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ABSTRACT
This paper presents a basic study for protective structures (slit dams)
against woody debris hazards. First, a model experiment was carried
out to examine the trap efficiency of a slit dam against woody debris
with or without roots. Herein, the effects of length of woody debris, flow
discharge and opening width of a slit dam on the trap efficiency were
investigated. Second, a new three dimensional distinct element
method (3D-DEM) was developed to simulate the trap efficiency of
woody debris with or without roots by introducing cylindrical elements.
Finally, the new 3D-DEM was applied to simulate an actual woody
debris disaster site in Hiroshima, Japan.
Key words: slit dam, woody debris, trap efficiency, 3D-DEM, cylindrical
stick element

1. INTRODUCTION
The latest worldwide statistics of natural disasters such as typhoons, tsunamis, floods,
avalanches, landslides, debris flows, and earthquakes indicate that the number of victims
is increasing [1]. Such disasters can cause human injuries, loss of life, economic
devastation, and destruction of construction works as well as cultural heritage sites.
Among other problems, woody debris hazards have increased owing to typhoons and
localized torrential rain during the wet season [2]. In particular, woody debris hazards [3, 4]
have eroded the upper reaches of river, leading to increased removal costs of woody debris
from dam reservoirs and general damage to dam sites. The blockage at a bridge and
destroyed houses exacerbate the people’s well being, as shown in Figures 1 and 2. Woody
debris is generated by the outflow of standing trees, fallen trees, and cut trees as well as
debris from houses and bridges [4].
National institution [5, 6] and Mizuyama, et al. [7] have suggested that defenses against
woody debris hazards should be built in upstream areas. Figures 3 and 4 show one such
defense, a slit dam. The current design code [8] for steel slit dams stipulates that the ratio
* Corresponding authors. E-mail address: debrissegregation@gmail.com and cgishikawa@m4.dion.ne.jp
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Figure 1. Blockage at a bridge

Figure 2. Destroyed houses

Figure 3. Trapped woody debris

Figure 4. Opening width of steel
slit dam

between the opening width (W) and the maximum length (lmax) of woody debris should be
less than 1/2, as shown in Figure 4. Many studies [9–13] have focused on woody debris
hazards and countermeasures against them. However, the effects of the average length of
woody debris, flow discharge and opening width on trap efficiency have not been
investigated sufficiently yet. Furthermore, a computational method for woody debris has not
been developed for a slit dam to evaluate trap efficiency.
To this end, this paper presents a basic approach for evaluating the trap efficiency of
woody debris by a slit dam from both experimental and computational view points. First,
model experiments are carried out to examine the trap efficiency for woody debris by
changing the length of woody debris, the flow discharge and the opening width of a slit dam
[14–16]. Second, a new DEM is developed for evaluating the trap efficiency of woody debris
by introducing cylindrical elements [17, 18] into the usual DEM [19]. Finally, the proposed
DEM is applied to simulate the trap efficiency for an actual woody debris hazards in
Hiroshima, Japan [20].
2. MODEL EXPERIMENT FOR TRAP PERFORMANCE
2.1. OUTLINE OF MODEL TEST
Figure 5 shows the model experiment set-up implemented using a channel slope (θ) with a
length of 4.35 m, a width of 0.3 m, and a height of 0.5 m. Water was supplied using a line
pump and cistern. The flume inclination (channel slope) was fixed at θ = 1°, 3°, or 5°. The
flow discharge was fixed at Q = 2.7 (ℓ/s) or 5.6 (ℓ/s). The trap percentage of woody debris
may be changed depending on the release method in which the whole group of debris is
released at the same time or one by one in the testing. Therefore, the woody debris was
randomly dropped using a conveyer belt in this experiment.
A slit dam model with a scale factor of 1/50 for trapping woody debris is constructed
using wood with a diameter of 10 mm and height of 40 mm, as shown in Figure 6. The
opening ratio (W/lmax) was changed as shown in Table 1.

International Journal of Protective Structures – Volume 6 · Number 2 · 2015

193

Figure 5. Experiment set-up

Figure 6. Slit dam model
Table 1. Experiment case

Series
I
II
III
IV
(with roots)

W/lmax
1/5, 1/3
1/2, 3/4
4/5
1/2
1/5,1/4
1/3,1/2
1/5,1/4
1/3,1/2

Max. length
lmax (cm)
(a) 18, (b) 12
(c) 6
(d) 18, (e) 12
12
18
18, 12, 6

Ave. length
lmean (cm)
Same as
max. length

Diameter
d (mm)
(i) 6
(ii) 3

Discharge
Q (ℓ/s)

Slope
θ(°)

2.7

3

Same as
max. length

3

5.6
2.7

5, 3, 1

6
3

2.7

3

6

2.7

3

12, 10, 8
Same as
max. length

2.2. EXPERIMENT CONDITIONS
The Froude similarity law was applied to this test with a scale factor of 1/50. The experiment
cases are shown in Table 1. Series I examines the effect of the maximum length of woody
debris and the opening ratio of a slit dam on the trap efficiency. Series II investigates the
effects of flow discharge and channel slope on the trap efficiency. Series III examines the
effect of average length on the trap efficiency. Series IV examines the effect of woody debris
with roots on the trap efficiency.
2.3. WOODY DEBRIS MODEL
Although in real case the impact between woody debris and the slit dam or woody debris
themselves might crumble the woody easily, the woody debris was assumed as rigid. Because,
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Figure 7. Woody debris model
this study is to investigate the trap phenomenon by a slit dam and the segregation of an
amassed woody flow from a basic point of view. Therefore, woody debris models without
roots which have three different lengths and two different diameters of 3 and 6 mm were made
as shown in Figure 7(a). In addition, woody debris models with roots that have three different
lengths were made as shown in Figure 7(b). The roots were angled at 30° against the main
trunk. The woody debris models had the specific gravity of 0.8–0.95 g/cm3.
2.4. EXPERIMENTAL RESULTS
2.4.1. Effect of opening ratio on trap efficiency for maximum length
(Series I)
Figure 8 shows the effect of opening ratio (W/lmax) on the trap efficiency for maximum length
(lmax) of 12 cm and diameter (d) of 3 mm. As the opening ratio (W/lmax) increases, the amount
of trapped woody debris decreased.
2.4.2. Effect of different diameter on the trap percentage (Series I)
Figure 9 (a) and (b) show the effects of different diameter of 3 and 6 mm on the average
trap ratio, respectively. The average trap ratio means that trap percentage was given by the
average of three times of the same test. The average trap ratios for both diameters
generally decrease as the opening ratio increases, although the trap percentage for a
diameter of 6 mm was slightly larger than that for a diameter of 3 mm, because of large
volume for 6 mm.
2.4.3. Effect of flow discharge Q (ℓ/s) on trap efficiency (Series II)
Figures 10 and 11 show the trap processes for discharge Q = 2.7 (ℓ/s) and 5.6 (ℓ/s) at a
channel slope of 3°, respectively. The initial time t0 represents the arrival time of the initial
woody debris.
For Q = 2.7 (ℓ/s), as shown in Figure 10, once a little woody debris was trapped by the slit
dam, successive woody debris was trapped owing to the smaller discharge. However, for

Figure 8. Effect of opening ratio (W/lmax) on trap efficiency (lmax = 12 cm
and d = 3 mm)
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Figure 9. Effect of different diameter on average trap percentage

Figure 10. Trap process at discharge Q = 2.7 (ℓ/s)

Figure 11. Trap process at discharge Q = 5.6 (ℓ/ s)

Q = 5.6 (ℓ/s), as shown in Figure 11, the amassed woody debris crumbled owing to the
fluctuation of the water surface, and the scattered woody fragments overflowed and slipped
through the slip dam owing to the high flow velocity.
Figure 12 shows the effect of flow discharge Q (ℓ/s) on the final trap efficiency at a
channel slope of θ = 3°. The trap efficiency for larger discharge was found to be worse than
that for smaller discharge, because the water surface fluctuated owing to the larger
discharge and, scattered woody fragments overflowed and slipped through the slit dam, as
mentioned above.
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Figure 12. Effect of discharge on trap efficiency

2.4.4. Effect of channel slope on trap percentage (Series II)
Figure 13 shows the effect of the channel slope (θ = 1°, 3° and 5°) on the trap percentage
when the flow discharge is varied. The trap percentage decreases as the channel slope and
the flow discharge increase. This is because the flow velocity increases, and therefore, the
amassed woody debris untangles, overflows, or slips through a slit dam.
2.4.5. Effect of average length on trap efficiency (Series III)
Figure 14 shows the effect of average length (lmean = 10 cm in Table 2) on the trap efficiency.
The trap efficiency for the average length in Figure 14 was worse than that for the maximum
length in Figure 8, with the increase of opening ratio. This is because a slit dam cannot trap
short sticks ( 6 cm) in the average length.
Figures 15(a) and (b) show the effect of the average length (lmean) on the trap ratio at
diameters of 3 and 6 mm, respectively. The trap ratio for a diameter of 6 mm, as shown in
Figure 15(b), increases compared to that for a diameter of 3 mm. This may be due to the
larger volume of woody debris.

Trap percentage (%)

100

Q = 2.7 ℓ/s
Q = 5.6 ℓ/s

80
60
40

20
0

0

1

2
3
4
Channel slope q (◦)

5

6

Figure 13. Effect of channel slope

Figure 14. Effect of average length on trap efficiency (lmean = 10 cm,
d = 3 mm)
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Table 2. Mix ratio of average length

Average trap percentage (%)

100

Number of wooden debris
6 cm
12 cm
18 cm
77
13
10
43
47
10
10
80
10

lmean= 8 cm
lmean= 10 cm
lmean= 12 cm

80
60
40
20
0

0

0.25
0.5
opening ratio W/lmax

(a) d = 3 mm

100
Average trap percentage (%)

lmean
8 cm
10 cm
12 cm

0.75

lmean= 8 cm
lmean= 10 cm
lmean= 12 cm

80
60
40
20
0

0

0.25
0.5
opening ratio W/lmax

0.75

(b) d = 6 mm

Figure 15. Effect of lmean on trap percentage (Series III)
Further, it should be noted that the trap ratios of W/lmax = 1/5 of the average length in
Figure 15(a) and (b) are almost the same as the ones of W/lmax = 1/2 of the maximum length
in Figure 9(a) and (b), respectively. This means that the average length includes short sticks
and, as such, the opening ratio should be narrowed to achieve the same trap ratio.
2.4.6. Effect of roots on trap efficiency (series IV)
Figure16 shows the effect of roots on the trap efficiency that is compared with woody debris
without roots. For wooden debris with roots, the amount of trapped woody debris did not
decrease comparing with the cases without roots, even if the opening ratio increases.

Figure 16. Effect of roots on trap perforamnce (Series IV: lmax = 12 cm)
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Figure 17. Effect of roots on the average trap percentage (Serise IV)
Furthermore, larger volume of debris was trapped relative to the cases without roots. This is
because woody debris with roots is easily entwined and forms a densely packed mass.
Figure 17 shows the effect of roots on the average trap percentage. It was apparently
found that the trap percentages with roots (lmax = 6cm) in Figure 17 (b) at opening ratios of
1/3 and 1/2 were 70–80 % larger than the ones without roots in Figure 17 (a). However, the
trap percentage of the maximum length of 6cm became less than 20% in the opening ratio of
3/4 as shown in Figure 17 (b). This may be caused due to short sticks, even if the maximum
length of 6 cm has roots.
2.5. TRAP MECHANISM OF WOODY DEBRIS
The trap mechanism of woody debris was summarized from the experimental results as follows.
(1) More than two columns are needed to trap woody debris.
(2) It is needed to create a trigger for the first trap.
(3) It is necessary to tangle the amassed woody debris to trap successive woody debris.
3. COMPUTATIONAL APPROACH FOR TRAP EFFICIENCY OF WOODY
DEBRIS BY A SLIT DAM
3.1. NEW 3D-DEM
A new three-dimensional distinct element method (3D-DEM) was developed by introducing
cylindrical stick elements into the usual DEM for the simulation of the trap efficiency of
woody debris by a slit dam [17, 18].
3.1.1. Equation of motion
The 3D-DEM traces the motion of each element by considering the body force, external
forces and contact forces. Woody debris is assumed to be a cylindrical element, and the
contact springs between elements are expressed as Sx, Sy, and Sz, as shown in Figure 18. The
element is assumed to be rigid, and the body force acts at the center of gravity by moving the
element position, as shown in Figure 19. The contact forces are given at the contact points
between the elements by calculating the spring forces at time t.
First, the translational and rotational motions are expressed by considering the body force,
external force and contact forces, respectively, as follows.
Translational motion:

(t ) + Du (t ) + ∑ fK (u(t )) = f (t )
Mu

(1)

f (t ) = Mg + fW (t )

(2)

International Journal of Protective Structures – Volume 6 · Number 2 · 2015

Figure 18. Cylinderical elements

Rotational motion:
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Figure 19. Element position
and attitude

 (t ) = M
 (t )
Iθ (t ) + Dθ(t ) + ∑ M
K
ex

(3)

 ex (t ) = M
 W (t )
M

(4)

where M: mass matrix, D: damping matrix, fK: internal force vector caused by contact spring
force, f: external force vector, g: gravitational acceleration vector, fw: buoyancy and drag
force vector by water, I: inertia moment matrix, θ: angle of rotation vector, MK: equivalent
moment vector, Mex: external moment vector, Mw: moment due to fluid force, (~): local
coordinate, (˙), (˙˙): each of the first and second derivatives of time.
The damping forces are given by the dash-pot model installed parallel to the contact
springs, and therefore, Equations (1) and (2) are re-formulated as follows.
Translational motion:

(t ) +
Mu

{∑ f

D

}

(u (t )) + ∑ fK (u(t )) = fex (t )

(5)

⎧  ˆ
ˆ ⎫
ˆ
ˆ
ˆ
Rotational motion: ⎨Iθ (t ) − P(t ) × θ (t ) ⎬ + ∑ M D (t ) + ∑ M K (t ) = M ex (t )
⎩
⎭

(6)

where fD: damping force vector at contact point, P: rotational momentum vector, and MD:
equivalent moment vector.
The acceleration and velocity are given by the difference method as follows.
(t ) =
Acceleration: u

u(t + Δt ) − 2 u(t ) + u(t − Δt )
u(t ) − u(t − Δt )
, Velocity: u (t ) =
2
Δt
Δt

ˆˆ
ˆ
ˆ
θˆ(t + Δt ) − θˆ(t )
ˆˆ (t ) = θ (t )
ˆ
ω
Rotational acceleration: ωˆ (t ) =
,
Angular
velocity:
Δt 2
Δt

(7)

(8)

By solving Equations (5)–(8), the displacement and rotation at the next time step (t + Δt)
are given as follows.

{

}

Displacement: u(t + Δt ) = M −1 fex (t ) − ∑ fD (u (t )) − ∑ fK (u(t )) Δt 2 + 2 u(t ) − u(t − Δt ) (9)
ˆ
Rotation: θˆ(t + Δt ) = Iˆˆ a −1

{(

)

}

ˆˆ (t ) + Pˆˆ (t ) × ωˆˆ (t ) − ∑ M
ˆˆ (t ) − ∑ M
ˆˆ (t ) Δt 2 + θˆˆ(t )
M
ex
D
k

(10)
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3.1.2. Contact force
The cylindrical element is used for both woody debris and the column model of a slit dam,
and the triangular element is adapted for the bottom and wall of the flume. The element
position L and displacements u in 3-D space are defined as follows, referring to Figure 19.
L = L0 + u p

(11)

ˆ 0
A = AA

(12)

where L: position vector of the center of gravity in the global coordinate, L0: initial position vector,
up: displacement vector of the translation, A: attitude matrix, and A0: initial attitude matrix.
The internal force vector fk is obtained by the contact spring force vector Sc at the center
of gravity of each element as follows.
fK = TG CT Ts S c

(13)

where TG: transformation matrix from local coordinate of the element to the global
coordinate, CT: equilibrium matrix, and Ts: transformation matrix from local coordinates of
the spring to local coordinates of the element.
On the other hand, the internal deformation increment vector Dq(t) is given by the
compatibility condition as follows.
2

Δq(t ) = ∑ TsT Ci TGiT Δui (t )

(14)

i =1

where Δ expresses the increment of vector from time (t) to (t + Δt), and the superscript letter
T expresses the matrix transposition.
3.1.3. Contact judgment
The contact judgment between cylindrical surfaces of two elements is carried out by the
following steps, referring to Figures 20 and 21.
First, the following equations are solved in terms of ldi and ldj.
⎧⎪ L Pi = LCi + ldi a xei
⎨
⎪⎩ L Pj = LCj + ldj a xej

(15)

D a = L Pi − L Pj

(16)

⎧⎪ a xei ⋅ D a = 0
⎨
⎪⎩ a xej ⋅ D a = 0

(17)

where Lp: position vector of the nearest points of both elements, Lc: position vector of center
of gravity, Da: differential vector between Lpi and Lpj, axei and axej: local axis vector of x
associated with attitude matrix of elements i and j, respectively, and ldi and ldj: multipliers of
elements i and j, respectively.
The solutions of Equations (15)–(17) are given as follows.
⎧
1
(D a ⋅ a xei )(a xei ⋅ a xej ) − D a ⋅ a xej
⎪ ldi =
1 − (a xei ⋅ a xej )2
⎪
⎨
1
⎪ l =
D a ⋅ a xei − (D a ⋅ a xej )(a xei ⋅ a xej )
⎪ dj 1 − (a xei ⋅ a xej )2
⎩

{

{

}
}

(18)
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Figure 21. Contact between
cylinderical elements (side
and end surface)

Figure 20. Contact between
cylinderical elements (side
and side)

Then, the contact judgment is given by satisfying the following conditions.
⎧ l ≤l
Ci
⎪ di
⎨
⎪ ldj ≤ lCj
⎩

and

D a ≤ rCi + rCj

(19)

where lCi and lCj: half-length of cylindrical elements i and j, respectively, and rCi and rCj:
radius of cylindrical elements i and j, respectively.
Consequently, the local coordinate x of the spring is given by vector Da. Next, the
following steps are carried out about the contact judgment between the end surfaces of
two elements, as shown in Figure 21. First, the following equation is expressed in terms
of ldij.
S a = (a xej × a xei ) × a xei
L P = LCBi + ldi

S
S

a xej ⋅ (L P − LCB j ) = 0

(20)
(21)
(22)

where LP: position vector of contact point of bottom, and S: differential vector between LCBi
and LP.
The solution of Equations (20)–(22) is given as follows.
ldij =

1
(a xej ⋅ LCB j − a xej ⋅ LCBi ) = 0
a xej ⋅ S S

(23)

Then, the contact judgment is given by satisfying the following conditions.
ldj ≤ rCi

and

L P − LCB ≤ rCi

(24)

Consequently, the local coordinate x of the normal spring is given by vector axej.
Next, the following steps are carried out about the contact judgment between the end
surface of the cylindrical element and the triangular element, as shown in Figure 22. First,
the following equation is expressed in terms of ldij.
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Figure 22. Contact between end surface of cylindrical element
and triangle plane element
(25)

S = (n × a xei ) × a xei
S
S

(26)

n ⋅ ( L P − LT j ) = 0

(27)

L P = LCBi + ldi

where n: normal vector of triangular element.
The solution of Equations (25)–(27) is given as follows.
ldij =

1
(n ⋅ LT j − n ⋅ LCBi ) = 0
n⋅S S

(28)

Then, the contact judgment is given by satisfying the following conditions.
ldij ≤ rCi

(29)

Consequently, the local coordinate x of the normal spring is given by vector n.
3.2. ASSEMBLED CYLINDRICAL MODEL
3.2.1. Coordinate system of assembled element
An assembled element comprises two cylindrical elements, and the local coordinate (x̂, ŷ, ẑ)
of an assembled element is set up at the gravity position (x̃, ỹ, z̃) of each element on a parallel
to the global coordinate (X, Y, Z), as shown in Figure 23.
~zj

~yj
~xj

^zk ^
yk

^
L
ej

^xk

Lej
Z

Y

Lak
X

Figure 23. Coordinate of assembled elements (roots)
The position vector of an assembled element k and its component element j are expressed
as Lak and Lej, respectively, as shown in Figure 23. The position vector of a component
element of an assembled element is given by the coordinate system as follows.
ˆ = L −L
L
ej
ej
ak

(30)
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The attitude matrixes of an assembled element and a component element are set to express
the rotational attitude as follows, as shown in Figure 24.
⎡ aT
⎢ akxˆˆ
T
A ak = ⎢ a akyˆˆ
⎢
⎢ aT ˆ
⎢⎣ akzˆ

⎤
⎥
⎥ ,
⎥
⎥
⎥⎦ 3× 3

⎡ aT
⎢ ejxˆ
T
A ej = ⎢ a ejyˆ
⎢
⎢ aT
⎢⎣ ejzˆ

⎤
⎥
⎥ ,
⎥
⎥
⎥⎦ 3× 3

(31)

where Aak: attitude matrix expressed by the unit vector (aakx̂ˆ , aakŷˆ , aakẑˆ ) parallel to the inertia
principle axis coordinate (x̂ˆ, ŷˆ, ẑˆ ) of the gravity position of assembled element k, and Aej:
attitude matrix expressed by the unit vector (aejx̃ˆ aejỹˆ , aejẑˆ ) parallel to inertia principle axis
coordinate (x̃ˆ, ỹˆ, z̃ˆ ) of the gravity position of component element j.
3.2.2. Attitude matrix and inertia moment of assembled element
The inertia moment about the principle axis of inertia of a component element j is given as
follows.
ˆ
I ej = A ejT I ej A ej

(32)

Consequently, the inertia moment of an assembled element k is given by the theorem of
parallel axis as follows.
⎡
⎢
nak ⎢
Iˆ ak = ∑ ⎢ I ej + mej
j =1 ⎢
⎢
⎢
⎣

⎡ ˆ 2
ˆ
⎢ Lejy + Lejz
⎢
⎢
− Lˆ ejy Lˆ ejx
⎢
⎢
− Lˆ ejz Lˆ ejx
⎢⎣

( ) ( )

2

− Lˆ ejx Lˆ ejy
2

( Lˆ ) + ( Lˆ )
ejz

− Lˆ ejx Lˆ ejz
2

− Lˆ ejy Lˆ ejz

ejx

− Lˆ ejz Lˆ ejy

2

( Lˆ ) + ( Lˆ )
ejx

ejy

2

⎤⎤
⎥⎥
⎥⎥
⎥⎥
⎥⎥
⎥⎥
⎥⎦ ⎥⎦

(33)

where Lˆ , Lˆ , Lˆ : x̂, ŷ, ẑ axis components of the position vector L̂ej of a component
ejx
ejy
ejz
element j in the assembled element coordinate, respectively.
By performing an eigenvalue analysis for the inertia moment matrix Îak, the eigenvalue
vector (aak1, aak2, aak3) and eigenvalue (λak1, λak2, λak3) are obtained. They are the same as the
unit vectors in the direction of the principal axis of inertia and the principal moment of
inertia. Therefore, the attitude matrix in the principal axis of inertia of the assembled element
are given as follows.
⎡ aT
⎢ akxˆˆ
T
A ak = ⎢ a aky
ˆˆ
⎢
⎢ aT ˆ
⎢⎣ akzˆ

⎤ ⎡ aT
⎥ ⎢ ak1
T
⎥ = ⎢ a ak
⎥ ⎢ T2
⎥ ⎢ a ak 3
⎥⎦ ⎣

⎤
⎥
⎥
⎥
⎥⎦ 3× 3

(34)

Furthermore, the rotational moment about the principal axis of inertia of the assembled
element k is expressed by the following equation.
⎡ I akx
ˆIˆ = ⎢⎢
ak
⎢
⎢⎣ 0

0
I aky
I akz

⎤ ⎡ λak1
⎥ ⎢
⎥=⎢
⎥ ⎢ 0
⎥⎦ ⎣

0

λak 2
λak 3

⎤
⎥
⎥
⎥
⎦ 3× 3

(35)
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Figure 24. Change of assembled element attitude matrix
3.2.3. Change in attitude and condition of compatibility
The equation of motion is solved for the translational motion of the general coordinate
system and for the rotational motion about the principal axis of inertia of the assembled
element. Accordingly, the compatibility condition is needed to convert to the motion of the
component element. The attitude matrix of the assembled element in the time (t) are given
as follows, referring to Figure 24.
(36)
where, Aak–0 and Aak–t: attitude matrix of assembled element k at each time (t = 0, t), and Âak–t:
coordinate transformation matrix of variation in attitude matrix of assembled element from
(t = 0) to (t).
In addition, as the assembled element k is a rigid body, it is given as follows.
ˆ
T
T
A ej − t A ak
− t = A ej − 0 A ak − 0 = Â aej

(37)

ˆ
ˆ T ˆˆ
L
ej − t = A ak − t L ej − 0

(38)
ˆ :
where Aej–0 and Aej–t: attitude matrix of component element j at each time (t = 0, t), Â
aej
attitude matrix of component element j in principal axis of inertia system of assembled
ˆ : gravity
element k, L̂ej–t: gravity position vector of assembled element k at time (t), and L̂
ej
position vector of component element j in principal axis of inertia of assembled element.
On the other hand, the velocity vector and angular velocity vector are given as follows.
u ej − t = u ak − t + ω ak − t × L̂ej − t

(39)

ω ej − t = ω ak − t

(40)

where u̇ak–t, u̇ej–t: velocity vectors of assembled element k or component element j at time t,
respectively, ωak–t and ωej–t: angular velocity vectors of assembled element k or component
element j at time t, respectively.
The solution process for the assembled element is the similar way as the one for the single
element.
3.3. WATER FLOW MODEL
The woody debris flow is composed of an amassed wood and water flow and, therefore, it is
necessary to assume the water model flow which affects the debris impact force on the slit
dam. The water flow velocity around woody debris changes owing to the interactive action
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of woody debris motion. However, this interaction is ignored in this study to reduce the
computational load. Water flow model is adopted as two different domains in this study, as
shown in Figure 25. These are called the “approach domain” and “trapping domain.”

Figure 25. Water flow domain model
3.3.1. APPROACH DOMAIN
In the approach domain, water flows parallel to the bottom surface of the flume and the
velocity changes proportionally to the depth from the surface as shown in Figure 26, and is
given as follows.
zij ⎞
⎛
U ij = U 0 ⎜ 1 − 0.2 ⎟
h0 ⎠
⎝

(41)

(0 ≤ zij ≤ h0 )

where U0: flow velocity vector at the surface, Uij: flow velocity vector at depth zij, zij: depth
of related to a woody debris element, and h0: depth of water in approach domain.
The water depth is obtained from the experimental observations. The surface velocity is
determined such that the integration of these velocities for a sectional area of the water flow
should be equivalent to the experimental discharge.
3.3.2. Trapping domain
The water depth in the trapping domain increases proportionally as one approach a slit dam,
as shown in Figure 25. The depth of woody debris h′ at the slit dam is given by the ratio of
the projection area of trapped woody debris to the cross-sectional area of the flume, as shown
in Figure 27, as follows.

(

)

⎧
h ′ = h0
∑ Adi A0 ≤ 0.2
⎪
⎛
⎞
A
⎪
H − h0 ∑ di − 0.2 + h 0.2 ≤
⎨ h′ =
∑ Adi A0 ≤ 1.5
0
⎜
⎟
1.3 ⎝ A0
⎠
⎪
1.5 ≤ ∑ Adi A0
⎪⎩
h′ = H

(

(

Figure 26. Velocity distribution
in approach domain

)

(42)

)

Figure 27. Depth and relative area

206

A Basic Study on Protective Steel Structures Against Woody Debris Hazards

where H: column height of a slit dam, Adi: total sum of projection area of trapped woody
debris, and A0: cross-sectional area of the flume.
–
The cross-sectional average velocity U is given by the depth h′ based on the law of
conservation of discharge as follows.
U=

h0
U0
h′

(43)

The increment of the damping up depth Δh is given as follows [17,18].
⎛ D⎞U
Δ h = km sin θ m ⎜ ⎟ h
⎝ W ⎠ 2g

(44)

where km: section modules (e.g., km of a steel pipe is 2.0), θm: angle of trapping columns to
bottom, D: diameter of columns, W: opening width of a slit dam, and Uh: upstream water
velocity. In this study, each module was roughly given as follows, i.e., km = 2.0, θm = 90°,
–
Uh = U, and D/W = 1/4. Then, the increment of the damping-up depth Δh is given by,
Δh =

U2
4g

(45)

Furthermore, considering the turbulence and waves of the water surface, the damping up
depth hs was given by a random number according to the normal distribution, as shown in
Figure 28. Then, the maximum, the minimum, the average and the standard deviation of hs
are given as h′ + Δh, h′, h′ + Δh/2 and Δh/4, respectively.

Figure 28. Probability distribution of damming up depth hs
The flow velocity in the trapping domain is changed as follows, referring to Figure 29.
U ij =

zij
h'

(α − β )U 0 + βU 0

(49)

where, α : coefficient of the flow velocity at the water surface, β : coefficient of flow velocity
at the riverbed.

(a) Flow direction of water model

(b) Flow direction against
cylindrical element

Figure 29. Velocity distribution in trapping domain
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As the angle of debris affects the trap efficiency in real flow, the water flow model uses
the probability distribution of tangential direction velocity and probability distribution of
damming up depth around slit dam.
The tangential direction velocity Uzij is given by a random number according to the
normal distribution considering the turbulence of water flow, as shown in Figure 30. Then,
the maximum, the minimum, the average and the standard deviation of Uzij were given as 0.1
Uij, –0.1 Uij, –0.05 Uij, 0.025 Uij, respectively.
This velocity Uzij is only considered in a supercritical flow which is defined as follows.
Δh ≤ hc =

3

(h0U 0 )2
g

(50)

where hc: critical depth.

Figure 30. Probability distribution of tangential direction velocity
4. COMPUTATIONAL RESULTS
4.1. ANALYTICAL PARAMETER
The input data was adopted as shown in Table 3. The spring constant for the normal direction
Kn was determined by a compressive test of the wooden debris. Furthermore, the tangential
direction Ks was obtained by using the propagation velocity of an elastic wave as follows [17].
G=

E
,
2 (1 + ν )

λ=

Eν
(1 + ν )(1 − 2ν )

(51)

Table 3. Input data

Channel
Flow
water
Woody
model
Constant
between
elements
Time increment Δt

Item
Slope θ
Length
Width
Initial velocity U0
Initial depth h0
Drag force CD
Number of element
Density ρ
Normal spring constant
Tangential spring constant
Damping constant h
viscosity c
Friction coefficient tanj

value
3°
3m
0.3 m
0.8 m/s
8 mm
1.0
100
950 kg/m3
1.0 × 106 N/m
1.5 × 105 N/m
0.2
0N
0.404
1.0 × 10–7s
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Vp =

Kn =

λ + 2G
G
, Vs =
ρ
ρ

(52)

1
1
πρVp2 , K s = πρVs2
4
4

(53)

where G and λ: Lamé’s constants, E: Young’s modulus, ν (= 0.4 for cedar [3]): Poisson’s
ratio, Vp: P-wave velocity structure, Vs: S-wave velocity structure, and ρ: density of element.
Therefore, the equation for Ks is given as follows.
Ks
G
1 − 2ν
=
=
K n λ + 2G 2 (1 − ν )

(54)

Another parameters were used as described in references [17,18].
4.2. TRAPPING PROCESS
Figure 31 shows the computational results on trapping process comparing with the test results
for lmax = 6 cm and W/lmax = 1/2, from the arrival time (t0s) of the first woody debris to time
t = 5.0 s. The computational results were found to be almost the same as the test results. In
particular, some woody debris slipped through the slit dam at time t = t0 + 1.0 s, as shown in
Figure 31 (b), and was trapped at time t = t0 + 2.0 s as shown in Figure 31 (c). Amassed woody
debris was trapped from time t = t0 + 3.0 s to time t = t0 + 5.0 s, as shown in Figure 31(d)–(f).

Figure 31. Computational results: Trapping process of woody debris
(lmax = 6 cm, W/lmax = 12 cm)
4.3. COMPUTATIONAL RESULTS: EFFECT OF OPENING RATIO ON TRAP
PERCENTAGE
Figure 32 shows the computational results of the effect of the opening ratio on the average trap
percentage in case of d = 3 mm. The trap percentage decreases as the opening ratio increases.
This quantitative tendency also coincided with the experimental results in Figure 9(a). In
particular, the trap percentage for lmax = 6 cm decreased noticeably as the opening ratio
increased. The trap percentages for lmax = 12 cm and 18 cm was more than 50% within the range
of W/lmax = 3/4, and these results were almost the same as the experimental results in Figure 9(a).
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Figure 32. Computational results: Effect of opening ratio on trap
percentage
4.4. COMPARISON OF TRAP EFFICIENCY BETWEEN EXPERIMENT AND
COMPUTATION
Figure 33 shows a comparison of the trap efficiency between the experiment and the computation
for lmax = 6 cm. The computational results for W/lmax = 1/5 and 1/3 show that amassed woody
debris was trapped and this tendency matched the test results as shown in Figure 33(a) and (b).
However, the computational results for W/lmax = 1/2 and 3/4 indicate that woody debris was not
trapped in a similar manner as the experimental results as shown in Figure 33(c) and (d).

Figure 33. Comparison of trap efficiency between experiment
and computation (lmax = 6 cm)
4.5. EFFECT OF WOODY DEBRIS WITH ROOTS
To examine the effect of woody debris with roots, a model experiment was conducted by
using the specimen, as shown in Figure 34. The experimental and computational cases were
conducted as shown in Table 4.
Table 4. Cases of woody debris
with roots

Figure 34. Woody debris
model with roots

Trap ratio
(W/lmax)
1/3
1/2
3/4

Length
l (cm)
6
12
18

Case
9
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4.5.1. Comparison of trap process with roots between experiment
and computation
Figure 35 shows a comparison of the trap process between experiment and computation for
woody debris with roots. Time t0 denotes the arrival time of the first woody debris. First, the
slit dam was blocked owing to scattered woody fragments, as shown in Figure 35(a) and (b),
and then, the level of amassed woody debris increased with the water level, as shown in
Figure 35(c) and (d). Successive woody debris piled up in the upper stream as shown in
Figure 35(e)–(f). This computational tendency showed the same as experimental results.

Figure 35. Computational results (Trap process of woody debris with roots)
4.5.2. Comparison of trap efficiency with roots between experiment
and computation
Figure 36 shows comparison of trap efficiency with roots between experiment and
computation. The computational results almost coincided with the experimental results. The
trap efficiencies for W/lmax = 1/3 and 1/2 as shown in Figure 36(a) and (b) were obviously
better than that without roots, as shown in Figure 33(b) and (c). This is because the roots can
easily tangle with columns.

Figure 36. Comparison of trap efficiency between experiment
and computation for woody debris with roots (lmax = 6 cm)
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4.5.3. Effect of opening ratio on trap percentage for roots
Figure 37 shows the effect of the opening ratio on the trap percentage by comparing the
experiment with the computation for woody debris with roots. The trap percentage of woody
debris with roots apparently increased compared to that for woody debris without roots in
Figure 9. The computational results matched the experimental results.
100

80
lmax=6 cm
lmax=12 cm
lmax=18 cm

60
40
20
0

0

0.25

0.5

0.75

1

Trap percentage (%)

Trap percentage (%)

100

80
lmax=6 cm
lmax=12 cm
lmax=18 cm

60
40
20
0

0

0.25

0.5

0.75

Opnening ratio W/lmax

Opnening ratio W/lmax

(a) Test

(b) Computation

1

Figure 37. The effect of opening ratio on trap percentage for roots
5. APPLICATIONS TO AN ACTUAL BLOCKAGE DISASTER CAUSED BY
WOODY DEBRIS
Figure 38 shows a blocked bridge in Shobara City, Hiroshima, Japan; this blockage was
caused by scattered wooden fragments during a local downpour on July 16, 2010 [18].
The precipitations on July 15 and 16 were 259 and 125 mm, respectively, according to
reference [20] and a field survey, and the total flow discharge was computed as Qp = 110.8 m3/s.
The amassed woody debris was considered to block Bridge B through Bridge A, as shown
in Figure 39. To simulate such a blockage disaster, the proposed DEM was applied using the
scenario in Figure 39 and the input data in Table 5. The parameters were referred from
references [18, 20]. Figure 40 shows the woody debris model in the analysis. The model’s
length, thickness and woody roots are referred from the field survey [20].
Table 5. Input data for actual woody debris disaster

Water flow
Woody
debris

Constants
between
elements
Time increment

Item
Coefficient of roughness n
Drag force CD
Number of element
Average length lmean
Average diameter dmean
Density ρ
Normal spring constant Kn
Tangential spring constant Ks
Damping coefficient h
viscosity c
Friction tanj
Δt

value
0.04 m1/3/s
1.0
500
6.1 m
25.1 cm
950 kg/m3
1.0 × 107 N/m
1.5 × 106 N/m
0.2
0N
0.404
2.0 × 10–5 s
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Figure 38. Woody debris hazard

Figure 39. Scenario of disaster

Figure 40. Woody debris model used in the analysis
Figure 41 shows the computational results of the bridge blockage simulation against
actual woody debris hazards by using the proposed DEM. The woody debris was found to
be trapped by Bridge B from time t0 + 15 s to time t0 + 40 s, and no outflow of wooden debris
occurred from time t0 + 45 s to time t0 + 50 s.

Figure 41. Bridge blockage simulations against actual wooden debris
hazard
The final trapping states of the computation were obtained from the (a) downstream and
(b) upstream as shown in Figure 42, which compares with the actual disaster. The final states
of trapped woody debris in the computation were recognized to be similar to those in the
actual disaster.
If the two trap columns are placed in front of Bridge A, then the amassed woody debris is
trapped, as shown in Figure 43. Therefore, this bridge was not closed by woody debris, and
the simulation result indicates that the slit dam traps woody debris.
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Figure 42. Bridge blockage disaster by woody debris

Figure 43. Trapping simulation by a slit dam

6. CONCLUSIONS
The model experiments were conducted to evaluate the trap efficiency of woody debris by a
slit dam. Then, a new DEM was proposed to simulate the model experiments and the actual
woody debris hazards. The finding of this study can be summarized as follows:
1.
The model experiment suggests that the trap percentage of woody debris decreases
with an increase in the opening ratio of a slit dam.
2.
The trap efficiency was better for a smaller discharge of Q = 2.7 (ℓ/s) than for a larger
discharge of Q = 5.6 (ℓ/s), because the water surface fluctuated and made the woody
fragments overflow or slip through the slit dam in the latter case.
3.
The trap percentage decreases with an increase in the channel slope, because the flow
velocity increases. This means that the amassed woody wreckage disentangles and
overflows or slips through the slit dam.
4.
The trap percentage for an opening ratio (W/lmax = 1/5) using the average length was
found to be almost the same as that for the opening ratio (W/lmax = 1/2) using the
maximum length.
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5.
6.

7.
8.
9.
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A new DEM was developed by introducing cylindrical stick elements for woody
debris, and it could accurately simulate the trap efficiency of the model experiments.
The effect of woody debris with roots on the trap percentage was examined, which
increased compared to the case without roots. This was found in both the experiments
and the computation.
The proposed DEM was applied to simulate an actual blockage disaster by woody
debris in Hiroshima. The simulation matched the actual disaster rather well.
If the trap columns are placed in front of Bridge A, they protect the bridge from
blockage.
There was no damage and loss of slit dams by huge force of the amassed of woody
debris so far, although there were some examples on damage of steel slit dams by rock
impact. However, the slit dam should be designed and constructed to resist the huge
force due to the amassed debris in the future.
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