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A B S T R A C T   

The study presents several steps of a fish ramp geometry optimization performed with a 3D numerical model 
DualSPHysics, which is based on the smoothed particle hydrodynamics (SPH) method. The optimization process 
led to the design of a bottom ramp that is capable of providing suitable conditions for the migration of target fish 
species (Salmo truta, Phoxinus phoxinus, Cottus gobio, and Eudontomyzon vladykovi). Migration routes were 
determined as complex 3D volumes of fluid according to the simulated velocity field in various steady flow 
conditions. Including three categories of potential migration zones (rest, effort, and limit zones), migration routes 
were quantified in high detail in terms of the size and position of each zone, and in terms of the distance from a 
given fluid part to the nearest rest zone. The interdisciplinary approach of this study also led to the development 
of new tools for the DualSPHysics model, specifically suited to improve functionality in eco-hydraulics research.   

1. Introduction 

1.1. Background 

Drawing from the ecological niche concept (Grinnell, 1917; Hutch
inson, 1957; Dingle and Alistair Drake, 2007), we recognize that each 
species is bound by its own set of limiting and optimum environmental 
conditions that define its behavior and survival. Although fish migration 
distances range from several hundred meters (short-distance migrants) 
to thousands of kilometers (long-distance migrants) (Aarestrup et al., 
2009; Lucas et al., 2001), all fish move up and down the river during 
their life to fulfill the essential life processes (such as feeding, shelter, 
reproduction, etc.) (Jungwirth, 1998; Northcote, 1978; Lucas et al., 
2001; Radinger and Wolter, 2014; Silva et al., 2018). Longitudinal 
connectivity is an essential function of rivers that not only enables the 
dispersal and migration of fauna (e.g. fish migration, macroinvertebrate 
dispersal, etc.) but also allows sediment transport, the key process in the 
creation of habitat diversity (Mikuś et al., 2021) 

Across the globe, freshwater fish populations and biodiversity are in 
drastic decline. It is known that hydro-morphological alterations, 
especially barriers, are the most common pressure on surface waters in 

Europe (EEA, 2018) and cause tremendous harm to the natural func
tioning of our riverine ecosystems (Chamberlain, 2020; European 
Environment Agency, 2020; Liermann et al., 2012; Silva et al., 2018; 
WWF, 2018), an indicator of which are fish populations (Deinet et al., 
2020). More than one million barriers fragment European rivers (Bel
letti et al., 2020), of which more than 60,000 are impacting Slovenian 
rivers (Pengal et al., 2021). 

Recent policies, such as EU Biodiversity Strategy (European Com
mission, 2020), the UN Decade on Restoration (UNEP and FAO, 2020), 
and the Green Deal (European Commission, 2019) call for a complete 
shift in our treatment of aquatic ecosystems from management and 
governance to stewardship and restoration. 

As a mitigation measure, numerous fish passage solutions have been 
proposed, ranging from technical fish passes (pool passes, vertical slot 
passes - VSF, Denil passes, eel ladders, fish locks, fish lifts) to close-to- 
nature types (bottom ramps and slopes, bypass channels, fish ramps) 
(FAO and DVWK, 2002; Schmutz and Mielach, 2013; Mader et al., 1998) 

However, recent findings suggest that common fishway design 
criteria do not adequately account for natural variation among in
dividuals, populations, and species (Birnie-Gauvin et al., 2019; Silva 
et al., 2018). Engineered solutions often cannot reinstate the natural 
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habitat and geomorphological properties of the river, and these objec
tives have been largely ignored (Birnie-Gauvin et al., 2019). Therefore, a 
shift from merely designing a hydraulic solution to providing a more 
ecological solution has been recognized as the most efficient approach 
(EEA European Environment Agency, 2018; IUCN, 2020; Raymond 
et al., 2017). 

Among others, technical solutions to help fish migrate may include 
close-to-nature bottom ramps and by-passes. Such actions need to be 
carefully designed to determine their impact on the current state. This is 
where experience from experts in fish passage design, implementation, 
and monitoring is of great value. 

One possible solution is also dam removal. Experts estimate that 
between 4000 and 5000 dams in total have already been removed in 
Europe, with records from France and Sweden indicating 2300 and 1600 
dams removed, respectively (Gough et al., 2018) However, dam removal 
may also raise certain concerns (e.g. water surface and groundwater 
levels, erosion, and sedimentation), often leading to negative public 
opinion, especially where existing infrastructure and land use present 
limitations that cannot be avoided. Where a complete restoration of a 
river reach is not possible (e.g. a by-pass cannot be constructed due to 
existing land use constraints or economic reasons), partial removal of a 
dam or a weir, combined with additional mitigation measures, may 
present a viable compromise. 

An example of such a compromise is the solution proposed in the 
present study, where the existing weir could be partially lowered (but 
not completely removed) and a suitable ramp could be implemented 
upstream and downstream of the weir, resembling the nearby natural 
stream channel. 

Recently, the design of fish passes is increasingly based on 3D 

modelling (e.g. Fuentes-Pérez et al., 2018 investigated turbulent flow in 
vertical slot fishways), detailed quantification (e.g. Marti-Puig et al., 
2018 investigated animal scoring behavior in terms of trajectories), and 
integrating different aspects of habitat suitability (e.g. Shim et al., 2020 
aimed to combine hydraulic and physiologic habitat suitability). The 
present study aims at providing an application of such an approach, 
including 3D modelling, detailed quantification of velocity fields and 
migration routes, and interdisciplinary cooperation. 

Focusing on a real-life case of the Radušnica stream in Slovenia, the 
main goal of the study was to use computational fluid dynamics (CFD) to 
design a fish-friendly ramp that would provide nature-like flow condi
tions similar to those in a natural reach of an existing stream. As such, 
the present study provides designers and decision makers with a fish 
passage optimization CFD tool that takes into consideration both func
tionality and harmonious integration into the landscape. 

One of the advantages of CFD is that it allows the quantification of 
flow characteristics that are difficult to measure either in a laboratory or 
in the field. As the present study involves a complex free-surface flow 
over a very non-uniform geometry, we adopt the fully three-dimensional 
(3D) DualSPHysics solver, which is based on the Smoothed Particle 
Hydrodynamics method (SPH), introduced by (Monaghan and Gingold, 
1983). 

Validated and verified against numerous benchmark tests (e.g. see 
spheric-sph.org and dual.sphysics.org), the DualSPHysics has been 
successfully applied to cases of turbulent free-surface flow, such as in a 
weir-and-pool fishway (English et al., 2022), vertical slot fishway 
(Novak et al., 2019), and flow over a complex geometry bottom ramp 
(Novak et al., 2021). In the present study, new functionalities for 
eco-hydraulics applications were developed. New post-processing tools 

Fig. 1. The study area: a) location of the study site shown on a schematic map of Slovenia’s rivers, b) photo of the present state of the weir and sills at the study site.  
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were added to the DualSPHysics, as explained in Section 2.3. 
The driving hypothesis of the study was that the DualSPHysiscs 

software, supported by the newly developed tools, would allow a 
detailed design of a fish passage that takes into account the swimming 
capabilities of target species and flow characteristics in a geometrically 
and hydraulically complex environment. The design process involved 
several steps of geometry optimization. To quantify the proposed solu
tion, potential migration routes were analyzed in terms of various zones 
and distances to their locations. Data on the swimming performance of 
local fish and lamprey species were used to identify different zones 
within the resulting velocity fields. Migration zones were treated as 
complex 3D volumes. 

The main novelties of this study include: 1) the resulting velocity 
fields were analyzed in terms of potential migration routes represented 
by three different zones, i.e. rest, effort, and limit zone; 2) based on the 
velocity fields, the distances to nearest rest zones were calculated as a 
way of quantifying fish-friendliness to the proposed design; 3) Dual
SPHysics post-processing tools were improved to increase the code 
functionality in eco-hydraulics applications. 

2. Methods 

This study builds on our previous work (Novak et al., 2021), in which 
we first validated our numerical tools against the experiments by 
(Kupferschmidt and Zhu, 2017) and the numerical work by (Baki et al., 
2020), and then modeled a bottom ramp fish passage. In the present 
study, this model was applied to design a nature-like fish ramp, which is 
in essence a similar task in terms of model performance (i.e. steady 3D 
water flow around and over obstacles of various shapes and sizes, with a 
focus on horizontal velocity fields), thus it is assumed the validation 
performed in our previous work is adequate for the present application. 
The optimization was an iterative process, starting from a very regular 
configuration and ending with a complex one that could be applied as a 
channel restoration measure for the actual site. 

2.1. Study area 

The study area is a short section of Radušnica, a 5 km long stream 
flowing into the Suhodolnica river in North-Eastern Slovenia (Fig. 1a). 
Radušnica is an interesting case study because it is quite typical for the 
region, but at the same time protected by Natura 2000 status. Even more 
importantly, local stakeholders have a positive attitude towards resto
ration plans, indicating that the conclusions of the present study (i.e., 
the proposed geometry of the ramp) could be implemented. At the target 
section, there is a 1.3 m high concrete obsolete weir that spans the entire 
4 m width of the stream and is followed by several wooden sill cascades 
(Fig. 1b). The weir blocks migration of freshwater organisms, impacts 
sediment transport, and deteriorates the visual appearance of the 
stream. 

Upstream of the weir, the natural channel has a minimum slope, 
while the average slope of the Radušnica is 1.5 %. The steep drop of the 
weir and the steps created by the downstream sills could be mitigated, 
for example, by keeping the weir but constructing a bottom ramp 
immediately downstream of the weir. Keeping the Radušnica’s average 
slope of 1.5 %, the span of 1.3 m elevation difference would require a 
restoration of an 87 m section of the river channel, which could be 
achieved through re-meandering, but would require extensive land 

purchases. Alternatively, the connectivity could be achieved by 
decreasing the elevation of the obsolete weir and restoring two shorter 
river sections upstream and downstream of the weir. In this study, one 
such section of the river channel (15 m length) is modeled as a typical 
case, considered representative of the flow dynamics in the entire 
restoration section. 

As described in (Novak et al., 2021), no detailed hydrological data 
currently exists for the Radušnica, thus the input data for the model had 
to be estimated. In contrast to our previous study, where the inflow 
velocity was assigned as u = 0.5 m/s for all the cases, the present study 
considers wider range of conditions with inflow velocity ranging from u 
= 0.4 m/s to u = 0.7 m/s, inflow depths ranging from h = 0.1 m to h =
0.3 m, and inflow discharges ranging from Q = 0.16 m3/s to Q = 0.84 
m3/s, as summarized in Table 1. 

It was assumed that these cases correspond to typical discharges at 
the target location during different fish migration periods. Further work 
should include a more detailed field confirmation. The case denoted 
with Q1 represents dry conditions and its u and h correspond to data 
from the nearby Suhadolnica river (u = 0.403 m/s measured during low 
discharge). The case denoted with Q2 represents average conditions, 
while the case denoted with Q3 represents the highest flow during the 
fish migration period. 

In its natural reach upstream of the weir, the Radušnica is a gently 
meandering 2 m wide channel with a pebbled bed and stones with di
ameters up to 0.25 m. In the model, these characteristics were taken into 
consideration during the geometry optimization and were modeled with 
various elements, as explained in Section 3.1. 

2.2. The target species 

Three species of fish and one species of lamprey live in the target 
stream: Brown trout (Salmo truta), European minnow (Phoxinus phox
inus), European bullhead (Cottus gobio), and the Danubian brook lam
prey (Eudontomyzon vladykovi). A range of approaches are used for 
estimating fish swimming capacities, e.g. sustained, critical, burst 
swimming speed, etc., defined in terms of speed and time sustained until 
fatigue (Table 2). 

The Brown trout is the most efficient swimmer among the target 
species, with critical and optimal swimming speeds estimated at 65.4 
cm/s and 31.6 cm/s, respectively (Tudorache et al., 2008). Bullhead 
anchor themselves with their pectoral fins at the bottom, so the critical 
swimming speed is practically impossible to determine (Tudorache 
et al., 2008). Therefore, only the maximum swimming speed was 
available from the literature, experimentally estimated at 112.5 cm/s 
(Tudorache et al., 2008). Because the ecological and biological re
quirements (especially in terms of biomechanics) of the other two target 
species have not been studied, selected proxies from ecologically similar 
species are used in the analysis. For the European minnow, the mean 
critical swimming speed of Spotfin shiner (Cyprinella spiloptera) was 
used, having a value of 60.8 cm/s (Nichols et al., 2018). The burst 
swimming speed of larval Pacific lamprey (Lampetra tridentata) ranges 
from 33.3 to 75.0 cm/s (Sutphin and Hueth, 2010), so the lower value 
was used to estimate the swimming capacity of the Danubian brook 
lamprey. 

Data on the swimming speed of each target species as well as their 
ecological requirements (e.g. resting areas) was taken into consideration 
during the optimization of the channel geometry and for the definition 
of migration routes, as described in the results section. It was assumed 
that if a suitable migration route is achieved for the weakest swimmer, 
the species with higher capabilities would also find a suitable migration 
route, thus the optimization was based on the swimming capacities of 
the weakest swimmer, i.e. the Danubian brook lamprey. This means that 
the smallest parts of potential migration zones were defined as cylin
drical volumes of water flow having the following characteristics: radius 
rm ≥ 0.03 m, length lm ≥ 0.15 m, and velocity magnitude um ≤ 0.45 m/s 
(as explained in more detail in section 2.3.2). 

Table 1 
Characteristic cases (rectangular inflow, width B = 4 m for all cases).  

case 
notation 

inflow velocity u [m/ 
s] 

inflow depth h 
[m] 

discharge Q [m3/ 
s] 

Q1 0.4 0.1 0.16 
Q2 0.5 0.2 0.40 
Q3 0.7 0.3 0.84  
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2.3. Computational model 

The numerical simulations in this study were performed using the 
DualSPHysics solver, a 3D open-source CFD model that is based on the 
SPH method, as described in (Domínguez et al., 2022). DualSPHysics is 
based on the weakly compressible formulation of SPH, and it can run on 
conventional CPUs or CUDA supported Graphics Processing Units 
(GPUs). The latter was employed in the present study and this allowed 
simulations with up to 8 million particles to be completed within 
reasonable computational times. The main features of DualSPHysics and 
the new features that were implemented in the present study are briefly 
reported below. 

2.3.1. DualSPHysics 
A detailed description of the DualSPHysics formulation can be found 

in (Domínguez et al., 2022), therefore only the formulations used in this 
study are mentioned here. 

Modeling viscosity was achieved through an artificial diffusive term 
that is added to the momentum equation to reduce oscillations and 
stabilize the SPH scheme (Monaghan and Gingold, 1983). Due to its 
simplicity, the artificial viscosity formulation is often used as a physical 
viscous dissipation term with an associated coefficient α. Based on 
scaled flume experiments, the default value of this coefficient in Dual
SPHysics is α = 0.01 (Altomare et al., 2015), and this value was used in 
the present study. Moreover, the use of a density diffusion term in the 
SPH method is necessary to reduce the density fluctuations associated 
with this method which can be aggravated in long-term simulations. The 
density diffusion term proposed by (Fourtakas et al., 2019) with the 
coefficient value of 0.1 was used to perform the simulations in this study. 

In DualSPHysics, solid boundary conditions (e.g. for the riverbed and 
channel sides) can be modeled in two ways. Dynamic boundary condi
tions, DBC, are represented by fixed particles with density computed 
from the continuity equation and pressure obtained from the equation of 
state (Crespo et al., 2007). When using DBC, an unphysical gap between 
the fluid and the solid boundaries appears, lowering the accuracy of the 
pressure prediction at the boundaries. This can be alleviated by a second 
approach called modified dynamic boundary conditions, mDBC (En
glish et al., 2022), with the density of boundary particles obtained from 
so-called ghost nodes, cleverly positioned within the fluid domain. In all 
simulations of the present study, the mDBC were employed. 

In the present study, new tools were added to DualSPHysics to in
crease its functionality. Joined in a post-processing tool called FlowRest, 
these new options allow the calculation of 3D resting zones or migration 
routes and their distance to the main flow, as described in the following 
section. 

2.3.2. FlowRest tool 
A resting zone (or a migration zone) was defined as a volume of fluid 

where the flow conditions were likely to be suitable for the resting or 
migration of the target species (based on the biomechanic skills of each 
species). Thus, a resting/migration zone was defined as a 3D volume of 
fluid that simultaneously met the following two criteria: 1) the fluid 
velocity within the zone is below a specified value related to the 
swimming speed of the target species, i.e. u ≤ um, and 2) the size (and 
shape) of the volume is larger than a specified value related to the size of 

Table 2 
Swimming characteristics of the strongest (Salmo truta) and the weakest (Eudontomyzon vladykovi) swimmer used in the analysis - all values are approximate, taken 
from the literature. Data on larval Pacific Lamprey was taken as a proxy for the Danubian brook lamprey.  

species body length [mm] swimming mode swimming speed [m/s] time sustained [s] distance swam [m] reference data 

Lampetra tridentata 72-143 sustained 0.45 33 15 Sutphin and Hueth, 2010 
burst 0.52 1 0,52 Sutphin and Hueth, 2010 

Salmo trutta 78 critical 0.65 up to 1 h 2340 Tudorache et al., 2008 
maximum ≈ 5.5 1 5.5 Baudoin et al., 2015 
optimal 0.32 theoretically indefinitely theoretically indefinitely Tudorache et al., 2008  

Fig. 2. Shape of an object that needs to fit in a resting zone.  

Fig. 3. Convergence of the flow for the Q3 case with optimized geometry.  

Table 3 
Optimization stages.  

stage parameter values tested selected variant 

1 slope I [%] I = 1.5, 3, 4.5, 6, 7.5 % I = 1.5 % 
2 bed roughness size (semi- 

spheres rr) and number 
rr = 0.02, 0.03, 0.04 m; 
total: 0, 1300, 2600, 
3900, 5200 elements 

rr = 0.03 m 
3900 to 5200 
elements 

3 mean flow curvature 
(distance Δxc between sets 
of larger obstacles) 

Δxc = 2, 2.5, 3, 3.5, 4 m 3.5 to 4 m, non- 
uniform 

4 larger obstacles (cylinders 
with radius rc, height hc) 

rc = 0.2 m, hc = 0.15 to 
0.35 m 

non-uniform 

5 smaller obstacles (spheres 
with radius rs) 

rs = 0.07 – 0.15 m rs = 0.15 m, 
non-uniform  
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the target species, i.e. radius r ≥ rm and length l ≥ lm. In other words, a 
pill-shaped object like the one shown in Fig. 2 must fit inside a resting/ 
migration zone. 

This way each zone can be identified computationally based on the 
simulation results (i.e. location of fluid particles and their velocity 
fields). Within post-processing, several characteristics of the zones were 
quantified, including their number, location, dimensions, volume (ab
solute and in percentage), and mean velocity within the volume. Next, a 
distance from any fluid point to the nearest rest zone was calculated and 

again quantified in terms of mean and maximum distance. The main 
results of the FlowRest tool are summarized at the end of section 3. 

2.3.3. Numerical setup 
The model domain included an open rectangular channel with L = 15 

m length, B = 4 m width, and H = 1 m height. The length of the domain 
was selected as a good compromise between computational cost and 
accuracy. 

Various elements were added to the channel to mimic the stream 
substrate: randomly generated half-spheres for pebbles, suitably posi
tioned spheres for stones, and cylinders representing rocks. In all the 
simulations the initial inter-particle distance was set to dp = 1.5 cm. 
Following the procedure described in (Tafuni et al., 2018), the constant 
slope of the channel was simulated via a horizontal channel subjected to 
an inclined gravity acceleration. For example, I = 1.5 % slope was 
modeled as a horizontal channel with 
g⇀ = (gx, gy, gz) = (0.147, 0, − 9.809) m2/s. 

Steady flows at the inlet and outlet sections were imposed with 
constant fluid depths h and uniform fluid velocities u. Auxiliary up
stream and downstream reaches of the channel, each 1 m long and 
located next to the inlet and outlet, respectively, were kept smooth and 

Fig. 4. Bed roughness elements – a variant with 300 elements per meter length.  

Fig. 5. Plan view of velocity fields [m/s] at z = 0.05 m plane, case Q2, optimization stage 3.  

Fig. 6. Proposed geometry (a dry model; side view, arrow points downstream).  

Table 4 
Statistics of optimization stages.  

stage case mean velocity 
[m/s] 

slow fluid 
[%] 

rest zone 
[%] 

1 slope 1.5 %, smooth 0.33 13 8 
2 slope 1.5 %, roughness 

300/m’ 
0.31 21 16 

3 as 2), and Δx = 4 m 0.20 45 43 
4 as 3), and non-uniform 

distribution 
0.25 39 36 

5 proposed geometry 0.29 43 40  

G. Novak et al.                                                                                                                                                                                                                                  



Ecological Modelling 475 (2023) 110189

6

without any obstacles. With the initial fluid depth and velocity set to 
desired values, the main simulations covered 30 seconds of physical 
time, so that steady conditions were accomplished. 

The convergence of the flow can be analyzed in terms of the 
discharge calculated volumetrically from the fluid particles (i.e. as a 
volume of fluid divided by time). For the Q3 discharge (Q = 0.84 m3/s) 
flowing over the proposed geometry, the convergence was confirmed 
with the following result (Fig. 3; a horizontal line showing Q = 0.84 m3/ 
s is added for easier visualization): 

Note that the first 5 seconds of the simulation are not shown and that 
it takes some time for the initial condition to evolve according to the 
ramp characteristics. Fig. 3 shows that convergence occurred after 20 
seconds. As mentioned, our simulations of the proposed configuration 
extended over that period. 

3. Results 

3.1. Geometry optimization 

The proposed design of the presented nature-like channel was ob
tained as the result of several optimization stages, going from a simple 
uniform geometry to a complex one. The main optimization criteria 
were velocity fields, especially near the bed and in the mid-depth region. 

These stages investigated the effect of the following parameters: 1) 
channel slope, 2) bed roughness, 3) curvature of the mean flow, 4) po
sition and size of larger obstacles, 5) position and size of smaller ob
stacles against the swimming capacities of the target fish and lamprey. 
The main steps are summarized in Table 3. Each stage represents an 
intermediate step toward the final solution and is thus described only 
briefly, while the final geometry is described in more detail. 

The process was completed iteratively, considering the comments by 

engineers and biologists in our team. The best configuration from the 
first stage was fixed in the second, then the best option from the first two 
stages was fixed in the third, and so on. All optimization stages were 
performed using input data u and h for the Q2 case, which represented 
the average discharge. 

3.1.1. Bed slope 
Stage 1 investigated the slope I of a smooth channel and confirmed I 

should be kept as low as possible. With the inlet imposed the same way 
as the outlet (uin = uout, hin = hout), a hydraulic jump occurred in cases 
with a steeper slope. Maximum velocities occurred upstream of the 
hydraulic jump, ranging from 2.0 to 4.5 m/s for I = 1.5 % to I = 7.5 %, 
respectively. 

3.1.2. Bed roughness elements 
Stage 2 employed I = 1.5 % slope in all the cases and showed that the 

bed roughness elements decreased the near-bed velocities and slightly 
increased the fluid depth without affecting other overall characteristics 
of the flow. Model roughness represented by semi-spheres rr = 0.03 m 
was selected as the best approximation of the bed along the natural part 
of the Radušnica. The bed roughness elements were generated along the 
width B and from x = 1 m to x = 14 m and were randomly placed to 
obtain a more natural (non-uniform) distribution. An example is shown 
in Fig. 4. 

Model variants ranged from a case of a smooth bed (i.e. zero bed 
roughness elements) to a case with 5200 semi-spheres (i.e. an average of 
400 elements per meter length). Based on the resulting velocity fields for 
the z = 0.05 m plane parallel to the bed, a configuration with 3900 el
ements (i.e. 300 elements per meter length) was selected. 

Fig. 7. Calculated area-velocity ratio for a 13 m long reach (x = 1 to 14 m) of the 15 m long domain (x = 0 to 15 m): a) uniformly curved stream (stage 3 variants), b) 
proposed geometry. 
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3.1.3. Mean flow curvature 
In stage 3, the I = 1.5 % channel with a total of 3900 bed roughness 

elements was equipped with transverse sets of five equal cylinders with 
rc = 0.2 m, hc = 0.3 m. Uniformly distributed at a longitudinal distance 
Δxc apart, their purpose was to replicate the meandering of natural 
streams (somewhat resembling technical types of fishways) and diver
sification of flows. Based on the resulting velocity fields, the geometry 
with Δxc = 3.5 to 4 m was selected as the best option (Fig. 5): 

Note that in Fig. 5 the velocities at the downstream line of obstacles 
locally reach above 2 m/s even at Q2 and even close to the bed. The 
figure shows a flow that is steady (i.e. not changing with time) and non- 
uniform (i.e. changing with location); even in equally wide sections of 
unobstructed flow the velocity fields change with location. 

3.1.4. Size and position of larger obstacles 
In stage 4, larger obstacles were placed transversely but included 

cylinders of various heights and radii. The following variants were 
tested: a) rc = 0.2 m, hc = 0.3 m (horizontal high crest), b) rc = 0.2 m, hc 
= 0.15 m (horizontal low crest), c) rc = 0.2 m, hc = 0.15 to 0.35 m 
(stepped crest; hc decreasing towards the channel axis), d) rc = 0.2 m, hc 
= 0.15 to 0.35 m (distributed non-uniformly, variant 1), e) rc = 0.2 m, hc 
= 0.15 to 0.35 m (distributed non-uniformly, variant 2). 

Based on the resulting velocity fields, the last variant was selected. 

3.1.5. Size and position of smaller obstacles 
In stage 5, sets of larger obstacles were changed so that each set 

included more cylinders with their size and position varying even more 
than in stage 4. Additionally, smaller obstacles (i.e. spheres) were added 
within the main flow region. The cylinders and spheres were added in 
several steps, iteratively providing a greater variety of velocity fields 
while simultaneously decreasing the maximum velocities to establish 
suitable conditions for all target species. The optimization resulted in 

the final geometry of a nature-like channel, shown in Fig. 6. 
Fig. 6 shows bed roughness elements (a total of 3900 semi-spheres 

with rr = 0.03 m, distributed along the 13 m reach), three sets of eight 
larger obstacles (cylinders with rc = 0.2 to 0.3 m and hc = 0.2 to 0.45 m), 
and twenty-five smaller obstacles (spheres with radius rs = 0.15 m). This 
geometry was later used with Q1 and Q3 flow conditions, as those two 
cases were estimated as being the most potentially problematic in terms 
of low depth (Q1) and high velocities (Q3). Thus, the main results pre
sented next focus only on Q1 and Q3 conditions. 

3.1.6. Statistical comparison of optimization stages 
Typical cases of optimization stages are compared in terms of sta

tistics given in Table 4. 
In Table 4, the notion of slow fluid means the volume of fluid where u 

< 0.5 m/s, while a rest zone is defined as having a mean u < 0.45 m/s, 
which corresponds to the effort migration zone, discussed in section 3.4. 

Interestingly, the variant representing stage 3 seems to be the best, 
according to the selected statistics. However, the apparent superiority of 
the stage 3 configurations is misleading. Flow in all of the stage 3 var
iants is a uniformly meandering stream with high velocities in the nar
row sections and low velocities behind obstacles. This can lead to a 
favorable average, but such a geometry is inferior to the one proposed in 
the present study because the latter allows various paths of migration. 

In our previous work (Novak et al., 2021), a tool for the calculation of 
the ratio between the flow area and flow velocity was introduced. 
Applied to each cross section of the model, this tool gives a clearer view 
of flow characteristics than most common statistics. A comparison of a 
typical uniformly meandering stream (stage 3) and the proposed 
configuration is presented in Fig. 7. 

Fig. 7a shows distinctive dents at locations of narrow sections; at 
these locations the flow depths are lower and the velocities are higher, 
making these parts more difficult for a fish to pass. In contrast, Fig. 7b 

Fig. 8. Plan view of flow depth [m]: (a) case Q1, (b) case Q3.  
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shows a much more gradually varying flow with a slightly smaller 
portion of very low velocities, but also with a distinctly smaller portion 
of high velocities – making such fish pass more efficient. 

3.2. Flow depth 

The first critical parameter defining suitable fish migration routes is 
the flow depth (Baudoin et al., 2015). The results for the Q1 (dry con
ditions) and the Q3 (larger discharge) cases are shown in Fig. 8a and 8b, 
respectively. Note that Fig. 8 shows the fluid depth above the solid 
boundary (bed, roughness element, smaller or larger obstacle), not the 
water surface elevation. 

The proposed geometry provides a depth of about 0.1 m in dry 

conditions (Fig. 8a) and a relatively uniform depth of about 0.3 m during 
the larger discharge (Fig. 8b). 

3.3. Velocity fields 

Velocity was the second critical parameter that was analyzed and 
used to define the potential routes for fish migration. In the presented 
model, all three velocity components (longitudinal u, transverse v, ver
tical w) were calculated for each location (x, y, z) of the domain, and for 
each output step (outputs for every 0.05 s of the simulation were 
selected). It was decided to focus on velocity fields at the end of the 
simulation, given as vector fields in planes, located at a constant z above 
the channel bed. Such slices of complex 3D fields are presented in Fig. 9, 
including near-bed velocities (z = 0.05 m plane) and mid-depth veloc
ities (z = 0.15 m plane). 

Fig. 9a shows that in dry conditions (case Q1) velocities remain 
mostly below 0.5 m/s with numerous areas of very low velocities (< 0.2 
m/s). Fig. 9b shows how near-bed velocities increase with discharge. 
Velocities of up to 1.5 m/s occur in separate jets within the downstream 
set of rocks, but these conditions are localized. Figure 9c confirms that 
mid-depth velocities are greater than the near-bed ones. Local maximum 
values reach 2 m/s, but there are areas of low velocities (< 0.4 m/s) 
nearby. 

Fig. 9. Plan view of velocity fields [m/s]: a) z = 0.05 m plane, case Q1, b) z = 0.05 m plane, case Q3, c) z = 0.15 m plane, case Q3 (z is a distance above the 
channel bed). 

Table 5 
Types of zones forming a migration route.  

zone 
type 

velocity range 
[m/s] 

required effort representation (Figs. 10 
and 11) 

rest 0 – 0.34 can rest green 
effort 0.34 – 0.45 can maintain for a 

certain time 
yellow 

limit 0.45 – 0.52 can maintain for a few 
seconds 

red  
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3.4. Migration routes 

Since fish migration is essentially limited by the swimming capacities 
of each species, we define migration routes as the paths in which flow 
conditions correspond to the swimming capacities of the fish and, as 
such, theoretically allow fish to move along the river. Such routes consist 
of migration zones, as defined in section 2.3. A migration zone can be 
regarded as a volume of fluid with a certain velocity, radius, and length. 
In our case, the following values were selected: radius of at least rm =

0.03 m, length of at least lm = 0.15 m, and velocity thresholds ranging 
from um = 0.34 m/s to 0.45 m/s to 0.52 m/s. These velocities can be used 
to define different types of zones, as listed in Table 5. 

All three zone types combined represent a migration route. The listed 
values correspond to experimental results for optimal, sustained, and 
critical/burst swimming speeds for target fish. These zones are 3D vol
umes that form complex shapes, not just layers limited to the water 
surface. Migration zones for Q1 and Q3 cases are given in Figs. 10 and 11 
respectively. 

Figs. 10 and 11 show that lower velocity volumes are located behind 
various obstacles and that the extent of limit zones is expectedly larger 
than the extent of the rest zones. In the Q1 case, migration routes are 
almost continuous, while in the Q3 case they are smaller and more 
fragmented. 

Besides the size and position, the present study introduces also the 
calculation of the distance between the migration zones. Applying the 
proposed geometry, they are readily reachable from practically any 

location, as confirmed in Fig. 12, which shows a map of the distances 
from fluid points to the nearest migration zone (selected here for the 
comparison are effort zones with um ≤ 0.45). 

In Fig. 12, the main flow region (lighter) and the low-velocity regions 
(darker) can be distinguished. Note that larger distances appear only 
close to inlet and outlet sections, which are on the edge of the designed 
channel reach. Within the reach with obstacles, the distances to the 
nearest migration zones are below 0.5 m and 1.5 m in the Q1 and Q3 
cases, respectively. Some main statistical characteristics of the migration 
zones are summarized in Table 6. 

Table 6 shows that, during low discharge, the percentage of migra
tion routes is larger due to the lower flow velocities. Also, the volumes of 
zones increase if we allow a larger velocity threshold. 

4. Discussion 

Based on flow depth results (Fig. 8), the proposed geometry provides 
sufficiently deep flow even in dry conditions. Important advantages of 
the proposed geometry are its bed roughness elements and obstacles 
(model stones and rocks) of various heights which allow water to flow 
around or over them, providing target species with a variety of flow 
depths along their migrating corridors (in contrast to more technical fish 
passes, e.g. VSF, where the flow depth is typically mostly constant 
within a pool). Also, the proposed geometry is without unconnected 
crevices that can become ecological traps, as pointed out by (Plesiński 
et al., 2018). Although it was not an object of the present study, a 

Fig. 10. Side view of migration zones with diameter d ≥ 0.03 m, length l ≥ 0.15 m for the Q1 case: (a) limit zones, (b) effort zones, (c) rest zones, (d) all zones with 
some transparency of colors to show the transition between the zones. 
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favorable tailwater effect could occur at the downstream end of the 
study site, increasing the downstream depth and decreasing the veloc
ities, thus contributing to more suitable depths and velocity fields along 
the whole observed section. 

Based on resulting velocity fields (Fig. 9), the proposed geometry 
provides suitable conditions for all target species: the weakest swimmers 
can find their way upstream staying close to the bottom, while better 
swimmers can overcome even the localized areas of larger velocities. 
The fact that velocity fields parallel to the bed change with their distance 
from the bed is an important advantage in comparison to more technical 
fish passes, where flow fields are much more uniform (e.g. in a VSF they 
are depth-averaged and flow patterns remain practically the same in all 
pools). 

Diverse velocity fields are also favorable in terms of whirls, as 
pointed out by (Puzdrowska and Heese, 2019). The size of vortices de
pends on the size of the flow (e.g. distances between the obstacles), thus 
the proposed geometry does not allow the formation of potentially 
problematic larger whirls. At the same time, the configuration is not too 
uniformly fragmented, thus avoiding the disadvantages of the technical 
solutions such as baffled chutes (Bylak et al., 2017). 

Based on calculated migration routes, resting areas, and their mutual 
distance (Figs. 10, 11, 12), the proposed geometry provides the fish with 
ample resting space to recover their strength after periods of burst and/ 
or critical swimming sessions. The velocity fields and migration zones 
show localized regions of higher flow velocities and thus fragmented 
migration routes during higher discharge, indicating that the weaker 

swimmers might not be able to migrate in these conditions. However, 
the distances between migration zones (Fig. 12) are small enough for the 
stronger swimmers to easily cross areas of faster flow, as they can 
maintain various levels of swimming effort for long enough. Comparing 
these results against the swimming capacities of target species, it is clear 
that all species, except the lamprey, should be able to migrate even 
during the high discharge period. However, most fish species do not 
migrate during high discharge periods, and such periods occur rarely 
and have limited duration, so they should not be taken as a reference, 
but rather as the limit conditions. 

The present study could be upgraded with simulations of movable 
bed elements to investigate how the ramp and its flow characteristics 
would change due to sediment transport. Such simulations would be a 
valuable contribution to evaluations of restoration projects, e.g. like the 
one described in (Mikuś et al., 2021). 

5. Conclusions 

Several stages of fish ramp geometry optimization were performed, 
including variants of channel slope, bed roughness, and sizes and posi
tions of flow diverting obstacles. Adjusting the geometry to the char
acteristics of the actual site led to a near-natural ramp configuration that 
provides flow conditions diverse enough to allow different fish species to 
find their preferred migration route. The flow conditions were presented 
in terms of velocity fields at selected planes parallel to the channel bed. 
Based on the fish swimming performance criteria, suitable migration 

Fig. 11. Side view of migration zones with diameter d ≥ 0.03 m, length l ≥ 0.15 m for Q3 case: (a) limit zones, (b) effort zones, (c) rest zones, (d) all zones with some 
transparency to show the transition between the zones. 
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routes were identified. These routes form complex 3D structures made of 
numerous volumes of slower fluid and give important insights into a 
future design of similar eco-hydraulics applications. These representa
tions also indicate how fish might perceive the river, identifying areas of 
favorable and unfavorable spaces to navigate the rivers. 

The presented analysis of flow over a complex geometry confirms 
that the design of a nature-like fish pass configuration can be optimized 
using a fully 3D numerical model based on the SPH method. The 
resulting flow can be analyzed in great detail, allowing calculations of 
fluid depths, velocity fields, flow area – flow velocity ratio, migration 
zones, and their mutual distances. This means the decision makers can 
now get better insight into the flow features that were previously diffi
cult to quantify, leading to more efficient designs of fish passages. 

In terms of software development, improvements to the validated 
and verified DualSPHysics model were implemented to achieve the 
objectives of the present study. A new tool named FlowRest was devised 
to allow a detailed quantification of migration zones. 

Future work will focus on importing additional non-uniformly sha
ped 3D objects into the model to mimic natural stones and rocks. The 
riverbed slope will be diversified to accommodate the natural riffle-pool 
sequence characteristics. Furthermore, an improved tool for the quan
tification of trajectories (focused on whirls) will be applied, enabling 
complex fishway flows to be analyzed in even more detail. Finally, with 
the employment of a multi-phase combination of water and sediment, 
the simulations will produce even more realistic results, allowing in
vestigations of sediment transport in stream restoration solutions. 
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Verwaest, T., 2015. Applicability of Smoothed Particle Hydrodynamics for 
estimation of sea wave impact on coastal structures. Coast. Eng. 96, 1–12. https:// 
doi.org/10.1016/j.coastaleng.2014.11.001. 

Baki, A.B.M., Zhu, D.Z., Harwood, A., Lewis, A., Healey, K., 2020. Hydraulic design 
aspects of rock-weir fishways with notch for habitat connectivity. J. Ecohydraulics 5, 
94–109. https://doi.org/10.1080/24705357.2019.1652706. 

Baudoin, J.M., Burgun, V., Chanseau, M., Larinier, M., Ovidio, M., Sremski, W., 
Steinbach, P., Voegtle, B., 2015. Assessing the passage of obstacles by fish. 

Belletti, B., Garcia de Leaniz, C., Jones, J., Bizzi, S., Börger, L., Segura, G., Castelletti, A., 
van de Bund, W., Aarestrup, K., Barry, J., Belka, K., Berkhuysen, A., Birnie- 
Gauvin, K., Bussettini, M., Carolli, M., Consuegra, S., Dopico, E., Feierfeil, T., 
Fernández, S., Fernandez Garrido, P., Garcia-Vazquez, E., Garrido, S., Giannico, G., 
Gough, P., Jepsen, N., Jones, P.E., Kemp, P., Kerr, J., King, J., Łapińska, M., 
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