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ABSTRACT
The flow characteristics of a rock-weir type nature-like fishway are determined by the
configuration of the stream channel and passage structures. For a fishway to be effective, the
rock-weir hydraulics must be compatible with the swimming capabilities of the target fish
species. This study optimized the design characteristics of rock-weir fishways by simulating the
water depth and velocity for different channel characteristics and geometries, which govern
the fish resting zones, volumetric dissipated power and ultimately upstream fish passage
performance. This study provided recommendations on effective pool spacing, bed slope, weir
height, weir angle and weir arrangements for designing rock-weir fishways. These design
recommendations are based on fishway hydraulics and should provide suitable hydraulics for
fish migration and sufficient slow velocity areas for fish resting in rock-weir fishways for specific
structure geometries and channel characteristics.

KEYWORDS
Flow velocity; fish resting
zones; energy dissipation;
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1. Introduction

Nature-like fish passes (NLFs) are similar to a steep
natural river reach linking upstream and downstream
reaches, which generally require the installation of
large rocks to dissipate energy, reduce flow velocities
and increase water depth to mimic riverine habitats
(Franklin et al. 2012). NLF designs generally fall into
two categories: pool-weir type and rock-ramp type
(Katopodis and Williams 2011). Pool-weir fishways
are constructed using a series of weirs and pools in a
stepped fashion, rather than having a single large drop
(Katopodis and Williams 2011). Pool-weir type NLF
structures are designed in consideration of fish passage
goals and the physical setting; common structures
include rock-weirs, step-pools and crossbar block
ramps. The rock-weir fishway is very similar to engi-
neering pool-type fishways and the design criteria are
fairly comparable (Baudoin et al. 2014). Rock-weirs are
composed of boulders in rows at regular intervals to
form a series of pools. The result is a set of virtual pools
due to the retention effect of weirs, where fish are likely
to find resting zones (Baudoin et al. 2014).

The available guidelines related to rock-weirs are
limited, primarily site specific (Cox 2005) and do not
provide general design guidance for hydraulic perfor-
mance. Thomas et al. (2000) and Rosgen (2001) sug-
gest conceptual designs for rock-vortex structures
(rock-weir in U-shape), DVWK (2002) provides some
guidelines for bottom block ramps (rock ramp and
rock-weir) and Baudoin et al. (2014) proposed pre-
assessment procedures for rock-chutes/weirs (stag-
gered arrays and successive rows of rock). However,

none of these efforts have linked the hydraulics pro-
duced by the channel and structure configurations to
fish passage performance, and hence there is no gen-
eral design guideline for rock-weir fishways.

To provide design guidelines, this study systemati-
cally defines the effects of channel and structure con-
figurations on rock-weir hydraulics to optimize the
design for fish passage. This work builds on Baki et al.
(2017) in part I, which developed general relationships
for the depth-discharge and velocity predictions for
rock weir fishways. The specific objectives of this study
are to: 1) examine the effects of channel characteristics
and structure geometries on flow depth and velocity,
2) interpret fishway hydraulics in the context of fish
passage and 3) develop a procedure to guide the design
of rock-weir fishways.

2. Numerical modelling approach

Baki et al. (2017) in part I investigated the hydraulics
of rock-weir fishways for three different weir layouts:
(I) V-weir facing upstream, (II) V-weir facing down-
stream and (III) crossbar block ramp (Figure 1).
Numerical simulations were completed for different
weir structure geometries (pool spacing L, weir height
d and arm angle u) and channel characteristics (bed
slope S0 and flow rate Q); these simulations are
described in detail in Baki et al. (2017) based on
Figure 1.

The numerical simulations were conducted using
the commercial software ANSYS-CFX (2015), and the
model performance was validated with a series of
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experimental observations for water depth and veloc-
ity; good agreement was achieved. A complete outline
of the model, model development, corresponding
boundary conditions and model validation is available
in Baki et al. (2017) part I.

3. Results and discussions

3.1. Water depth

The effects of channel and structure configurations on
pool water depths were quantified by calculating the
ratio of water depths for the channel with and without
the weirs (Figure 2). The simulated average water
depth, H, was calculated along the centre line of the
channel and the unregulated water depth, H0, (without
weir, referred to as normal depth) was calculated using
Manning’s equation (assuming n = 0.012, correspond-
ing to a smooth steel bottom). It is noted that here H is
a simplified smooth bed in a rectangular channel, and
will vary with the downstream channel geometry in
situ, resulting in different channel hydraulics. The
presence of the weir structures in the fishway resulted
in pool depths of 3.0–5.6 times normal depth. When
flow rates were increased from 0.03 to 0.15 m3s¡1 in
series A, this ratio decreased from 5.0 to 3.5, because
the flow regime changed from weir to transitional and
then streaming at higher flow rates (more details on
flow regimes are described in Baki et al. 2017). Comiti
et al. (2009) found that the water depth in step-pools
differs significantly from weir to streaming flow
regimes due to changing channel total roughness.
Increasing the bed slope from 1.5% to 10% (Series B

and Q = 0.06 m3s¡1) resulted in increased ratios (from
3.9 to 4.9 times normal depth). As the pool spacing
increased from 0.5 to 2B, the ratio decreased rapidly
from » 4.6 to 4.0, with slower rates of increase
observed for spacing greater than 2B (constant S0 = 3%
and Q = 0.06 m3s¡1). For the larger pool spacing, the
rock-weir water depth converged to nearly normal
depth due to a decrease in boulder density, where boul-
der density is the fraction of the bed area occupied by
boulders projected on the horizontal plane. Increasing
weir height from 0.065 to 0.185 m resulted in a large
increase in pool water depths, from 3.0 to 5.6 times
normal depth (S0 = 3% and Q = 0.06 m3s¡1), which is
expected because of a taller weir results in a higher
hydraulic control and hence more backwatering. The
weir arm angle had a minor impact on ratios of pool
water depth; the ratio relative to normal depth
decreased by 0.25 when arm angle (u) was reduced
from 70 to 45 degrees (S0 = 3% and Q = 0.06 m3s¡1

and L = 1.5B).
Figure 3 presents the pool average water depth (H)

in full-scale fishways as a function of specific discharge
q (flow rate per unit channel width, m2s¡1) for differ-
ent channel and structure configurations, where the
model-to-prototype scale is 1:4 following Baki et al.
(2014). These depths were compared to recommended
threshold values of H = 0.5 m and 0.2 m for salmonid
and cyprinid species (Baudoin et al. 2014), to evaluate
the performance of different designs. For all simula-
tions of the full-scale fishway, H ranged from 0.41 to
1.15 m, corresponding to specific discharges that
ranged from 0.26 to 1.33 m2s¡1. H satisfies the recom-
mended minimum pool average water depth for

Figure 1. Rock-weir layouts for CFD model domain: Layout I (V-weir facing upstream), II (V-weir facing downstream) and III (cross-
bar block ramp). (adapted from Part I, Baki et al. 2017).
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salmonids of 0.5 m for all configurations except B5, C5
and E1 at 0.35 m2s¡1, and satisfies the minimum 0.2 m
for cyprinid species for all configurations (Figure 3). In
B5 (S0 = 10%) and C5 (L = 3B), the rock-weir water
depth converged to nearly normal depth (as mentioned
above). For E1 (d = 0.065 m), H does not satisfy the
recommended depth of 0.5 m for salmonids due to the
decrease in flow resistance at higher submergence
(H/D > 1.5).

3.2. Flow velocity

The relationships between channel and structure con-
figurations and the maximum velocity reduction factor
ðh ¼ 100� ðV0 � UmaxÞ=V0Þ are shown in Figure 4.
V0 is the pre-structure velocity that is present at
normal depth. Increasing the flow rate from 0.03 to
0.15 m3s¡1 resulted in h decreasing from 45% to 37%
(series A). Increasing bed slope from 1.5% to 10%

Figure 2. Pool average water depth associated with variations of flow rate, pool spacing, bed slope, weir height and weir layouts.
The simulated average water depth, H, was calculated along the centre line of the channel and the unregulated water depth, H0,
(without weir, referred to as normal depth) was calculated using Manning’s equation (assuming n = 0.012, corresponding to a
smooth steel bottom).

Figure 3. Pool average water depth in a full-scale fishway (1:4) as a function of flow rate per unit channel width (specific discharge)
for different channel and structure configurations (horizontal dashed lines are the recommended minimum values for salmonids (H
= 0.50 m) and cyprinids (0.20 m)).
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resulted in h increasing from 38% to 47% (Q = 0.06
m3s¡1). These findings are consistent with expectations
that h decreases with increasing flow rate and increases
with increased bed slope. For a rock-ramp fishway,
Baki et al. (2014) found a 9% decrease in h as flow rate
was increased from 0.06 to 0.16 m3s¡1 and an 8%
increase in h as slope increased from 1.5% to 5%. The
h value for the shorter pool spacing (0.5B) is about
21% greater than for the longer pool spacing (3B): h
decreases gradually with increased spacing from 0.5 to
2.5B (10%), and decreases by an additional 11% due to
increased spacing from 2.5 to 3B (Q = 0.06 m3s¡1, S0 =
3%). For the pool spacing 3B and larger, the post-struc-
ture maximum velocity converged to closely mimic
pre-structure velocity corresponding to the normal
depth due to a decrease in boulder density (as men-
tioned above). Increasing the weir height from 0.065 to
0.185 m had minimal effect on the velocity reduction
factor: h only increased 2% from 37% to 39% (S0 = 3%,
Q = 0.06 m3s¡1).

The h was relatively insensitive to weir layout: simu-
lations for V-weirs facing both upstream (layout I) and
downstream (layout II) produced a similar value
(h »40%) (S0 = 3%, Q = 0.06 m3s¡1). The h for layout
(III) was about 42%, similar to layout (I) (S0 = 4%, Q =
0.06 m3s¡1). Similarly, arm angle (u) had little effect
on h; h increased by 2% as u decreased from 70 degrees
to 45 (S0 = 3% and Q = 0.06 m3s¡1, L = 1.5B).

3.3. Slow velocity zones

Zones of slow velocity are important for fish resting.
The availability of these zones for different channel
and structure configurations was examined by

calculating the frequency distributions of relative
(dimensionless) velocities (U/Umax) in a horizontal
plane at z = 0.5H (Figure 5), assuming that the target
fish species typically like to swim in a horizontal plane
at z = 0.5H. The results of this analysis are independent
of discharge (Wang et al. 2010); results are presented
only for 0.06 m3s¡1 simulations but are also applicable
to other discharge conditions. These frequency distri-
butions provide an estimate of the average percentage
of the pool area (slow velocity zones) present in the
horizontal plane, where fish will rest for short periods
without expending excessive energy (Wang et al.
2010). For the engineered pool-weir fishway, Bell
(1986) suggested that velocity must be kept under 0.3
ms¡1 in 30%–50% of the volume of the pool. Assuming
that the velocity must be kept under 0.4Umax (Baki
et al. 2016), the simulated results for rock-weir NLFs
confirmed that the average percentage of areas where
the velocity is lower than 0.4Umax range from 23% to
38% for series-A4 and B1–B5 (Figure 5(a)) (S0 = 1.5%
to 10%), 32%–48% for series-C1–C5 (Figure 5(b)) (L =
0.5–3B), 5%–64% for series-E1–E3 (Figure 5(c)) (d =
0.065– 0.185m) and 28% to 42% for series-, D1–D2, F4
and G3 (Figure 5(d)) (layouts (I)– (III)). The areas of
slow velocity (less than 0.4Umax) increased from 23%
to 38% as channel slope increased from 1.5% to 5.5%,
and declined to 25% as slope increased to 10% (Figure 5
(a)). Wang et al. (2010) also observed that the resting
zone decreases significantly when the slope increases
from 5% to 15%. Increasing pool spacing from 0.5 to
2.5B increased resting areas from 29% to 48%, the
increase from 2.5 to 3B resulted in a decline to 35%
(Figure 5(b)). Increasing the weir height influenced the
resting zones substantially (Figure 5(c)). The area

Figure 4. Maximum velocity reduction h associated with variations of flow rate, pool spacing, bed slope, weir height and weir
layouts.
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under 0.4Umax increased from 5% to 64% as weir
height was increased from d = 0.065 m to d = 0.185 m.
The orientation of the V-weir has a negligible effect on
the availability of slow velocity zones (Figure 5(d)): the
average percentage of areas < 0.4Umax is the same
(»30%) for layouts (I) and (II) (S0 = 3%, L = 1.0B).
Layout (III) (crossbar block) has about 10% more area
under 0.4Umax than layouts (I) and (II). Similarly, the
arm angle (u) has little effect on the availability of slow
velocity zones: both D1 (u = 60 degrees) and D2 (u =
45 degrees) have »33% area under 0.4Umax (S0 = 3%, L
= 1.5B). In summary, sufficient resting areas (i.e. zones
where the velocity is less than 0.4Umax over 30% of the
pool area) are predicted to be present for bed slope S0
� 5.5%, pool spacing L � 2.5B and weir height d �
0.125 m.

3.4. Energy dissipation rate

Pool type fishways are designed to cause energy dissi-
pation and to provide lower current velocity and
higher water depth in the downstream pool section
while maintaining acceptably low levels of turbulence
(Towler et al. 2015). The average volumetric energy
dissipation rate (E) in a pool is calculated using the fol-
lowing basic formula.

E ¼ rgQDh
Vp

(1)

where Vp is the volume of pool excluding the volume
of the rock-weir. The relationship between E and q
(flow rate per unit channel width or specific discharge)
is presented for the study channel and structure config-
urations in Figure 6. E generally increases with specific
discharge; for example, E increases from 63 to
198 Wm¡3 as specific discharge increases from 0.033
to 0.163 m2s¡1 in Series A (S0 = 3%). This is consistent
with the findings of Yagci (2010), who found E
increased with increasing discharge at a constant bed
slope for a pool-weir fishway.

E increases by an order of magnitude as channel
slope is increased from 1.5% to 10%, from 54 to
519 Wm¡3 (at q = 0.065 m2s¡1). This agrees with the
findings of Wu et al. (1999), who showed that E
increased with the slope of a vertical slot fishway.
Similarly, E is also sensitive to weir height. E increases
by about 76% when d is increased from 0.065 to
0.185 m. The results demonstrate that structure geom-
etry (pool spacing L and arm angle u) has a modest
influence on average volumetric energy dissipation
rate compared to channel characteristics (flow rate and
channel slope). E increases approximately 32% as pool
spacing increased from L = 1.0B to 3.0B (at q = 0.065
m2s¡1). As arm angle was decreased from u = 70
degrees to 45 degrees, E increases approximately 22%
(at q = 0.065 m2s¡1). Weir layouts have minimal influ-
ence on E: changing V-weir layouts from upstream fac-
ing (layout I) to downstream facing (layout II)
increased E by » 5% (at q = 0.065 m2s¡1 and S0 = 3%),

Figure 5. Cumulative frequency distribution of dimensionless velocity magnitude U/Umax on the horizontal plane at z = 0.5H in the
pool associated with variations of (a) bed slope, (b) pool spacing, (c) weir height and (d) weir layouts at 0.06 m3s¡1 (reference lines
highlighted the area for U/Umax < 0.4 and cumulative percentage, CP > 30%).
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and changing from upstream facing (layout I) to cross-
bar block ramp (III) decreased E by 7% (at q = 0.065
m2s¡1 and S0 = 4%).

The exponent in a power relationship between volu-
metric power dissipation and specific discharge is
approximately 2/3 for all series, except B1, C1 and E1.
For B1 (S0 = 1.5%) and C1 (L = 0.5B), this exponent is
close to 1 (i.e. the E versus q relationship is approxi-
mately linear) because a streaming flow regime is pres-
ent, which is dominated by recirculation eddies and air
concentration rather than uniform distribution of
velocity over depth (Toombes 2002). The exponent is
close to 1/2 for E1 (d = 0.065 m) as higher submergence
ratios cause lower form drag, leading to reduced energy
dissipation.

According to Larinier (2008), the average volumet-
ric energy dissipation rate should not exceed
200 Wm¡3 for large salmon and sea trout and
150 Wm¡3 for smaller shad and riverine species. For
the simulated results of series B2–B5 and C1, the aver-
age volumetric energy dissipation rates are mostly
above both criteria of 150 and 200 Wm¡3, and series-
A, B1, C2–C5, D1–D2, E1–E3, F and G are typically
within the energy dissipation criteria (Figure 6) except
at the greatest specific discharge of 0.14 m2s¡1. These
results could be applied in-situ for a small stream on a
1:1 Froude model scale. For a full-scale structure (pro-
totype), where the model-to-prototype scale is 1:4, the
average volumetric energy dissipation rates for the
series-C1–C4, D1–D2, E2 and G are below the lower
limit of 150 Wm¡3 at a specific discharge q of 0.043
m2s¡1 or less, and series-A, B1, E1 and F are below the
upper limit of 200 Wm¡3 at q = 0.065 m2s¡1 or less.

3.5. Fish swimming performance

The swimming performance of target fish species is a
primary consideration in fishway design: the effec-
tiveness of fishway hydraulics depends on both fish
swimming speed and endurance, i.e. the length of
time during which the fish can maintain a specific
speed (Puertas et al. 2012). In general, fish move-
ment is characterized by three different swimming
speeds: burst/sprinting speed (maintained for a short
time, ranging from a few seconds to a few dozen sec-
onds (Baudoin et al. 2014), less than 20 seconds
(Katopodis and Gervais 2012)); sustained speed
(maintained for a few minutes up to 10 or 12
minutes (Baudoin et al. 2014), around 30 minutes
(Katopodis and Gervais 2012); and cruising speed
(indefinitely) (Baudoin et al. 2014). Because fish
movements are not independent of scale, this study
analyses fish swimming performance for a full-scale
structure (prototype) where the model-to-prototype
scale is 1:4.

Puertas et al. (2012) recommend the application of
two fatigue restrictions related to the velocity field. The
first restriction states that the maximum flow velocity
cannot exceed the fish burst speed (assumed to be 10
body lengths per second, or “10LB=s rule for burst
capacity”, per Hammer 1995), i.e. Umax � burst speed.
This restriction limits the value of S0 £ L (bed slope £
pool spacing) using dimensionless maximum velocity,
U�
max ¼ Umax=

ffiffiffiffiffiffiffiffiffiffiffi
2gS0L

p
. Solving the first velocity restric-

tion 10LB=s� ffiffiffiffiffiffiffiffiffiffiffi
2gS0L

p � U�
max for a specific (e.g. 200

mm) body length of salmonids or cyprinids provides
the allowable pool spacing as a function of maximum

Figure 6. Relationship between average volumetric energy dissipation rate E and flow rate per unit channel width (specific dis-
charge) for all simulations.
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water velocity in prototype rock-weir fishways; this
relationship is shown in Figure 7 for all simulations.

For 200-mm salmonids or cyprinids, an effective
fishway design has to meet the requirements of Umax �
2.0 ms¡1 (equivalent to the burst swimming speed of
200-mm salmonids or cyprinids) and allowable pool
spacing L � B (at least channel width). This assump-
tion is similar to DVWK (2002) and Larinier (2008),
who recommended that maximum water velocity in a
fishway typically should not exceed 2.0 ms¡1 for differ-
ent fish species. Following the first restriction in
Figure 7, the maximum flow velocities in all simula-
tions of series-A, B, C, D, E, F and G at a flow rate of
1.92 m3s¡1 (equivalent to 0.06 m3s¡1 in the model) or
less in the prototype achieve the above requirements
(Table 1). Here, the maximum velocities for the simu-
lations in series-B (S0 = 5.5%–7%), C (L = 1.5–2.5B)
and E (d = 0.065–0.095 m) restricted the fish swim-
ming performances at higher flow rates (Q > 1.28
m3s¡1). The simulations for B5 (S0 = 10%), C1 (L =
0.5B) and C5 (L = 3B) did not meet the requirement of
Umax � 2.0 ms¡1 for any flow rate.

The second restriction is related to the effort
required for a fish to swim along a path without resting
(Puertas et al. 2012) in consideration of variable water
velocity along the path. This restriction limits the max-
imum fish swimming distance, Dmax, against an equiv-
alent constant water velocity, Ueq, equivalent to the
average velocity along the fish path (Puertas et al.
2012). Puertas et al. (2012) applied optimization to the
endurance formulae suggested by Castro-Santos
(2005) (Equation 2) to obtain the maximum distance
Dmax (cm) that the fish can swim against an equivalent
velocity Ueq (Equation (3))

Df ¼ ða LBð Þb þ cInðTÞ � UeqÞT (2)

Dmax ¼ �c:exp
Ueq

c
� a

c
ðLBÞb � 1

� �
(3)

where T is the endurance time in seconds and a, b and
c are coefficients that depend on the fish species and
water temperature (for more details see Puertas et al.
2012). The coefficients for the endurance–velocity
formulae for salmonids are: a = 17.31, b = 0.47 and

Figure 7. Relationship between maximum water velocity and allowable pool spacing at a prototype scale for 200-mm body length
of salmonids or cyprinids. The dashed lines show Umax � 2.0 ms¡1 (horizontal) and L � B (vertical).

Table 1. Swimming performance of salmonid and cyprinid
species for the first fatigue restriction.

First restriction
�

Weir
layouts

Series
(simulation)

Flow ratea

(m3s¡1)

Fish species
(200-mm

body length) Successful Unsuccessful

I A 1.92 Salmonids or
Cyprinids

x
I B1–B2 1.92 Salmonids or

Cyprinids
x

I B3–B4 1.28 Salmonids or
Cyprinids

x
I B5 1.28 Salmonids or

Cyprinids
x

I C1 1.28 Salmonids or
Cyprinids

x
I C2–C4 1.28 Salmonids or

Cyprinids
x

I C5 1.28 Salmonids or
Cyprinids

x
I D1–D2 1.92 Salmonids or

Cyprinids
x

I E1 1.92 Salmonids or
Cyprinids

x
I E2–E3 1.28 Salmonids or

Cyprinids
x

II F 1.92 Salmonids or
Cyprinids

x
III G 1.92 Salmonids or

Cyprinids
x

aMaximum flow rate in prototype model (1:4 scale).
�
Umax � 2.0 ms¡1 and Dmax � L.
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c = ¡16.02, and for cyprinids are a = 30.34, b = 0.34
and c = ¡14.29 (Puertas et al. 2012).

Adopting the above endurance–velocity formulae as
fatigue curves, the relationship between maximum fish
swimming distance (Dmax) and equivalent water veloc-
ity in a prototype fishway for 200-mm body length of
salmonids and cyprinids is shown in Figure 8 for all
simulations. Similar to the first restriction, the effective
design of a fishway has to meet the requirements of
Ueq � 2.0 ms¡1 and maximum swimming distance,
Dmax � L (at least one pool length) for a 200-mm sal-
monid or cyprinid. Figure 8(a) shows that the proto-
type flow fields in almost all of the simulations achieve
the above requirements for salmonids (Table 2) at a
flow rate 3.20 m3s¡1 or less (in prototype). The

swimming performance for cyprinids is very sensitive
to pool spacing and bed slope (Table 2): large spacing
(L > 2.5B) and high bed slope (S0 > 7%) did not pro-
duce hydraulic fields compatible with the fish swim-
ming performance of cyprinids at higher flow rates (Q
> 1.28 m3s¡1, in series-B and C). Here, the series-A,
D, E, F and G at a flow rate of 1.92 m3s¡1 or less (in
prototype) achieve the requirements (Figure 8(b)).
Similar to the findings for the first fatigue restriction,
high pool spacing resulted in flow velocities that were
too high to enable successful passage by salmonids for
C5 (L = 3B) and cyprinids for C4–C5 (L = 2.5–3B) at
all flow rates, whereas high bed slopes also resulted in
failure for cyprinids in B4–B5 (S0 = 7%–10%) at all
flow rates.

Figure 8. Relationship between equivalent water velocity and dimensionless maximum swimming distance (Dmax/L) in a prototype
scale for 200-mm body length of (a) salmonids and (b) cyprinids. The dashed lines show Ueq � 2.0 ms¡1 (horizontal) and Dmax = L
(vertical).
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4. Design procedures

The design of a fishway consists of considering the
most physical important factors, such as head-drop,
slope, flow velocity and water depth (Baudoin et al.
2014), as well as the swimming performance and
behaviour of the target fish species (Katopodis 1992).
The hydraulic conditions in the fishway depend on
channel geometry and flow through the fishway during
migratory periods (Baudoin et al. 2014). The design
performance of rock-weir fishways is discussed in the
previous sections in the context of fish resting zones,
volumetric dissipated power and fish swimming per-
formance. These results suggest that the rock-weir fish-
ways that are most hydraulically suitable to fish
passage are oriented with “V” facing upstream (layout
I), with bed slope S0 � 5.5%, pool spacing 0.5B < L �
2.5B, weir height d > 0.125 m and arm angle u � 60
degrees. The other layouts (II: V-weir facing down-
stream III: crossbar block ramp) should only be con-
sidered for locations where fish prefer to swim along
the channel banks (see Baki et al. 2017).

The following design steps for a rock-weir fishway
are recommended for a definite channel assuming a
design flow rate (Q):

1. Determine the channel bed slope (S0) based on
the elevation difference in the total project
length, the number of rock-weir/pools and the
pool spacing;

2. Estimate the preliminary rock-weir height (d,
boulder height from the channel bed). Note that
the pool spacing and rock-weir height in steps 1
and 2, respectively, are preliminary until depth
and velocity criteria have been met, which will be

verified by the recommended spacing and height
for a specific weir layout by Baki et al. (2017);

3. Assume water depth above rock-weir crest (h)
for specific pool spacing (L);

4. Approximate the pool average water depth (H)
following the best fitted power relationship

H=d ¼ 1:252 Q�ð Þ0:552, developed based on simu-

lated results for all flow regimes, where Q� ¼ Q=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS0LB2Dh

p
is the dimensionless flow rate;

5. Estimate the values of Q�
t ¼ Q=ð ffiffiffiffiffiffiðgÞp

S0BL3=2Þ
and the ratios of L/d and H/d to identify the flow
regime (weir, transitional or streaming) based on
the quantitative thresholds recommended in
Figure 6 by Baki et al. (2017);

6. Predict the flow rate through the fishway,
Q ¼ Cdh1:15B1:35

t

ffiffiffiffiffiffiffi
gS0

p
, where Cd is specific to the

flow regime and acquired following Equation
(7 or 8) from Baki et al. (2017);

7. Adjust h and repeat steps 3–6 until the design
and computed discharges are equal, i.e. the target
h is achieved;

8. Calculate maximum velocity Umax using Equa-
tions (9 and 10) from Baki et al. (2017) using the

dimensionless Q� ¼ Q=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS0LB2Dh

p
for the spe-

cific flow regime; and
9. Compare the estimated water depth and maxi-

mum flow velocity to the values appropriate to
the target fish species; if these values are not suit-
able, then repeat steps 1–9 using a different pool
spacing and rock-weir height.

The above design procedures are based on fishway
hydraulics. In practise, design provisions and configura-
tion requirements for a specific rock-weir fishway facility
will depend on the site characteristics and should be
monitored in the field to ensure fishway effectiveness.

5. Conclusions

This study numerically investigated the relationship
between rock-weir hydraulics and fish passage for dif-
ferent channel and structure configurations. The gen-
eralized results through this modelling study can be
extrapolated to prototype scale fishways using Froude
number similarity analysis to better integrate require-
ments for fish migration in rock-weir NLFs design.

The rock-weir fishway simulations produced water
depth and flow velocities suitable for fish passage
under different channel characteristics and structure
geometries. Sufficient slow velocity areas for fish rest-
ing in rock-weir fishways (i.e. zones where the velocity
is less than 0.4Umax over 30% of the pool area) was cre-
ated for bed slope S0 � 5.5%, pool spacing L � 2.5B
and weir height d � 0.125 m. The average volumetric
energy dissipation rate is sensitive to both channel
slopes and flow rates and is less influenced by the

Table 2. Swimming performance of salmonid and cyprinid
species for the second fatigue restriction.

Second restriction
�

Weir
layouts

Series
(simulation)

Flow ratea

(m3s¡1)

Fish species
(200-mm

body length) Successful Unsuccessful

I A 3.20 Salmonids x
I B1 2.88 Salmonids x
I B2–B4 1.92 Salmonids x
I B5 1.28 Salmonids x
I C1 2.88 Salmonids x
I C2–C3 1.92 Salmonids x
I C4 1.28 Salmonids x
I C5 1.28 Salmonids x
I D1–D2 1.92 Salmonids x
I E1–E3 2.88 Salmonids x
II F 3.20 Salmonids x
III G 2.88 Salmonids x
I A 1.92 Cyprinids x
I B1–B2 1.92 Cyprinids x
I B3 1.28 Cyprinids x
I B4–B5 1.28 Cyprinids x
I C1 1.92 Cyprinids x
I C2–C3 1.28 Cyprinids x
I C4–C5 1.28 Cyprinids x
I D1–D2 1.28 Cyprinids x
I E1–E3 1.92 Cyprinids x
II F 1.92 Cyprinids x
III G 1.92 Cyprinids x
aMaximum flow rate in prototype model (1:4 scale).
�
Ueq � 2.0 ms¡1 and Dmax � L.
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boulder-weir geometry. For a full-scale prototype
structure (1:4), the boulder-weir NLFs ensured flow
fields low enough to be overcome by 200-mm long sal-
monids or cyprinids for bed slopes lower than 7% and
specific pool spacing (0.5B < L < 3B for salmonids
and 0.5B < L < 2.5B for cyprinids).

The results of this study have advanced our knowl-
edge of flow in a rock-weir fishway in the context of
fish passage, and will be useful to engineers and fish
biologists involved in the design of rock-weir fishways.
Field testing of these design criteria should be con-
ducted to validate model predictions and improve guid-
ance on the criteria used to develop effective fishways.

Notation

The following symbols are used in this paper:

B channel width
Bt total wetted length of rock-weir crest
Df fish swimming distance

Dmax maximum fish swimming distance
d rock-weir height above channel bed
E average volumetric energy dissipation rate
g gravitational acceleration
H pool averaged water depth along the centre line

of the channel
H0 unregulated water depth referred to as normal

depth
h water depth above the rock-weir crest

Dh difference in water level between two pools
k turbulent kinetic energy
L pool spacing
Q flow rate, m3s¡1

Q
�

dimensionless discharge (Q� ¼ Q=ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gS0LB2Dh

p
)

Q�
t dimensionless discharge at transitionðQ�

t ¼ Q=
ð ffiffiffiffiffiffiðgÞp

S0BtL3=2Þ
S0 channel slope
T endurance time
U magnitude of flow velocity considering three-

directions (U ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þ w2

p
)

Umax maximum value of U over weir
Ueq equivalent constant water velocity along the

fish path
U�
max dimensionless maximum velocity (U�

max ¼
Umax=

ffiffiffiffiffiffiffiffiffiffiffi
2gS0L

p
)

V0 pre-structure velocity referred to normal depth
Vp volume of pool excluding the volume of rock-

weir
z vertical distance from the channel bed
u weir arm angle (plan view angle of departure

from bankline)
r the density of water
h maximum velocity reduction factor in percent

ðh ¼ ðV0 � UmaxÞ=V0 � 100Þ
e turbulent kinetic energy dissipation rate
a, b and c coefficients
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