z[Fx]ij + fa 1)
(mi + M)y = Z:[Fz]ij + f. (2)
(L + L)iopi = Y_[M];; (3)

7
where m; and m! are the mass and added mass of particle ¢ respectively, I; and I
are the inertia and added inertia moment, u,;, w,; are the horizontal and vertical
velocity component of the particle, w,; is the rotational angular velocity of the
particle, [F;];; and [F,];; are the horizontal and vertical component of the force
exerted between the particles ¢ and j by their contact, [M];; is the rotational
moment resulted from the contact with the particles ¢ and j, f, and f, are the
fluid forces, ”-” represents the derivative by time, and 3°; represents the sum with
respect to every particle which contacts with particle 7.
The forces [Fy)ij, [F.}ij and moment [M];; are calculated by

[Fzlij = —[falij sin cij + [fa]ij cos a (4)
[Felij = —[falij cos aij — [fiij sinai; + Vippg (5)
M];; = _%[fs]ij (6)

where p, is the particle density, V; is the particle volume, g is the acceleration
due to the gravity, d; is the diameter of particles 7, a;; is the angle between z
axis and the segment of line which connects the center of particles 7 and j. [f,]
and [f;] are the normal and tangential forces caused from their contact between

the particles ¢ and j, which are represented
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(falij = Knbn + 106,/ AtpeMm (7N

{fS]ij = Ksés + nsés/AtDEM (8)

where K is the spring constant, 7 is the damping coefficient, 6 is the relative
displacement between the particles ; and j during the time interval Atpgar, and
the subscripts n and s represent the normal and tangential direction.

With the assumption that taking only the drag forces as fluid forces into
consideration, the fluid forces acting on the particle ¢ are written

1

fz = —-ECDAlpf('U:p — u])\/(up - u])2 + (wP - wf)z (g)
1

fo = —5CpAip(wp — we)y/ (up — ug)? + (wp ~ wy)? = pygVi (10)
24

Cp =7+ Cbo, Cpo =20 (11)

R, = diy/(up - “I)j/"‘ (wp — wy)? (12)

where p; is the fluid density, A; is the cross sectional area, v is the coefficient of
kinematic viscosity.

The interaction between particles and fluids is taken into account by calcu-
lating the drag force by using the relative particle velocity to the fluid given by
Eq.(11).

The each particle acceleration at given time is calculated by solving Eqs.(1)~(3)
explicitly, subsequently the velocity and location of each particle are determined.

2.2 Calculation of fluid motion

No calculation method will be presently available to analyze the ambient fluid
motion caused by settling of a particle cloud. Edge and Dysart(1972) developed
a model with the assumption that dumped material may behave as a dense liquid
moving in waters. In the present method, an ambient fluid motion driven by a
particle motion is analyzed by means of the MAC method under the assumption
that the differences of the density of liquid-solid fluid which contains the particles
may cause the motion of fluid.

The equation of continuity and momentum are respectively

8u, 6w, _

9z + 52 =0 (13)
Juy Ouy duy 1 09p 8%uy & uy

5 T T T e T e T (14)
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62wf

6wf Bwf 6wf 1 6]) p 62wf
= == e (15)

Tt Ve Y T e 0 o

where p is the density of liquid-solid fluid which is evaluated as the mean den-
sity of liquid and particles, of which locations are determined by the DEM at
some given time, in each numerical cell and ¢ is the coeflicient of kinematic eddy
viscosity which is calculated as follows

€ =4+0.26v) + 32 x 1072 (16)

where vg is the fluid velocity component.This equation comes from the experi-

mental observation by the ocean and meteorological agency in Nagasaki.

3. Calculation Condition

Some vertically two dimensional numerical simulations are performed in order
to obtain the settling and dispersion behavior of particles dumped into waters
from the water surface. The bottom of a container for dumping of particles is fixed
on the water surface. After particles are arranged with short distances between
other particles in the container, only the motion of each particle is calculated by
using only the DEM until every particle stops to become stable in the condition
of keeping the container bottom closed. Then the container bottom is opened,
the motion of the particles and fluid are calculated.

According to making reference Kiyama (1983) 107 sec is used for Atpgas.
The value of the constants in the mathematical models are summarized in Table.1.

The calculation domain is taken between -50cm and +50cm in the horizontal
direction for the MAC method and the cell size is taken constant: Az = 2.5cm.
The movements of particles and ambient flows are analyzed for the different water
depths from 10cm to 100cm . The number of interior cells in the vertical direction
is constant 40. The time step used in calculation is Atprac = 1075 sec.

4. Calculated Results

4.1 Comparison with the experimental results

Fig.1 shows the calculated results of the settling and dispersion behavior of
the particles with d=0.3 cm diameter, of which the volume is 20 cm®/cm, and the

Table 1. Values of the Constants in the Mathematical Model

Spring Constant Kn/ppg = 4.23 x 10% (cm)
K,/ppg = 1.05 x 10* (cm)
Dumping Coefficient | #,/ppg = 2.47 (cm- 5)

s/ppg = 1.24 (em- 5)
Friction Coeficient | tan u=30
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Fig. 2. Settling velocity of a particle Fig. 3. Dispersion width of a particle
cluster cluster

movements of the ambient fluid flow at the specific time after dumping under the
condition of water depth h=30 cm and instantaneous opening of the container
bottom of which width by is S5cm. From Fig.1, it may be seen that the particles
are settling as a cluster rather than individuality. These calculated results show
a similar tendency to the experimental ones by Murota et al.(1988).

Fig.2 shows the comparison of the calculated results with the experimental
ones on the settling velocity of the particle cluster. The settling velocity W, is
normalized by Wo = \/(p,/ps — 17(]—(; Similarly the comparison of the calculated
results with the experimental ones on the dispersion width B of the cluster in
settling is shown in Fig.3. From Figs.2 and 3, it would be said that the present
method can predict reasonably well the settling and dispersion behavior of par-
ticles.

4.2 Deposition configurations and water depth

The distributions of the relative number of particles passing through per unit
width of the horizontal plane at z/h =0.2, 0.4, 0.6, 0.8 and 1.0 in the case of A=10,
30, 50 and 100 cm are shown in Fig.4. It should be noted that the distribution of
relative number at z/h=1.0 displays the deposition configuration of particles at
rest on the water bottom. It is found in Fig.4(b) that for /=30cm the distribution
has two peaks at z/h=0.4 and the distance between two peaks becomes wider as
the particles settling deeper. The deposition configuration on the bottom seems
to be a mountain with two peaks. It can be seen in Fig.4 (c) that with settling of



3312 COASTAL ENGINEERING 1994

particles two peaks are separated farther, those heights become smaller and the
final deposition configuration becomes flatter. For A=100cm, the distribution
seems to be almost uniform at z/h=0.6 and subsequently the width and the height
of the distribution become much wider and lower. These tendencies coincide with
Mutoh’s experimental results (1974).

Based on the experimental observation, he presumed that an increase in the
horizontal fluid velocity near the bottom with the water depth induced an increase
in the horizontal velocity of the particles near the bottom. But from the present
calculated results it would be considered that the deposition configuration of the
particles significantly depends on the dispersion behavior of the particles in the

process of settling.

4.3 Settling behavior of particles and opening angular velocity of the
.container

Fig.5 shows the calculated results of the variation of space positions of particles
and fluid velocity field at the moment of the contact of their lowest part with
the water bottom with the opening angular velocity of the container bottom for
h=30cm. From the calculated result for w = 30 deg./s, each particle seems to be
settling individually with characteristic of a single particle. But the particles for
w=60 deg./s would be settling as a cluster as shown in Fig.5(b). The cluster of
the particles for w=90 deg./s becomes larger than one for w=60deg./s.

The same calculations for ~=10 and 50 cm were performed. Based on those
results for A=10cm, we could not see any longer the cluster of particles in settling
even in the case of w=90 deg./s. But for A=50cm the clusters could be seen
in every case of w=30, 60, 90 deg./s and became larger with an increase of the
opening angular velocity of the container bottom. It is found, therefore, that
the settling behavior of particles gets to depend more and more on the opening
angular velocity of the container with in increase of the water depth.

4.4 Deposition configuration and opening angular velocity of the con-
tainer

The deposition configurations under the condition of the particle volume
Vo=20 cm®/cm, particle diameter d=0.3 cm, the container width by=5cm, w=30,
60, 90 deg./s, and A= 10, 30, 50 cm are calculated. From the calculated results
as shown in Fig.6, it is found that the opening angular velocity of the container
bottom does not effect on the deposition configurations in the case of h=10 and
30 cm, but that for ~=50cm the deposition width and height become wider and
lower with an increase of the opening angular velocity. When the particles are
dumped into waters with some opening angular velocity of the container bottom,
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Fig. 5.  Calculated results

the particles settle as a cluster on condition that the water depth and opening
angular velocity are larger and the particle cluster grows larger with an increase of
the water depth as described in section 4.3. Hence, it would be thought that the
growth of the cluster of particles in settling effects on the deposition configuration.

4.5 Effect of the container width and the volume of dumped particles
on dispersion width

The calculated results concerning the effect of the container width on a
dispersion configuration when the volume of dumped particles is constant Vo=
20cm3/cm and the water depth is A=30 cm, are shown in Fig.7. The dispersion
widths of particles in settling for 6,=2.5 and 5.0 cm are almost the same and the
deposition widths in both cases are also almost the same. But the dispersion and
deposition widths for by=10 cm are different from those for other cases.

Fig.8 shows the calculated results concerning the effect of the dumped volume
Vo on the dispersion width under the condition that the container width is
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width with container width width with the volume of particles
constant bp=>5.0ctn and the water depth is /=30 cm. The dispersion width in
settling and the deposition width on the water bottom become wider with an

increase of the volume of dumped particles. Moreover what is evident comparing

Fig.7 with Fig.8 is that the deposition width depends on the volume of dumped

particles much more than the container width under the present calculation con-

dition.

5. Conclusions

A calculation method for analyzing simultaneously the settling and dispersion
behavior of particles and ambient fluid motion simultaneously was developed. It
was founded that the calculated results of those behavior by the present method
were reasonably good agreement with the experimental ones. Moreover the de-
position configurations were calculated under the condition of the various water
depths, container width, volume of dumped particles, and opening angular veloc-
ity of the container. The obtained results are summarized as follows :

(1) The dispersion width of the settling particles and deposition width on the

water bottom become wider with an increase of the volume of dumped
particles.

(2) The deposition width depends on the volume of dumped particles rather
than the container width.
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(4)
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The deposition configuration depends on the water depth and it is influenced
by the dispersion behavior of settling particles.

The increase of the opening angular velocity makes the deposition width
wider in deeper water but it has few effect on the deposition configuration
in shallower water.
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