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Abstract: Many kinds of fish passages have been installed in order to help the upstream migration for swimming fishes at hydraulic
drop structures. Especially, pool-type fish passage was applied for both rest and upstream migration. In each pool, a plunging flow is
formed, and also the capacity of discharge is limited in order to keep steady flow condition. For the formation of plunging flow, it is
difficult for multi-aquatic animals to find the migration route. In this paper, roughness mild slope with stacked boulders in half
trapezoidal section was presented as a new construction of fish passage. In proto type, around 50 cm long size was utilized as the
stacked boulder. The longitudinal slope was settled as 1/25, and the fish passage had 4 m width with around 1/8 transverse slope. The
migration route for multi-aquatic animals can be kept, even if the discharge changes from 0.45 m?/s to 3.2 m%s. As the main flow
passing over the roughness slope is always located near the water surface for several tailwater elevations, it might be easy to find the

migration route.
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1. Introduction

Fish passage has been installed at drop structure in
order that swimming fishes can migrate upstream [1].
There are many kinds of fish passages [2]. Especially,
pool-type fish passage has been applied for both rest
and upstream migration. As the width of the fish
passage is limited (e.g., 1.5 m to 4 m), the capacity for
the change of discharge is limited in order to keep the
steady flow condition [1, 3].

The author proposed the pool-type fish passage with
trapezoidal section for the migration of multi-aquatic
animals [4, 5]. In this case, the migration route is
mainly near the water side. The formation of plunging
flow at the downstream end of the fish passage does not
lead aquatic animals to the fish passage. Many aquatic
animals could not find the migration route of fish
passage at the downstream of the drop structure [1, 2].

Corresponding author: Youichi Yasuda, Dr., Professor;
E-mail: yasuda.youichi@nihon-u.ac.jp.

The roughness mild slope with stacked boulders is
proposed as a new construction of the fish passage in
this paper. The fish passage has 1/25 longitudinal
slope, around 1/8 transverse slope, and 4 m width. The
long size of stacked boulders was settled as around 50
cm in order to form a gap flow near the water side.
The capacity for the change of discharges can be
extended from 0.45 to 3.2 m%s. In the case of the
installation of the fish passage at tide weir, as a surface
jet flow is always formed at the downstream of the fish
passage, the concentration adjustment for diadromous
aquatic animals between fresh water and sea water is
possible for several tailwater elevations and
discharges.

2. Experiments on Proposed Fish Passage

The experiments are conducted in a rectangular
channel 17 m long, 0.4 m wide, 0.6 m high, at the
Environmental Hydraulics Laboratory of Nihon
University. As shown in Table 1, five different
experiments are performed on the basis of Froude
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Table 1 Experimental conditions in proto type.

o la | de | ods | Qo Tl
Case
QOO E [ M (m)
1 | s |7 | 110 | 19 | 0451 0-8C1>,41409,
1.15,1.37,
2 | 125 | UT 110 | 19 | 188 | e
1.32, 154,
3 | Vs |7 |110| 19 | 325 | T
4 |v2s | ur| 0| vo | ogse | 2% 16L
1.84
5 | wes |u7|110| 19 | 1215 2.26

Here, la = longitudinal slope, It = transverse slope in region i (i
=1, 2,3), T.L. = Tailwater Level, p = proto type.

similarity. Here, 1/10 scale model was applied. Five
different discharges were studied. Qp = 12.15 m%s in
proto type was settled for a flood stage. For normal

-

stages (Cases 1 to 4), the effect of tailwater elevation
on the formation of oriented flow at the downstream of
the fish passage was examined. Photo 1 shows the
installation of the roughness mild slope with the
stacked boulders. In the experiments, the boulders were
stacked without fixing with concrete etc. The averaged
long size of the boulder is 0.05 m. As shown in Photo 2,
the stepped channel with end sill was constructed in
order to install the boulders easily by considering
construction method. Longitudinal stepped channel has
horizontal length 0.25 m and vertical height 0.01 m.
Also, end sill has 0.01 m height in order to stack the
boulder easily.

Photo 1 "Rness slope with stacked boulders in half trapezoidal section with 1/25 Iongituaiﬁgi”snl'ope. Physical model with
1/10 scale was installed in rectangular channel with 0.40 m width.

Photo 2 Stepped channel with end sill (transverse slope: It = 1/7, Iz = 1/10, Iz = 1/9, lts = 0 from left to right). Transverse step:
0.1 m wide, 0.25 m long, thickness t1 = 0.0355 m, t; =0.021 m, t3 = 0.011 m, ta=0 m.

In order to form trapezoidal cross-section, different
transverse slopes were settled (lz = 0.014 m/0.1 m
1/7, I, = 0.01 m /0.1m = 1/10, l;z = 0.011 m/0.1 m
1/9).

A point gauge with 0.1 mm reading was used to
measure roughness bed surface and water surface every
25 cm interval in longitudinal horizontal direction
(x-direction). The roughness bed is assessed at

transverse coordinate (y-coordinate): y = 0.05, 0.15,
0.25, 0.35, and 0.38 m (where y = 0 cm is the right side
wall of the channel, y = 40 cm the left side wall), while
the water surface for the region of total width of water
flow.

The flow velocity was measured every 0.25 m
interval in x-direction and y-coordinates 0.015, 0.05,
0.10, 0.15, 0.25, and 0.35 m. The used propeller current
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meter (Model VR-301/VR3T-4-20N, KENEK CO.,
LTD) measures both longitudinal u (in x-direction)
with sampling time of 20 seconds (for a total of 167

point measurements). The instrument’s sensitivity is +
5 cm/s [6].

2.1 Characteristics of Bed Profile

Longitudinal bed profiles are shown in Fig. 1. The
elevation of bed profile depends on the relative
transverse coordinate y/B. In this case, the
measurement point is the top of boulders (yellow
marked). As the boulder is stacked on each step, 1/25
slope is settled as averaged slope. As shown in Photo
3, longitudinal slope is locally changed, and it is easy
to reduce the flow velocity. The stacked boulders may
help the migration of multi-aquatic animals [7-9] and
also the velocity decay during flood stages.

Fig. 2 shows bed profiles on 4" step in which is
counted from the upstream end of stepped channel.
Here, xsp is longitudinal distance from the drop of
each step in proto type. Z; is elevation for the surface
of the stacked boulder in proto type. As shown in this
figure, the elevation of the stacked boulder around
downstream end of step is apt to be higher than that
around upstream end of step. As the boulder stacked at
end sill is significant, the long size of the boulder is
relatively larger than that on the step. Accordingly,
water depth required for the migration of
multi-aquatic animals can be kept locally near the
water side.

Fig. 3 shows transverse bed profiles on 4" step. As
shown in this figure, averaged slope can be regarded
as 1/8 slope. By considering the installation of stacked
boulders on different transverse slopes (see Table 1),
the shape of cross section is regarded as a parabolic
shape, and the formation of diverse flow near the
water side might be kept for a wide range of normal
discharges (e.g., from 0.45 to 3.2 m%/s).

2.2 Characteristics of Velocity in Roughness Region

Fig. 4 shows the relationship between velocity up
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Fig. 1 Longitudinal bed profiles in roughness region.

Photo 3 Measurement points (yellow) for bed profile.
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Fig. 2 Longitudinal bed profiles on 4™ step.
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Fig. 3 Transverse bed profiles at 4% step.

and water elevation based on top of boulder dp
converted in proto type. In this figure, the data in the
range of 4.4 < xp(m) < 17.5 were plotted by neglecting
the effect of the local flow near the upstream and
downstream ends of roughness region, and the data for
Cases 1, 2, and 3 were utilized. Then, the flow
condition in which supercritical flow is formed at the
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Fig. 4 Relationship between velocity and water elevation
based on top of boulder.

downstream end of roughness region has been
investigated. As shown in Fig. 4, the relation between
the velocity on the roughness bed and the water
elevation based on top of boulder might be independent
of the measurement position in the range of 4.4 < x,(m)
< 17.5, and can be predicted by the following equation.

u, = —5.956 x d,,> + 7.094 x d, + 0.803 (1)

Autocorrelation coefficient: R? = 0.90.

If the water depth on stacked boulders is estimated
in each region shown in Photo 2, the discharge per
unit width can be predicted by using equation (1). For
Case 4, the application of Eqg. (1) might be predicted
the velocity field on stacked boulders in the range of
4.4 < xp(m) < 17.5 without the velocity measurement.
Further, if the cross section is extended as symmetric
trapezoidal section, the total discharge might be
calculated.

3. Results and Discussion
3.1 Description of the Flow Conditions

Flow condition depends on longitudinal slope,
transverse slope, roughness region (longitudinal length
and width), the size of stacked boulder, and discharge.
All experiments were conducted in a rectangular
channel with 17 m long, 0.6 m height, and channel
width B = 0.4 m. These investigations were studied as a
first stage, and longitudinal slope, transverse slope,
roughness region (longitudinal length and width), and
the size of stacked boulder were fixed.

For Case 1 (Qp = 0.45 m¥s in proto type), the total
width of water flow occupies 62.5% of the width of

roughness region. Also, the gap flow is formed near the
water side. At left side, as shown in Photo 4, around 0.2
m depth in proto type can be kept by shape resistance
due to stacked boulders [10].

For Case 4 (Qp = 0.99 m¥s in proto type), as shown
in Photo 5, the total width of water flow reaches the
width of roughness region. Also, the formation of gap
flow can be kept near the right side.

For Case 2 (Qp = 1.9 m*/s in proto type), as shown in
Photo 6, the water level at right side is located at the
top of boulders in a quasi-uniform flow region. The
subcritical flow is formed at the right side, while the
supercritical flow is formed at left side.

For Case 3 (Qp = 3.2 m*/s in proto type), as shown in
Photo 7, the formation of supercritical and subcritical
flows can be found at left side, and the flow velocity
around left side can be reduced by flow resistance due
to sacked boulders [10]. A gap flow among stacked
boulders might be helpful for the migration of
multi-aquatic animals.

For Case 5 (Qp = 12.2 m%s in proto type), the
supercritical flow is formed in the roughness region. If
the tailwater level is larger than 1.56 m above the

Photo 4 Flow condition for Case 1 (left side view).

S Qp=0.451 m¥s for Case 1
£ 2N o R BN ;
. R 8 "8 Qp=0.986 m?/s for Case 4

bl

Photo 5 Flow condition for Case 4 (Bird view).

Photo 6 Flow condition for Case 2 (Right side view).
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Photo 7 Flow condition for Case 3 (Right side view).

bottom at downstream end, the main flow passing
over the roughness region is located near the water
surface. The installation of stacked boulders has been
stable.

3.2 Bed and Water Surface Profiles

The data of water surface for Case 1 were collected
at y/B = 0.625, 0.875, and 0.975.

Fig. 5 shows bed and water surface profiles for Case
1 (Qp = 0.455 m®/s). Then, the data for y/B = 0.975
were measured in the range of 7.5 < xy(m) < 20. When
the supercritical flow is formed in the roughness region,
the transition from supercritical to subcritical flows is
formed at the downstream of the roughness region, and
a surface jet flow is formed. As shown in Fig. 5, the
water surface profile changes smoothly around x, = 20
m.

Figs. 6 and 7 show transverse bed and water surface
profiles at X, = 10 m and 15 m, respectively. The water
surface profile is shown in the region 3.0 <yp(m) < 4.0.
Also, the transverse slope of water surface goes up to
the left. In this case, a gap flow is formed in stacked
boulders, and flooding region is extended to y, = 1.5 m.
As the bed profile is shown by connecting with the
measurement point around top of boulder, the water
flow depth might be underestimated. It is possible for
swimming fishes to keep the migration route, even if
the discharge reaches to 0.452 m®/s as a lower limit.
Crustacean and benthic fish might migrate upstream
easily in gap flow region.

The data of water surface for Case 4 were collected
at y/B = 0.125, 0.375, 0.625, 0.875, and 0.975.

Fig. 8 shows bed and water surface profiles for Case
4 (Qp = 0.986 m?s). Then, the data for y/B = 0.975
were measured in the range of 7.5 < x,(m) < 20. In
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0.2
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Fig. 5 Bed and Water Surface profiles for Case 1.
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Fig. 6 Transverse water surface profile at xp =10 m.
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Fig. 7 Transverse water surface profile at xp=15m
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Fig. 8 Bed and water surface profiles for Case 4.

the transition from supercritical to subcritical flow at
the downstream of x, = 20 m, as a surface jet flow is
formed, the water surface profile changes smoothly.
Also, the water surface level increases gradually in the
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range of 20 < xp(m) < 40, because the momentum flux
passing over the stacked boulder is large.

Figs. 9 and 10 show transverse bed and water surface
profiles at X, = 10 m and 15 m, respectively. The water

surface profile is shown in the region 1.5 <y, (m) < 4.0.

In this case, the formation of a gap flow can be found
until the right side y, = 0 m. The transverse slope of
water surface is almost flat in the region 0 < yp(m) <
4.0.

The data of water surface for Case 2 were collected
at y/B = 0.125, 0.375, 0.625, and 0.875.

Fig. 11 shows bed and water surface profiles for
Case 2 (Qp = 1.88 m%/s). As in the case of Cases 1 and
4, as a surface jet flow is formed, the water surface
profile changes smoothly around xp, = 20 m. Also, the
water surface level increases gradually in the range of
20 < xp(m) < 40.

Fig. 12 shows transverse bed and water surface
profiles at x, = 10 m. The water surface profile is
shown in the region 0.5 < y,(m) < 4.0. In this case, a
gap flow is formed in stacked boulders, and flooding
region is extended to y, = 0 m. Also, the transverse
slope of water surface is almost flat in the region 2.5 <
Yp(m) < 4.0.

Case 4 xp = 10m

2 -e-bed
profile
A] S : ! -&-water
E 1 _ _ surface
N
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Fig. 9 Transverse water surface profile at xp =10 m.
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Water Surface profiles for Case 2
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Fig. 11 Bed and water surface profiles for Case 2.
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Fig. 12 Transverse water surface profile at xp= 10 m.

Fig. 13 shows bed and water surface profiles for
Case 3 (Qp = 3.25 m%/s). As the discharge is increased,
the water surface level increases gradually in the range
of 20 < xp(m) < 50.

Figs. 14 and 15 show transverse bed and water
surface profiles at x, = 10 m and 15 m, respectively.
The water surface profile is shown in the region 0 <
Yp(m) < 4.0. In this case, the transverse slope of water
surface goes up to the left in the region 0 < y,(m) < 2.5.
A different water surface profile can be found between
Xp = 10 m and 15 m, because an undular surface is
formed on the stacked boulder (see Fig. 13).
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Fig. 10 Transverse water surface profile at xp = 15 m.
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Fig. 13 Bed and water surface profiles for Case 3.
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Fig. 14 Transverse water surface profile at xp= 10 m.
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Fig. 15 Transverse water surface profile at xp = 15 m.

Accordingly, if the discharge is changed from 0.455
m%s to 3.25 m%/s, a shallow flow is always formed
near the water side. At the location of y/B = 0.975 for
Case 1, as shown in Figs. 16 and 17, the water flow
depth on the stacked boulder is varied in the range of
0.06 < dp(m) < 0.28. Then, it should be noted that the
water depth shown in Fig. 17 is evaluated as a depth
on the stacked boulder. The roughness mild slope with
stacked boulders can keep the migration route under a
wide range of discharges.

3.3 Velocity Fields

In order to find the possibility of upstream migration
for different discharges, velocity fields on the stacked
boulder are shown in Figs. 18-21. For Case 4, as the

Water surface and bed profiles at y/B=0.975
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Fig. 16 Bed and water surface profiles at y/B = 0.975
(Case 1).
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Fig. 17 Change of water depth at y/B = 0.975 (Case 1).
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Fig. 18 Transverse distribution of velocity for Case 1.
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Fig. 19 Transverse distribution of velocity for Case 4.
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Fig. 20 Transverse distribution of velocity for Case 2.
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Fig. 21 Transverse distribution of velocity for Case 3.
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water flow depth was measured, the velocity on the
stacked boulder could be predicted by using Eq. (1).

For Case 1, the velocity changes with transverse
coordinate y/B, and the velocity in the range of 0.375 <
y/B < 1.0 might enable the upstream migration for
multi-aquatic animals (Fig. 18).

For Case 4, the velocity in the range of y/B < 0.6
might enable the upstream migration, because the
velocity up is reduced to 1.5 m/s (Fig. 19).

For Cases 2 and 3, as the discharge is increased, the
velocity on the stacked boulder becomes larger. Also,
as the total width of water flow reaches to the channel

width, the velocity field for u, < 1.5 m/s is limited (Figs.

20 and 21). At the downstream of x, = 20 m, the
velocity field is affected the transition from
supercritical to subcritical flows.

The velocity field downstream of the stacked
boulder is important for leading multi-aquatic animals
to the migration route. For Case 1, the surface velocity
decays in a short distance (Fig. 22), even if the main
flow is located near the water surface. While, for Cases
2 and 3, the surface velocity with up, > 1 m/s is
continued in the region of 20 < xp(m) < 40 (Figs. 23 and
24). For Case 4, a similar velocity field might be
expected from the predicted velocity field on the
stacked boulder (Fig. 19).

Figs. 25-27 show longitudinal change of surface
velocity for Cases 1, 2, and 3.

The velocity is accelerated on the roughness bed
with stacked boulder, and the maximum velocity
occurs on the roughness region at y/B = 0.875 (Cases
1, 2, and 3), 0.625, and 0.375 (Cases 2 and 3). The

Transverse distribution of velocity for Case 1
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Fig. 22 Transverse distribution of velocity below the
stacked boulder for Case 1.
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Fig. 23 Transverse distribution of velocity below the
stacked boulder for Case 2.
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Fig. 24 Transverse distribution of velocity below the
stacked boulder for Case 3.
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Fig. 25 Longitudinal change of surface velocity for Case 1.
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Fig. 26 Longitudinal change of surface velocity for Case 2.

maximum position does not reach the downstream end
of stacked boulder. If the length of roughness bed with
stacked boulders is longer, a quasi-uniform flow is
formed on the way of the roughness bed, and the
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Longitudinal change of surface velociy for Case 3
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Fig. 27 Longitudinal change of surface velocity for Case 3.

acceleration region might not be extended. Regarding
the surface velocity decay downstream of the sacked
boulder, the surface velocity with u, > 1 m/s is
continued in the region of 20 < x, (m) < 40 for Cases 2
and 3 (Figs. 23, 24, 26, and 27). While, for Case 1, the
surface velocity is reduced within 0.4 < up(m/s) < 0.8,
and the main flow passing over the roughness bed
might not be helpful as a guide flow which leads
swimming and benthic fishes.

By considering the surface velocity downstream of
the fish passage and the velocity on the stacked boulder
for the upstream migration, the discharge should be
controlled in the range of 0.9 < Qy(m?s) < 3.3, and the
function as a fish passage might be kept.

4. Conclusion

The roughness mild slope with stacked boulders was
proposed as a new fish passage by considering guide
flow and migration route under a wide range of
discharges. The roughness bed is consisted by the
stacked boulders with around 0.5 m long size. In order
to install the stacked boulder in the area with 1.0 m
wide and 2.5 m long, the stepped channel with 0.1 m
drop is installed on longitudinal slope 1/25 and
transverse slope around 1/8. Also, the vertical sill with
0.2 m height is installed at upstream end of each step
for the first installation of stacked boulder on the step.

Flow characteristics on the stacked boulder were
investigated experimentally on the basis of Froude
similarity. The physical scale was settled as 1/10 scale
by considering the installation of physical model in a
rectangular channel with 17 m long, 0.4 m wide, and

0.6 m height. As the stacked boulders with around 0.5
m long size is utilized in proto-type, it is possible to
form seepage flow near the water side, and the
combination between gap flow and shallow water flow
enables upstream migration for multi-aquatic animals.
The relationship between bed and water surface
profiles yields that gap and shallow water flows are
formed in the range of 0.42 < Q, (m%/s) < 3.3.

The relation between the velocity on the roughness
bed and the water elevation based on top of boulder
might be independent of the measurement position in
the range of 4.4 < xp(m) < 17.5. If the water depth on
stacked boulders is estimated in each region, the
discharge per unit width can be predicted. Further, if
the cross section is extended as symmetric trapezoidal
section, the total discharge might be calculated.

Velocity fields on the stacked boulder yield the
possibility of upstream migration in the range of 0.42 <
Qp(m®/s) < 3.3. Also, if the discharge is in the range of
0.98 < Qp(m3/s) < 3.3, the surface velocity with up > 1
m/s may help to lead multi-aquatic animals the
downstream end of the stacked boulder. Regarding the
surface velocity decay downstream of the sacked
boulder, the surface velocity with up > 1 m/s is
continued in the region of 20 < x,(m) < 40 for Cases 2
and 3 (Qp = 1.88 and 3.25 m%/s).

Accordingly, if the fish passage with 4 m wide is
installed as the roughness mild slope (1/25 slope) with
the stacked boulder (around 0.5 m size), the discharge
in the range of 0.9 < Q, (m%s) < 3.3 may help the
upstream migration of multi-aquatic animals.
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