
1MASATO SEKINE  /  WASEDA UNIVERSITY,  JAPAN





2MASATO SEKINE  /  WASEDA UNIVERSITY,  JAPAN



3MASATO SEKINE  /  WASEDA UNIVERSITY,  JAPAN



Ca u*/wo

Es u*/wo



4MASATO SEKINE  /  WASEDA UNIVERSITY,  JAPAN



5



 LES Large-Eddy Simulation



Bursting
Coherent structure
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Subscript p f r

CD = 24/Re + 3/ Re
0.5 + 0.34 𝑅𝑒 ≡ Τ𝑢𝑟 𝐷 𝜈

CL = 0.2 

CM = 0.5
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Reynolds

Empirical relations



Coherent structure u – v 
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upstream

downstream

upstream

downstream

u w

upward

downward
Low velocity

Bursting period TB: TB Umax / h = 3 – 4: obtained by this simulation
= 2 – 5: obtained empirically by Nezu & Nakagawa
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Time lag
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Particle position
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Particle 1

Particle 2



G.I. Taylor
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Lagrangian sampling

Eulerian sampling

“Sweep motion” 
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 Model riverbed in experimental flume is composed of three
groups of sediment grain sizes.

 Each group is represented by a sediment particle of one size.
This means that the bed is composed of three kinds of sediment.

 It should be noted that each size differs from its nearest
alternative size(s) by one order of magnitude, and that following
relation is satisfied; 𝐷𝐿 ≫ 𝐷𝑀 ≫ 𝐷𝑆.

 Experiments were conducted several times under the same
condition in order to verify the accuracy of data measured.
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SUMMARY OF EXPERIMENTS
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 Cobble (or Boulder) is the Largest size of sediment which
cannot move at all even during flood. It is called L-particles.

 Gravel, sand (or silt) is filled in the void space of L-particles

• Gravel is the Intermediate size of sediment, and it moves as
bedload. It is called M-particles.

• Sand (or Silt) is the smallest size of sediment, and it moves as
suspended load. It is called S-particles.

In such a bed, the hiding effect or the sheltering effect of L-
particle on the movement of M- and S- particle is important!

BED MATERIAL
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Boulder or

Cobble L-particle Alumina ball
specific weight：3.98,
grain size：50 mm

Gravel M-particle

Glass bead
or

Silica sand
(control experiment)

specific weight：2.5
grain size：2.0 mm
t*MC = 0.042

or
specific weight：2.65
grain size：3.5 mm

Sand or

Silt S-particle Silica sand
specific weight：2.65,
grain size：0.21 mm,
woS = 0.025 (m/s)
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DL = 50.0 (mm)

DM = 2.0 (mm)

DS = 0.2 (mm)

𝐷𝐿 ≫ 𝐷𝑀 ≫ 𝐷𝑆

BED MATERIAL
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 Open channel (length 16 m, width 0.2 m, gradient 1/250)

 Movable bed is located between 8.5 and 14 m from the
upstream end of the channel.

 The channel bottom of this location is 0.05 m lower than that
of the upstream and downstream. The erodible-bed reach was
filled with sediment up to this elevation difference.

EXPERIMENTAL APPARATUS
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Static equilibrium state

INITIAL BED CONDITION
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Arrangement of  L-particles

Full–Packed Bed Condition

How is  the state of 
dynamic equilibrium bed?

water flow only

water flow  and

sediment supply

Elevation of top of L-particles is 
equivalent to that of M-S particles. 

The purpose was to 
answer the question:
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Initial bed for main experiment  =  

Main exp.



In Case 1A-0, 1B-0 and 1C-0,
bed finally attains the static
equilibrium state as time passes.
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Qw : water discharge.
QM : sediment supply rate of

M-particles.
QS : sediment supply rate of

S-particles.
QBe : the equilibrium bedload

transport rate evaluated
by formula of Meyer-
Peter & Muller.

EXPERIMENTAL CONDITION
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EXPERIMENTAL  CONDITION with sediment supply

In Cases 1A, QM was set equal to
the equilibrium bed load
transport rate QBe under each
flow condition.
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Qw : water discharge.
QM : sediment supply rate of

M-particles.
QS : sediment supply rate of

S-particles.
QBe : the equilibrium bedload

transport rate evaluated
by formula of Meyer-
Peter & Muller.

EXPERIMENTAL CONDITION



 In Cases 1B and 1C, QM is
much less than QBe.

 In the dynamic equilibrium
state, the top of L-particles
would be exposed to some
extent on the bed surface in
the range of QS here.
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EXPERIMENTAL  CONDITION with sediment supply
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EXPERIMENTAL CONDITION
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 In order to clarify this hiding effect, the special experiments
were conducted under the condition that the bed was
composed of two grain size sediment only.

L-M Bed : bed is composed of L- and M-particles.

L- S Bed : bed is composed of L- and S- particles.

 No sediment was supplied in this case. This means that the
bed would not attain the dynamic equilibrium state but a static
equilibrium state.

RESULTS
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Hiding function Hi ( = Τ𝑢𝑒
∗ 𝑢∗ )：

the ratio of the friction velocity 𝑢𝑒
∗ which is actually exerted on the upper

surface of an M- or S-particle exposed on the bed surface to the average

value 𝑢∗ acting on the entire bed surface.
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Actual shear stress exerted on the upper surface of M-particles or 
S-particles becomes equaled to the critical tractive force at this
static equilibrium state.

L-S BedL-M Bed

RESULTS
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 ke is constant (= 0.3).

 The distance D corresponds
to DM in case of L-M Bed, and
DS in case of L-S Bed.

𝐻𝑖 ≡ Τ𝑢𝑒
∗ ത𝑢∗ = 1 +

1

𝑘𝑒
2

∆

𝐷𝐿

2 −1/2

The above circles of L-M Bed or L-S Bed
denotes the experimental results when the
bed is composed only of L- and M-particles,
or L- and S-particles, respectively.
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RESULTS
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 Layer of M-particles only was
formed at the exposed bed
surface between L-particles.

 According to our experimental
results (Sekine, Hiramatsu and
Kadoi, 2013), the thickness of this
layer takes almost constant value
about 1 ~ 2 times the diameter
DM of an M-particle.

STATIC  EQUILIBRIUM  STATE
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L-M-S Bed
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STATIC EQUILIBRIUM STATE DYNAMIC EQUILIBRIUM STATE

Stage 1Stage 2Stage 3Stage 4DM = DS = 0

According to the experiments, it was found 
that the bed structure can be classified 

into four stages in this process.

INITIAL BED CONDITION

QS = 0.2 (cm3/s)QS = 0.4 (cm3/s)QS = 2.5 (cm3/s)QS = 3.8 (cm3/s)

Under the condition that QM is constant 
below the equilibrium bedload transport 
rate, the bed structure changes through 
the process shown in this schematic view 
if QS is set larger.

DYNAMIC  EQUILIBRIUM  STATE
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UPPER SURFACE ELEVATION OF M- & S-PARTICLES

33

 This figure shows the relationship between the supply rate QS

of S-particle and the vertical distance DM(or DS).

STAGE 1 STAGE 2

STAGE 3 STAGE 4[Example]  STAGE 1
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 The experimental results serve to quantify the mentioned
behavior based on actual measured data.

DYNAMIC  EQUILIBRIUM  STATE



DYNAMIC EQUILIBRUM STATE OF BED
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Stage 1 Stage 2 Stage 3

Stage 4Static Equilibrium State QS is set larger !
(QM is const.)
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DYNAMIC  EQUILIBRIUM  STATE



STAGE 1
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 M-particle layer still forms in the upper part of the bed
surrounded by L-particles.

 Distance between each individual M-particle is not different
from the one in the static equilibrium state.

M-particle Layer

Deposition Layer

initial bed surface

M-S mixed Layer
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DYNAMIC  EQUILIBRIUM  STATE
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 Vertical distance ΔS is completely equaled to ΔM.

 At this stage, M- particle Layer does not appear any more.

 The vertical structure in M-S mixed layer is uniform.
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M-S mixed Layer

STAGE 2

 The volume ratio RM in this layer is almost same as the value of
the layer at Stage 1. It is almost between 0.7 and 0.8.

 The porosity l, which is defined as the ratio of water volume in
this layer to the total volume except L-particles, was about 0.4.

Definition of RM :
the volume ratio of M-
particles in M-S mixed
layer to the sum of M-
and S-particles.

M-S mixed Layer

DYNAMIC  EQUILIBRIUM  STATE
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 Vertical distance ΔS is completely equaled to ΔM.

 The upper surface approaches the top of the L-particles when
QS is set to a sufficiently large value.

 The volume ratio RM in the M-S mixed layer becomes smaller as
QS increases .
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STAGE 3

 This means that the distance between individual M-particles in
this layer becomes larger than that in Stage 1 and 2.

 The porosity l hardly change from about 0.4.

M-S Mixed Layer

Definition of RM :
the volume ratio of M-
particles in M-S mixed
layer to the sum of M-
and S-particles.

DYNAMIC  EQUILIBRIUM  STATE



ANOTHER INVESTIGATION
- QM is set equal to QBE (equilibrium bedload transport rate) -
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 In this case, the bed surface attains the dynamic equilibrium
state of Stage 4 (i.e. ΔM = 0) even if S-particle is supplied by
some small amount.

CASE 1A: Qw = 5 x 10-3 (m3/s)
QM = 1.2 (cm3/s)

STAGE 4
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DYNAMIC  EQUILIBRIUM  STATE



DEFINITION OF SOME LAYERS OF BED SURFACE
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 M-S mixed layer can be divided into two layer. The upper layer is the
exchange layer, and the lower one is the deposition layer.

 In this experiment, the color of M-particles supplied from upstream
was changed from red to blue after the bed attains the dynamic
equilibrium.

QW = 9 x 10-3 (m3/s)
QM = 0.4 (cm3/s)
QS = 2.5 (cm3/s)

Initial top elevation
of M-particle layer

Exchange Layer

Mixed Layer
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EXCHANGE  LAYER

Deposition Layer



EXCHANGE LAYER AND DEPOSITION LAYER
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 Eventually, the exchange layer became composed of S-particles and
blue M-particles only.

 M-S particles in the exchange layer are continually and repeatedly
exchanged with particles transported as bedload or suspended load.

 Any particles in the deposition layer are not replaced by transported
particles.

Initial top elevation
of M-particle layer

Exchange Layer

Deposition Layer

Mixed Layer
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QW = 9 x 10-3 (m3/s)
QM = 0.4 (cm3/s)
QS = 2.5 (cm3/s)

EXCHANGE  LAYER



THICKNESS OF EXCHANGE LAYER

41

 Thickness of exchange layer dE becomes larger if S-particle is supplied

more.

 This thickness dE approaches a constant value of about 3 times the

diameter DM of M-particle.
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EXCHANGE  LAYER



VERTICAL STRUCTURE IN MIXED LAYER
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 In the void space of L-particles, vertical structure of the bed
can be characterized by its porosity l and a volume containing
ratio RM of M-particle.

 Each value takes almost constant value in vertical direction, but
the value slightly depends upon the combination of QM and QS.

 In case of constant QM, and if QS is set larger,

 the distance between individual M-particles in this layer
becomes larger.

 RM decreases to 0, and l changes slightly from 0.6 to 0.4
approximately.

SUMMARY
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sekine@waseda.jp
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The end !
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