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Abstract: In current river management, we very often use environment-friendly hydraulic structures
when it is required for river bed or river bank protection due to erosion of a river channel. Block
ramps are one of many methods used to stabilize river beds. They provide a semi-natural solution to
certain river engineering problems in mountain streams. When building block ramps, one can use
the dissipative behavior of large rock blocks or boulder elements randomly placed on the river bed to
enhance fish migration in an upstream direction; thus, they can serve as fish passes. In this paper,
we present the results of the numerical modelling of a bed load transport and the morphological
changes of a river bed where a block ramp was designed and built. The main aim of the study was
to investigate the difference of 2D modelling of a bed load transport along the mountain stream
reach with boulder ramps in comparison to the classical methods of Hjulström, Shields, and Russian
standard ST-24-2396. The work was carried out on the stream of one of the chosen low-head hydraulic
structures, where 25 identical block ramps were constructed for river training reasons. The novel
approach of our study is, for the first time in the field, to show a very detailed analysis of block
ramp influence on sediment transport and river morphology changes compared to the classical
understanding of those phenomena, as well as 2D model results to give hydraulic engineers an inside
look into classical and modern approaches of bed load transport calculations. This might be helpful
for designing such kinds of hydraulic structures in the future, in all regions where sediment transport
calculations are important but do not always require sophisticated modelling.

Keywords: block ramps; bed load transport; numerical modelling; river bed morphology;
Hjulström; Shields

1. Introduction

Hydraulic engineering structure design and construction are increasingly facilitated
and aided by various numerical models. Owing to the data results and analysis, which
by conventional methods would require much time and labor, this method is faster and
more efficient. Unfortunately, the results obtained from numerical simulation are often
taken for granted, with no validation or verification [1]. A frequent case is also that a given
model can be applied only in specific conditions, e.g., in the beds of natural rivers, while
for engineered beds, the results obtained by means of the model are not very satisfactory.
Verification and checking the correctness of the model for the given type and kind of river
bed is essential and should precede the analysis of numerical simulation results.

In the literature, we can find many classical books and papers that help hydraulic
engineers in their computations and numerical simulations [2–11]. All referenced here,
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authors present and refer to many numerical methods, which are, however, sometimes
weighed down with many errors; thus, in situ measurements are the key to verifying
computer model results. On the other hand, in situ measurements are time-consuming and
expensive, so having verified numerical models is very important.

No one would question that water flow is a very complex problem needing not only
theoretical but also a lot of practical knowledge. Physical analyses of this phenomenon
provide a quantitative description of water flow, allowing the creation of mathematical
models that have an important practical meaning. In previous years, rapid development of
numerical software programs has improved their practical implementation; therefore, the
results obtained through them can be applied in practical solutions [10–19]. However, one
has to be very careful and experienced when using models. Bruk [1] states that the similarity
between the river and its model could only be partially verified. In that sense, only some
results of modelling might be used for design recommendations [20,21]. Ultimately, an
engineer is the person who decides if the model works correctly and if the results are
reliable. Mistakes that are made might later lead to errors in design that could cause
catastrophic structural failure.

In the present study, we decided to examine what might be predicted by numerical
modelling in the case of block ramps built in mountainous streams, specifically in the
direction of predicting bed load transport and river channel morphology changes.

Block ramps made of natural stone with artificial roughness are used to stabilize
smaller creeks and streams, especially in mountain areas where, apart from performing
their technical functions, they facilitate fish migration and enhance water aeration, which is
highly beneficial [22–28]. Thus, expensive and inefficient fish ladders, which are usually
built with more traditional hydraulic structures spanning river channels, are not required.
Block ramp structures have been extensively investigated in recent years, both in the field
and in hydraulic laboratories, as both physical and numerical models [20,27–32]. Block
ramps are environmentally friendly, low-head hydraulic structures that mimic natural
river rapids, allowing fish and invertebrates to migrate [33] and, at the same time, are
engineering structures that stabilize river and stream beds. Block ramps built with large
rock blocks enable the migration of fish and benthic macroinvertebrates [34–36]. The pools
formed by flow hydrodynamics should be preserved at the sections between the block
ramps. Stones of different sizes should be placed in the river bed, creating shelters for fish
and other living organisms.

Field studies and works were undertaken to examine boulder block ramps that already
exist within mountain channels and the results of such investigations were later used for
modelling ramps, numerical and physical, in laboratories (e.g., [32,37]) to improve their
construction in terms of their hydraulics and their impact on river environment.

In view of the above, our paper presents the results of the numerical modelling of
bed load transport and morphological changes of a river bed with a crossbar structure
in the form of a block ramp. The main aim of the study was to compare the obtained
results from 2D modelling (in our case the CCHE2D model) for determination of bed
load transport with the classical approaches, which in our case are Hjulström, Shields,
and Russian standard ST-24-2396 [38–40] methods (the last method listed here was used
in Poland for many years, specifically during the construction of the ramp system on
the Porębianka, and bed load transport results obtained with this method were checked
in the field using radioisotope methods [41]). For bed load transport calculations in the
classical methods, we used Meyer-Peter and Müller (MPM) [42], Parker [43], Šamov [44],
and Jäggi [45]. The following detailed work was performed on the chosen block ramps built
in Polish Carpathians on the Porębianka stream, where many (25) identically constructed
boulder ramp structures were built for river training reasons. As it is said in the abstract,
the novel approach of our study is to show, for the first time, a very detailed 2D analysis
of block ramp influence on the sediment transport and river morphology changes and
to compare the results of that data with the classical understanding of those phenomena
to give hydraulic engineers an inside look into classical and modern approaches of bed
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load transport calculations. This could help them decide which way of calculation is faster,
better, and more reliable.

2. Research Region and Object Description

The Porębianka stream catchment (Figure 1) is located in the Beskidy Zachodnie
mountain range, on the Northern hillside of the Gorce range. The highest point of the
catchment is Kudłoń summit (1276 m. above sea level) and the lowest one at the Porębianka
mouth leading into the Mszanka confluence in Mszana Dolna (400 m above sea level).
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Figure 1. Research region.

Porębianka stream is a watercourse 15.4 km long, with its springs on the Obidowiec
hillside (1000 m above sea level). The Porębianka catchment covers an area of 71.8 km2. The
average annual precipitation in the catchment is 1000 mm, but it ranges from 800 mm at the
foot of Gorce to 1200 mm in the upper zones of the catchment. The Porębianka has a gauging
station in Niedźwiedź, 5.2 km away from the mouth. Water levels and discharge were
monitored at the station of the Institute of Meteorology and Water Management (IMGW).

Along the section of 0 + 836 − 4 + 080 km on the Porębianka stream, the watercourse
was engineered using twenty-five block ramp hydraulic structures. The river regulation
was targeted at the stabilization of the river bed and banks in order to protect the adja-
cent land and asphalt road on the route to Mszana Dolna-Niedźwiedź along with the
neighboring houses.

The engineered river channel is 28 m wide. The channel gradient was reduced from
1.25 to 0.55%. On the majority of sections regulated by the block ramps, the channel is
alluvial (the redeposition reach). For the present in situ study, block ramp No. 14 located at
2 + 890 km was selected (Figure 2). We decided to only investigate this block ramp in detail
here, since the results obtained could be transferred to the rest of the existing hydraulic
structures because of their similarity and the fact that all of them are situated in the same
river reach, where no tributaries are present and no geometrical changes of the channel are
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present, including channel slope. Additionally, we had the best access to this block ramp
(structure No. 14) in terms of completing the fieldwork.
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Figure 2. The block ramp on Porębianka stream.

The investigated hydraulic structure No. 14 on Porębianka (and all other 25 block
ramps) is composed of two rows of G-62 steel sheet pilings topped with a reinforced
concrete pile cap. The space between the sheet pilings’ walls was filled with square stone
riprap with an average diameter of 0.90 m and layer thickness of 0.80 m. The stone riprap
is set on an even base with no additional levelling layer. The inclination of the slope apron
is 12:1 (length 12 m, slope 0.99 m).

There is also 3 m long and 1.2 m deep riprap at the river bed of the structure above the
upper sheet pilings. Downstream from the lower sheet piling, there is a stilling basin 5 m
long and 1.2 m deep (Figure 2). In the central part of the upper and lower sheet pilings at a
distance of 4 m, the overflow crest was lowered by 0.20 m to concentrate the stream during
the low water stages to help fish migrate.

To prevent channel water transfer at flood stages, side cut-off walls (designed as sheet
piling walls) were lengthened to join them to ramp cut-off side wings and the naturally
high riverbank and to fill in the space between the sheet pilings with local material.

The analyzed structure is trapezoidal in profile. The river bed slopes directly adjacent
to the block ramp, which is also protected with stone riprap.

Block ramp No. 13 is located at a distance of 98 m downstream from the lower sheet
piling of the studied ramp No. 14, and block ramp No. 15 is at a distance of 68 m upstream
from the upper sheet piling.

3. Methodology
3.1. Field Measurements

The geodesic field measurements were taken with TOPCON GTS-226 total station
(Topcon Corporation, Tokyo, Japan). The measurements were performed by means of the
method of dispersed points, so as to map the horizontal and vertical systems in the river
bed and floodplains as precisely as possible. This resulted in a very accurate modelling
grid, which was then used for the simulation of river bed formation processes.
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The hydrodynamic measurements of flowing water were done by means of OTT
Nautilus 2000 current meter. Its operation is based on the measurement of electromagnetic
induction in flowing water. The measurements can be done continuously or as a mean mea-
surement of a given time interval. The measuring range of the device is from 0 to 2.5 m·s−1,
which, with a measuring error of 1%, gives a maximum deviation of 0.025 m·s−1 at the
highest measurable velocity value. Therefore, the accuracy of the device is 0.000 m·s−1.
Several measurement profiles were established. The measurements were used for the
calibration of the hydrodynamic parameters of the 2D model.

Next, granulometric measurement of the river bed sediment was performed by means
of the Wolman Pebble Count procedure, in which a hundred pebbles are retrieved and
measured [46]. This enabled the determination of river bed coarseness, which was then
used for the interpretation of classical methods and in the 2D model.

3.2. Calculation of Bed Load Transport

The aim of the calculation of the bed load transport rate was to define the initial
conditions of the bed load carried into the modelled section of the channel for its further
validation. To reach this aim, the methods of MPM [42], Parker [43], Šamov [44] and
Jäggi [45] were applied. All data necessary for bed load calculations required for those
formulae were collected in the field.

3.3. Numerical Modelling

The CCHE2D numerical model was developed at The National Centre for Compu-
tational Hydroscience and Engineering (NCCHE), University of Mississippi, USA. It is
used for 2D modelling of turbulent flow in open channels in steady and non-steady flow
conditions, bed load and suspended sediment transport, morphological changes in the
river channel, bank erosion, and water quality. The model is based on a 2D grid on which
the presented resultant parameters are averaged vertically (2DH—two-dimensional). Water
flow velocity distribution in the channel is calculated using the finite elements method
(FEM) and finite volume method (FVM) [47–50]. The model is based on the equation of
continuity and moments presented below.

Sediment material usually settles vertically, so the sediment above the non-eroded
layer is divided into several sublayers. The upper layer is soluble, below which the
other layers are located. Granulometric changes of sediment are expressed using partial
differential equations, while the gradation of the material below the soluble layer can be
described by the laws of conservation of mass [47]. The main equations for transport of
suspended sediment bed load and load in traction are, respectively [48,51]:

∂(hCk)
∂t + u ∂(uhCk)

∂x + ν
∂(νhCk)

∂y = ∂
∂x

(
εsh ∂Ck

∂x

)
+ ∂

∂y

(
εsh ∂Ck

∂y

)
+ αωsk(C∗k − c)

∂(δbcbk)
∂t + ∂(αbxqbkx)

∂x +
∂(αbyqbky)

∂y + 1
Lt
(qbk − qb∗k) = 0

(1)

The variability of morphology and river bed layout is calculated from the equation:

(
1− p′

)∂Zbk
∂t

=
αωsk(Ck − C∗k) + (qbk − qb∗k)

Lt
(2)

where h is the local water depth; U and V are the depth-integrated velocity components
in the x and y directions, respectively; εs is the eddy diffusivity of sediment; Ck is the
concentration of the k-th size class; C*k is the corresponding transport capacity; α is the
adaptation coefficient for suspended load; ωsk is the sediment settling velocity; qb*k, qbk,
qbkx, and qbky are the bed load transport capacity, the bed load transport rate, and transport
rate components in x and y directions, respectively; Lt is the adaptation length for bed load;
p
′

is the porosity of bed material, and Zbk is the bed change.
The nonequilibrium adaptation length Lt characterizes the distance for a sediment

process adjusting from a nonequilibrium state to an equilibrium state, which is related
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to the scales of sediment transport processes, bedforms, and channel geometry. The
non-equilibrium adaptation length Lt characterizes the distance for a sediment process
adjusting from a nonequilibrium state to an equilibrium state, which is related to the scales
of sediment transport processes, bed forms, and channel geometry. CCHE2D model enables
the calculation of transport of bed load by means of the SEDTRA module [49].

The aim of the numerical modelling of a watercourse at a place where a block ramp
is built was to analyze the hydrodynamic parameters and morphological changes as
well as analyze the impact of bed load transport in the area of the block ramp for t-year
flood discharges. Q50%, Q10%, Q1%, and Qflood were recorded during our measurements
in the field. The t-year floods for Porębianka selected and used in the analysis were:
Q1% = 190 m3·s−1, Q10% = 90 m3·s−1 and Q50% = 25 m3·s−1. The flood recorded during our
field measuring campaign was Qflood = 55 m3·s−1.

3.3.1. Drawing the Modelling Grid, Calibration and Verification Model, and Specification
of Initial Conditions

To perform the simulation, it was necessary to draw a modelling grid. It was used not
only as a spatial object representing the real-life context but also as a graphic presentation
of the model results, and to specify some input parameters in the space modelled. For these
reasons, the grid itself could also affect the quality of the obtained results. Therefore, every
effort was made to draw it with the highest accuracy. It was also given the shape such that
it corresponded as closely as possible to the actual topography of the area, both vertically
and horizontally. It was drawn based on geodesic measurements taken by means of the
dispersed points method (x, y, z). To numerically model the hydrodynamic parameters and
morphologic changes in the Porębianka watercourse channel, a modelling grid was drawn
consisting of 400× 200 nodes (which corresponds to 227 m× 122 m in the field). The nodes
were spaced at 0.57 m × 0.61 m. The grid covered the watercourse channel along with its
floodplain and the investigated block ramp.

The model was calibrated by a comparison of the values obtained from numerical
modelling with the values measured in situ. Hydrodynamic measurements were made for
two flows: low and medium. During the low flow (Q = 1.25 m3·s−1), 45 measuring points
were made, and during the medium (Q = 3.80 m3·s−1) flow, 70 points. Measurements were
made in the river bed upstream and downstream of the structure and on the block ramp’s
slope apron. The hydrodynamic parameters that were compared between the values from
modelling and in situ measurements were water depth, flow velocity, shear stress, and
Froude number. The values were compared using the Nash-Sutcliffe efficiency (NSE) [52],
percent bias (PBias) [53], and coefficient of determination (R2) [53] as statistical measures:

NSE = 1−

 ∑n
i=1

(
Yobs

i −Ysim
i

)2

∑n
i=1
(
Yobs

i −Ymean
i

)2

 (3)

PBias =

∑n
i=1

(
Yobs

i −Ysim
i

)
·100

∑n
i=1
(
Yobs

i
)

 (4)

R2 =
∑n

i=1
(
Ysim

i −Ymean
i

)2

∑n
i=1
(
Yobs

i −Ymean
i

)2 (5)

where Yobs
i is the i-th observation for the constituent being evaluated, Ysim

i is the i-th
simulated value for the constituent being evaluated, Ymean

i is the mean of observed data for
the constituent being evaluated, and n is the total number of observations.

The values of the NSE, PBias, and R2 coefficients are shown in Table 1. It shows that
the model fits properly.
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Table 1. Values of NSE, PBias, and R2 coefficient [53,54].

Water Depth Velocity Shear Stress Froude’s Number Model Fit

NSE values 0.99 0.94 0.99 0.96 proper

PBias values −3.09 −1.45 −2.29 0.13 proper

R2 values 0.99 0.95 0.99 0.97 proper

Due to the design type of the block ramp, consisting of a random and close arrange-
ment of the boulders, the modelling grid had to allow for model simplification for the slope
apron of the structure. This consisted of the presentation of the investigated object as a
smooth surface (disregarding the geometry of the boulders), and the effect of and energy
dissipation caused by, in reality, coarse elements, was reached by attributing the object with
an adequately high value of the Manning’s roughness coefficient. This operation, consisting
of a compromise between the accuracy of the obtained results and the calculation capacity
of the operating system, accelerated the calculation of the simulated flows. Otherwise, to
take account of the complexity of the structure’s geometry, the grid nodes spacing would
have to be made denser (that is, the distances between the nodes made shorter), which
in turn would result in a considerably longer simulation time. All the simplifications in
modelling were done to make them realistic since detailed surveys and measurements on
every block on the ramp would take weeks. On the other hand, terrestrial LIDAR scanning
was not possible since it does not work below water level. Thus, we wanted to prepare the
data for modelling, which might be useful for future fast preparation of the model when
designing a similar block ramp structure.

After the grid was drawn, the model’s basic characteristics, which affect the simulation
quality and speed, were defined.

Simulation parameters:

• Simulation time: 3600 s;
• Time step: 0.1 s;
• Turbulence model: mixing length model.

On the modelling grid, the following were specified:

• The initial water table taken from the consumption curve for the simulated flow;
• River bed roughness;
• Type of bed erosion where only hydraulic structures were defined as non-erodible;
• Bed load soluble layer thickness, the value of which was defined as the largest grain

in the watercourse channel;
• Particle size distribution (Figure 3):

Boundary conditions were defined as follows:

• Upstream: flow (Qflood = 55 m3·s−1) and bed load transport (Tc = 5.7 kg·m−1·s−1) as well
as inflowing sediment distribution (di < 0.030 mm—15%, di = 0.030–0.040 mm—35%,
di = 0.040–0.050 mm—25%, di = 0.050–0.060 mm—15%, di > 0.060 mm—10%);

• Downstream: water table level (H = 432.60 m above sea level).

3.3.2. Model Comparison with Classical Approaches

The aim of the numerical modelling was to analyze the intensity and distribution of
the transported bed load in three longitudinal profiles of the modelling grid (central profile
at 1

2 channel width and two side profiles at 1
4 distance away from the left-hand side bank

and right-hand side bank). We always tried to run at least one profile (or its part) along the
mainstream (Figure 4).
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In the analysis, the correlation was checked between the hydrodynamic parameters
affecting sediment transport (water depth, mean velocity, shear stress, and Shields’ param-
eter) obtained in flow simulation and the fraction distribution of the transported material.
For this aim, Hjulström’s (Figure 5a) and Shields’ diagrams were used (Figure 5b), as well
as the diagram presented in Russian standard ST-24-2396 (Figure 5c) [38–40].

The first diagram (Figure 5a) illustrates the relationship between the flowing water
velocity and sediment material diameter. There are three zones: erosion, transport, and
sedimentation, which inform the given types of phenomena occurring in the channel.

The second diagram (Figure 5b) demonstrates the relationship between Shields’ di-
mensionless parameter and the particle or shear Reynolds’ number. This method is based
on the shear stress derivatives used for the determination of Shields’ parameter and the
derivatives of the bed load’s relevant diameter, which are used for establishing the par-
ticle Reynolds’ number. Depending on the conditions in the channel, there is bed load
movement or there is none. Shield’s dimensionless critical stress was calculated from
the formula:

θ =
τ

(γs − γw)·d
(6)
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In turn, the particle Reynolds’ number was calculated as follows:

Red =
V∗·d

ν
(7)

where:
V∗ =

√
τ
ρ —shear velocity [m·s−1];

τ—shear stress [N·m−2];
d—diameter of bed sediment [m];
γs—specific weight of sediment [N·m−3];
γw—specific weight of water [N·m−3];
ν—kinematic viscosity coefficient [m2·s−1], adopted for the temp. = 100 ◦C.
The third diagram (Figure 5c) illustrates the boundary velocity to boundary water

depth ratio, at which particular sediment fractions are activated. There are three zones
where sediment can or cannot be transported.
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4. Results and Discussion

As was mentioned before, for purposes of this study, we analyzed the hydrodynamic
parameters and morphological changes as well as bed load transport for t-year flood
discharges for Porębianka: Q1%, Q10%, Q50%, and Qflood (respectively: Q1% = 190 m3·s−1,
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Q10% = 90 m3·s−1, Q50% = 25 m3·s−1, and Qflood = 55 m3·s−1). However, in the figures
below, for the sake of simplification and space in this paper, we present only the results
of the numerical modelling for the channel-central profile at discharge Qflood = 55 m3·s−1.
In addition, as it was mentioned before, this discharge was the flood we recorded during
our onsite measurements. This was the flood for which we recorded bed load transport
(shear stresses were higher than initial shear stresses for entrainment) and for which we
validated the 2D model. So, in Figures 6–10 and in Table 2, one will find only results
for Qflood = 55 m3·s−1. However, Figure 11 presents all of our findings for all analyzed
discharges, including t-year floods Q1%, Q10%, Q50%, and Qflood. They are presented here
and subsequently discussed.
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4.1. Detailed Results and Discussion for Qflood

First, the hydrodynamic parameters affecting bed load transport were analyzed. Next,
the changes in the stream channel bed and the river bed formation processes that cause these
changes, simulated by the CCHE2D model, were described [50,51]. Finally, an analysis
of the compatibility of the CCHE2D model with Hjulström’s and Shields’ diagrams and
Russian standard ST-24-2396, which inform of the possibility of the occurrence of the given
bed formation process in the channel, was performed [38–40,44,55].

During the numerical modelling of morphological changes and the vertical plan of the
watercourse channel at flood flow Qflood = 55 m3·s−1 (Figure 6) the most extensive changes
in the river bed system were found in the channel-central section, which is associated with
the main current flowing here and higher values of hydrodynamic parameters, causing
the bed load movement. Along reach L = 30–35 m, the bed load transported by the block
ramp, which was located above the investigated part of the channel, was deposited. Along
reach L = 35–50 m, erosion of the proximal part of a (sand) bar I and a washout of its top
(∆H = −0.10 m) were observed. A major portion of the moved rock material was deposited
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on the distal side of (sand) bar I and in its slipstream (L = 50–88 m). The accumulation rate
in this place decreased along the channel and was ∆H = 0.10 m along reach L = 55 m and
∆H = 0.01 m along reach L = 80–88 m. The bed load material traction rate in the area of bar
I reached the value of Tc = 2.00 kg·s−1, while in the vicinity of the block ramp, it dropped
to Tc = 0.21 kg·s−1.

On the block ramp, bed load transport (no erosion or sedimentation) of Tc = 0.25 kg·s−1

was observed. This value was slightly higher than in the channel above the structure
(Tc = 0.21 kg·s−1), because along reach L = 89, 90 m there was erosion (∆H = −0.04 m). It
was most likely caused by a calculation error of the system, which arose at the boundary
between two erosion layers [55].

Immediately downstream from the structure, along a short reach (L = 111, 112 m), the
bed load was deposited, which may be associated with erosion layer modification at the
river bed, where the model misinterprets the bed load transport conditions. At a further
distance, along reach L=113–160 m, erosion was observed, but its extent varied. At some
sections of ca. 10 m, this extent amounted to ∆H = −0.10 ÷ −0.12 m, but between these,
there were short sections (up to 1 m) of low or even negligible erosion of ∆ ≤ −0.01 m. The
process of larger and smaller extents of erosion sequences (of transport rate Tc = 1.75 kg·s−1)
observed in the region of the channel was analogous to the processes observed with other
simulated flows. Only at the flow lower than Q50% = 25 m3·s−1 (Tc = 0.33 kg·s−1), due to
its lower value and weaker force moving the loaded particle, was the sequence of erosion
and aggradation of rock material observed (Figure 6).

Along reach, L > 160 m, the process of accumulation of transported pebbles was
found (∆H ≤ 0.06 m). Only immediately in front of the block ramp (located outside
the investigated part of the channel) was marginal erosion of the river bed observed to
the extent of ∆H = −0.01 m, which also might be connected with a change of river bed
erosion zones.

Figure 7 illustrates bed load transport results obtained from the model simulation
with the CCHE2D program. Before the modelling procedure input, data bed load material
fractions values d < 0.025 m—15%, d = 0.035 m—35%, d = 0.045 m—25%, d = 0.055 m—55%,
and d > 0.065 m—10% were specified. The simulation proved that all the fractions are
subject to the same transport processes. If pebbles were activated, all the pebbles in the
river bed, regardless of their size, were activated along with the distribution as specified in
the initial conditions. According to Hjulström, this process should first govern the particles
of a smaller diameter, then the bigger ones, and the largest ones in the end. The same takes
place during sedimentation, when all the fractions are deposited in the river channel. The
CCHE2D model, then, deals with mass transport, which does not take account of the river
water flow velocity fluctuations in the channel.

To perform a numerical simulation analysis comparing bed load transport and mor-
phological changes of the river bed with the transport phenomena defined by Hjulström’s
and Shields’ methods [39,40], the longitudinal profile was divided into nine reaches (seg-
ments) so that the values of mean velocity and shear stress in a given segment were close to
each other. The division of individual reaches along with their hydrodynamic characteristic
are as follows:

• L = 30–35 m, h = 1.07 m, V = 1.8 m·s−1, τ = 36 N·m−2;
• L = 35–55 m, h = 0.66 m, V = 2.2 m·s−1, τ = 69 N·m−2;
• L = 55–65 m, h = 0.78 m, V = 2.0 m·s−1, τ = 54 N·m−2;
• L = 65–90 m, h = 0.93 m, V = 1.9 m·s−1, τ = 48 N·m−2;
• L = 90–110 m, h = 0.70 m, V = 3.7 m·s−1, τ = 275 N·m−2—a reach with the block ramp

No. 14;
• L = 110–135 m, h = 1.74 m, V = 2.5 m·s−1, τ = 60 N·m−2;
• L = 135–155 m, h = 1.43 m, V = 2.6 m·s−1, τ = 72 N·m−2;
• L = 155–180 m, h = 1.24 m, V = 2.3 m·s−1, τ = 58 N·m−2;
• L = 180–202 m, h = 1.07 m, V = 2.0 m·s−1, τ = 46 N·m−2.
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Next, the values of parameters averaged on an individual segment were compared
with particle size distribution defined in the model (d = 0.025–0.065 m every ∆d = 0.01 m),
checking by means of Hjulström’s and Shields’ diagrams whether, along a given reach, the
pebbles of particular diameters should be transported and whether this phenomenon was
represented in the model. This helped to determine the usefulness of the numerical model
for the simulation of bed load material in river channels with hydro-structures.

Referring to Hjulström’s diagram (Figure 8), it can be stated that along reach L = 30–35 m,
pebbles of a diameter of d ≤ 0.055 m should be transported, while particles larger than
d ≥ 0.065 m should be deposited [55]. According to the CCHE2D model, the material of all
the observed fractions was deposited (Figure 8).

Along the next analyzed reach (L = 35–55 m), there should be an erosion of fine particle
load (d ≤ 0.025 m) and pebbles of a diameter of d ≥ 0.035 m should be transported. In the
model, the erosion is reflected and the mobility of bed load material of the entire diameter
distribution was observed in the channel (d = 0.025–0.065 m; Figure 8).

Along reach L = 55–65 m, bed load transport was observed while, according to the nu-
merical model, sedimentation took place. The velocity in this segment was V = 2.00 m·s−1

and was slightly lower than in the previous segment (L = 35–55 m, V = 2.20 m·s−1), where
erosion was detected. It can be concluded that the computer program responded to velocity
fluctuations and the tendency to increase or decrease rather than its value. Along reach
L = 65–90 m, again on the basis of the model, sedimentation was observed in spite of the
fact that, following Hjulström’s diagram [39], only coarse material d ≥ 0.065 m in diameter
should be subject to sedimentation, while pebbles of a diameter smaller than d ≤ 0.055 m
should be transported.

On the block ramp (L = 90–110 m) there should be erosion, but the construction of the
object from oversized boulders prevented the observation of it in the model conditions,
in which the inflowing bed load was transported to the object and was later deposited
downstream from it.

Downstream from the structure (L = 110–180 m), according to Hjulström’s diagram [39],
on the entire channel length, there was erosion [55], and a fine-particle material motion
was initiated while the coarse bed load was transported. These data were not compat-
ible with the model results, according to which, along reach L = 110–155 m, there was
erosion and load motion was initiated at mean velocity increasing from V = 2.15 m·s−1

to V = 2.55 m·s−1. On the other hand, when the velocity of the flowing water decreased
(from V = 2.55 m·s−1 to V = 2.00 m·s−1), according to the model, the pebbles were subject
to sedimentation and deposition at the river bed (reach L = 155–202 m).

Additionally, reach L = 35–55 m should be compared with reach L = 155–180 m. Using
the data from the model in the former segment, river bed erosion and rock material motion
initiation at an increasing velocity of V = 2.20 m·s−1 (from V = 1.85 m·s−1 to V = 2.20 m·s−1)
were observed. In the latter segment, sedimentation was observed despite a higher velocity
of V = 2.30 m·s−1, but with a decreasing tendency (from V = 2.55 m·s−1 to V = 2.10 m·s−1).

Following the data presented in Shields’ diagram [40] (Figure 9) it can be stated that,
in the first analyzed reach (L = 30–35 m), the majority of pebbles should be subject to
sedimentation (d ≥ 0.035 m) [44]. Only particles smaller than d < 0.035 m could, in real-life
conditions, be transported. Compared with Hjulström’s diagram (Table 2), where pebble
transport (for d = 0.025–0.055 m) is predominant, there is no compatibility between the two
methods of establishing transport conditions [55]. In the CCHE2D model for this segment,
sedimentation was observed. Such conditions would be the closest to the data presented
in Shields’ diagram (Figure 9), if it were not for the accumulation of all the transported
pebbles, regardless of their size (Figure 8), which the model does reflect.

Along the next analyzed reach (L = 35–55 m), according to the CCHE2D model,
there was erosion and initiation of motion of the pebbles deposited at the river bed at an
increasing flow velocity. According to Shields, bed load transport should be predominant
(d≤ 0.055 m) [44]. The analysis of the CCHE2D model, the classical approach compatibility
on the basis of Shields’ diagram is less accurate than Hjulström’s diagram, because in the
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former there are fewer specified transport conditions. According to Shields [44,55], only
transport or no transport can be distinguished, while according to Hjulström, there is still
erosion [39,55]. This results in the finding that the process of bed load erosion reflected in
the CCHE2D model can be attributed to transport conditions, according to Shields. This is
the case of the described reach.

The next two analyzed reaches (L = 55–65 m and L = 65–90 m) have very similar
river bed formation conditions in both the model approach and according to Shields. In
the former, there is the sedimentation of the carried material. In the latter, there is the
transport of fraction d ≤ 0.045 m and sedimentation of fraction d ≥ 0.055 m. It was
therefore stated that the CCHE2D model and Shields’ diagram are not compatible for the
two segments [44,49]. They could be compatible if the model did not accumulate all the
transported fractions of bed load but would differentiate between them on the basis of
hydrodynamic conditions in the stream channel.

Along reach L = 90–110, the block ramp is located. Due to the heavy inclination of the
slope apron of the structure, the sediment should be transported from the upper side to
the downstream.

Along the next reach, L = 110–135 m, the CCHE2D model reflected erosion of all
the bed load fractions defined in the model. According to Shields’ diagram, transport of
fine and medium fractions (d ≤ 0.055 m) and no movement of coarse fractions should be
observed (d ≥ 0.065 m).

Along reach L = 135–155 m, erosion of the river bed was found in the CCHE2D
model. According to Shields’ diagram, all the deposited fractions (d ≤ 0.065 m) should
be transported. However, as mentioned before, Shields’ diagram does not make any
distinction between transport and erosion conditions, as if they were assigned to a single
phenomenon, which is transport. Hence, it was recognized that the mass transport of all
the pebble particles (even coarse fractions) in Shields’ diagram might suggest fine sediment
erosion, which is confirmed by the more precise Hjulström’s diagram. Consequently, it
is the only segment in which the CCHE2D model can be considered compatible with
Shields’ diagram.

Along the next two reaches (L = 155–180 m and L = 180–202 m), according to the
CCHE2D model, sedimentation takes place at a decreasing flow velocity from V = 2.55 m·s−1

to V = 2.00 m·s−1. According to Shields’ diagram, both the transport of fine fractions
(d ≤ 0.045 m for L = 155–180 m and d≤ 0.035 m for L = 180–202 m) and a lack of movement
of coarse-grained load (d ≥ 0.055 m and d ≥ 0.045 m, respectively) should be observed.
No compatibility of the CCHE2D model with Shields’ diagram can be concluded since
the numerical simulation indicated sedimentation of pebbles of all the sizes found in
the channel [44,49]. Only along the last analyzed reach (L = 180–202 m) were significant
differences between Shield’s and Hjulström’s diagrams found [39,40]. According to the
latter, there should be no sedimentation, accumulation, or lack of bed load movement at all
in this segment, as was the case in Shields’ diagram.

In reference to Russian standard ST-24-2396 [38] it can be stated that, along the first
analyzed reach (L = 30–35 m), the model data do not coincide with those on the diagram
(Figure 10). According to the standard, only particles smaller than d ≤ 0.035 should move
while the other ones should be transported, and in the model, sedimentation of all the
carried pebbles was observed. Along this reach, the data from the ST-24-2396 standard are
the closest to the results obtained from Shields’ diagram [38,40]. In comparison with the
data in Hjulström’s diagram, in turn, the ST-24-2396 standard results, similarly as in the
case of Shields’ diagram, differ substantially [39,40].

Along the next analyzed reach (L = 35–55 m), the CCHE2D model can be considered in
agreement with Russian standard ST-24-2396. However, this agreement may be encumbered
by an error due to a lack of precise data in the standard. The model reflected erosion. In
the standard, on the other hand, only the conditions in which bed load is transported
and stabilized are specified, with no mention of erosion. That is why the model indicated
bed load transport or its erosion. Then, in both cases, these phenomena were classified as
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transport in the Russian standard. According to Shields’ and Hjulström’s diagrams, the
data from the standard can also be considered comparable. In comparison with Shields,
there is a slight difference, that is, no statement of movement of the bed load’s coarsest
fraction (d ≥ 0.065 m), which was not stated in the standard. Hjulström’s diagram, on
the other hand, is more precise than the standard (zones of not only sedimentation and
transport but also erosion observed), so the standard is also in agreement with it, although
Hjulström’s diagram itself is not compatible with the CCHE2D model.

Along the next two reaches (L = 55–65 m and L = 65–90 m) numerical simulation
indicated sedimentation. According to the ST-24-2396 standard, there should be various
river bed formation conditions here. There should be deposition at the river bed and
sedimentation of coarse-grained fraction carried from the upper parts of the channel
(d ≥ 0.065 m for L = 55–65 m and d ≥ 0.055 m for L = 65–90 m), as well as fine-grained
fraction transport (d ≤ 0.055 m and d ≤ 0.045 m, respectively).

Reach L = 90–110 m was located on the block ramp; therefore, due to very differentiated
model conditions (different type of river bed than in other segments, high roughness rate,
large inclination, etc.) the analysis of compatibility with the standard was not performed.

The analysis of next two reaches (L = 110–135 m and L = 135–155 m) indicated
compatibility of the CCHE2D model with the ST-24-2396 standard [38,49]. In the model,
grid erosion was observed in these places, while according to the standard, all the bed load
fractions at the river bed should be transported (d ≤ 0.065 m). Despite the agreement of
the two approaches, the analysis can raise some doubts, as the simulation model results
indicating erosion in the channel had to be assigned to the transport conditions given in
the standard. A similar case was that of reach L = 35–55 m.

Along the last two reaches of the analyzed channel (L = 155–180 m and L = 180–202 m)
there was no compatibility between the CCHE2D model and Russian standard ST-24-2396.
The numerical modelling indicated accumulation of the carried pebbles, while according
to the standard transport, d ≤ 0.055 m was predominant for the former segment and
d ≤ 0.045 m for the latter one.

The performed analysis allows us to state that the CCHE2D model cannot be used for
predicting changes in the composition and morphology of a watercourse bed in the area of
a riprap block ramp. The analysis of results of a model simulation of the above-mentioned
changes indicates that the CCHE2D model does not cover any commonly known physical
laws related to bed load particle traction.

The comparison of hydrodynamic parameters (first of all, flowing water velocity, shear
stresses, and water depth, which determine transport conditions in the channel) obtained
from the numerical simulation with relationships developed by Hjulström, Shields, and
those in the Russian ST-24-2396 standard [38–40] expressly indicates that the values of
these parameters do not determine these conditions. According to Hjulström, in the case
of pebbles of diameter d = 0.025–0.065 m (defined on the model grid as bed load), their
movement should be initiated after V = 2.05–2.90 m·s−1 has been exceeded, and their trans-
port should be observed after V = 1.37–1.90 m·s−1 have been exceeded. However, there is
no such relationship observed on the model grid. Frequently, at the same mean velocity
values, there were varied and sometimes even opposite conditions from sedimentation,
through transport and erosion of the river bed. The lack of response of the model to the
values of the studied parameters was confirmed by the data presented in Shields’ diagram
and that of the ST-24-2396 standard, which, concerning the conditions in the watercourse
channel, usually correlated with the data on Hjulström’s diagram. The values of dimen-
sionless critical stresses (Shields’ coefficient) obtained from the calculations from model
shear stresses indicate that the model does not respond to the values of these parameters,
either. It was similar to the ST-24-2396 standard, in which the relationship of boundary
depth and flow boundary velocity for given bed load fractions also confirmed the lack of
response to the values of hydrodynamic parameters obtained from numerical modelling.
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Table 2. Summary of bed material conditions obtained based on Hjulström’s diagram, Shields’
diagram, the ST-24-2396 standard, and data from the model that were observed during the simulation
carried out for the flow Qflood = 55 m3·s−1.
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30–35 - 25–55 ≥65 ≤25 ≥35 ≤35 ≥45 S ↑ 1.60–1.85 none * none * none *

35–55 ≤25 ≥35 - ≤55 ≥65 ≤65 - E ↑ 1.85–2.20 none none * yes

55–65 - 25–65 - ≤45 ≥55 ≤55 ≥65 S ↓ 2.20–1.95 none none none

65–90 - 25–55 ≥65 ≤45 ≥55 ≤45 ≥55 S ↔ 1.95–1.95 none * none none

90–110 25–65 - - ≤65 - ≤65 - T - - - -

110–135 ≤35 ≥45 - ≤55 ≥65 ≤65 - E ↑ 2.15–2.55 none * none * yes

135–155 ≤45 ≥55 - ≤65 - ≤65 - E ↔ 2.55–2.55 none * none yes

155–180 ≤25 ≥35 - ≤45 ≥55 ≤55 ≥65 S ↓ 2.55–2.10 none none none

180–202 - 25–65 - ≤35 ≥45 ≤45 ≥55 S ↓ 2.10–2.00 none none none

1—Summary of transport conditions (erosion, transport, and sedimentation) for individual pebbles after Hjul-
ström’s diagram; d [mm]—diameter of individual pebbles; 2—summary of transport conditions (sediment
movement or lack thereof) for individual pebbles after Shields’ diagram; d [mm]—diameter of individual pebbles;
3—summary of transport conditions (sediment movement or lack thereof) for individual pebbles after Russian
standard ST-24-2396; d [mm]—diameter of individual pebbles; 4—summary of transport conditions (erosion,
transport, and sedimentation) for sediment after the CCHE2D model and velocity ranges at the beginning and
end of a segment: E—erosion of the watercourse channel; T—transport, traction of pebbles; S—sedimentation,
accumulation of carried material; ↑—velocity increase in an individual segment of channel; ↔—no velocity
increase/decrease in an individual segment of channel; ↓—velocity decrease in an individual segment of chan-
nel; 5—established compatibility of transport conditions presented by the CCHE2D model with the conditions
specified based on mean velocity obtained from numerical simulation using Hjulström’s diagram; 6—established
compatibility of transport conditions presented by the CCHE2D model with the conditions specified based
on shear stresses obtained from numerical simulation using Shields’ diagram; 7—established compatibility of
transport conditions presented by the CCHE2D model with the conditions specified based on critical water depth
and flow velocity using the Russian ST-24-2396 standard; *—in the CCHE2D model, river bed formation processes
are simulated using all fractions in the channel of the modelled stream. This makes an unambiguous evaluation
of compatibility difficult, as only part of the sediment fraction confirmed the agreement of the model with the
classical approach, and part contradicted it.

Therefore, it is necessary to consider what processes affect the sediment entrainment
and transport of pebbles in a watercourse channel if it is not the values of the key hydrody-
namic parameters. From the observations, it follows that it is the variations of mean velocity
and the tendency to increase or decrease. It was often found that if the mean velocity values
increased, regardless of the velocity value itself, pebbles were washed out of the bed, pulled
out, and activated. When the velocity values decreased, the transported material was most
frequently deposited in the channel (regardless of the velocity value itself). When the
velocity remained stable, most often, the rock material was transported (if the transport was
initiated upstream) or its sedimentation took place, and when no sediment was delivered,
there were no modifications of the river bed (no erosion, no sedimentation).
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4.2. Results and Discussion for Q1% Q10%, Q50%, and Qflood

The compatibility of the CCHE2D model, depending on the simulated flow, ranges
from 0% to 50% (Figure 11). It decreases with a flow increase from Z = 46–50% for flow
Q50% = 25 m3·s−1, reaching a very low value of Z = 11–23% for flow Qflood = 55 m3·s−1. The
poorest compatibility was observed for flow Q10% = 90 m3·s−1, with its value in the range
of about Z = 0–22%. As the flow increased, the model compatibility increased to the value
of Z = 23–44% for flow Q1% = 190 m3·s−1. Higher values of model compatibility at lower
flows (Q50%) are caused by the prevalence of sedimentation processes in the modelled
channel. Low values of hydrodynamic parameters obtained from numerical modelling were
often not high enough to trigger the movement or even transport the pebbles deposited
at the river bed, a finding which was also partly confirmed by Hjulström’s and Shields’
diagrams and the ST-24-2396 standard. The reverse takes place at high flow (Q1%), when,
according to Hjulström, Shields, and the ST-24-2396 standard [38–40], mass transport
of all bed load fractions should be observed. The CCHE2D model, on the other hand,
reflects differentiated river bed formation processes, that is, erosion, transport, and even
sedimentation. In the case of mean flows (Qflood, Q10%), the compatibility is the lowest
since, in Hjulström’s [39,55] and Shields’ [40,55] diagrams and according to the ST-24-2396
standard [38], as well as in CCHE2D [49] model, the river bed formation conditions are the
most differentiated but their rate and localization in the channel differ considerably. The
lowest compatibility was noted when comparing the model results with the data obtained
from Hjuström’s diagram. Its structure with three river bed formation processes (erosion,
transport, and sedimentation), not just two as in Shields’ diagram and the ST-24-2396
standard, makes it the most restrictive method of evaluating the processes studied in
model simulations.

It should also be noted that Hjulström’s diagram is a more precise tool for checking
this kind of program [50,55]. It has an additional erosion zone distinguished, which is
missing from Shields’ diagram and the ST-24-2396 standard. This is why in the analysis
of the compatibility of the CCHE2D program, using Shields’ diagram and the ST-24-2396
standard, the transport and erosion processes observed in the model were compared
only with the transport process in Shields’ diagram and the ST-24-2396 standard. This
contributed to obtaining qualitatively poorer comparative data. On the other hand, the data
obtained from Shields’ diagram and the ST-24-2396 standard most frequently overlapped
with the data shown in Hjulström’s diagram [38–40]. In only very few cases, there was no
compatibility between the three methods of determining river bed formation processes.

It might be noticed that a difference between the CCHE2D model results, classical
approaches, and the morphological changes in a river channel is the process of sediment
entrainment and sedimentation of individual bed load particles [55]. On the model grid, it
was found that if pebbles were washed out of the river bed and made to move, the ones
being moved were always those of every size present in the channel (d = 0.025–0.065 m). It
should be remembered that in real-life conditions, however, in the case of nonhomogeneous
bed load, the first pebbles to be moved are those of the biggest diameters because the forces
that act on them cause them to slide against fine-grained sediment. When the sediment
is homogeneous, the first pebbles to be moved are smaller ones, next to those bigger in
size. A similar situation took place in the case of sedimentation, when the bed load of
each fraction specified in the model was deposited. However, it is coarse material that
should be deposited first, fine material next. In the CCHE2D numerical model, this type of
phenomena was not observed in any of the cases. The unit rate of transport was, according
to the model, close to the values obtained from calculations performed with Parker’s
formula, although in the initial conditions, the value from calculations done with the MPM
method was specified as MPM (Figure 12) [42–45].

The numerical modelling was performed for four discharges: Q50%, Qflood, Q10%, and
Q1% (three t-year floods and one tested discharge). Generally, with their increase, the values
of the model-based hydrodynamic parameters and those of vertical changes of the stream
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channel also increased. The transport phenomena most frequently occurred in the same
place of the channel, although they differed in intensity and rate (Figure 13).
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On the modelling grid, there were errors related to the varying bed channel. Block
ramps were described as areas of non-erodible substrate because, otherwise, they were
washed out and the river bed between the upstream and downstream position were
completely levelled. The substrate downstream and upstream of the structure, on the other
hand, was described as erodible. On the border of the two layers, there were errors in the
modelling simulation of the erosion upstream of the structure and a big accumulation of
the carried bed load.

Yeh et al. [48] stated in their paper on the numerical simulation of sediment transport
and morphological changes of the upstream and downstream reach of the Chi-Chi weir
that the CCHE2D model was modified to handle the bedrock erosion when they wanted to
represent their erosion control structures. They also state that the bedrock erosion formula
was modified to be feasible and applicable to the field engineering problem. We suggest
that, in the future, the findings we present in this paper are taken into consideration to
modify the model when working with ramp hydraulic structures (similarly to the results
of Sklar and Dietrich [56,57] being adopted), especially with the large number of them.
Research might be conducted on the basis of results obtained with the classical approaches
analyzed in the present paper. So far (also similarly found in Yeh et al. [48]), the uncertainty
of the data such as channel bed topography, sediment load, its composition, and bed
material composition may affect the prediction accuracy of the numerical model.

5. Conclusions

The conclusions from the study are as follows:

1. Using 2D modelling for bed load transport calculations or the prediction of river bed
morphological processes in a stream where block ramps are constructed must be safe
and sometimes needs additional analysis.

2. In hydraulic engineering, designing works is worthy of using some classical ap-
proaches such as those presented here, Hjulström’s and Shields’ diagrams and/or
Russian standard ST-24-2396, which are classical tools for the analysis of bed load
transport. All hydraulic structure designers and hydraulic engineers are supposed to
be acquainted with at least one of those approaches.

3. Differences with classical approaches of Hjulström, Shields, and Russian standard
ST-24-2396 and 2D modelling results might be due to uncertainty of the data, such as
channel bed topography, sediment load, its composition, and bed material composi-
tion, possibly affecting the prediction accuracy of the numerical model.

4. Prediction of erosion, transport and sedimentation of bed load material, and calcula-
tion of the bed load transport rate in a gravel channel by means of a single numerical
model, 2D in particular, such as CCHE2D, yields results that may be incompatible
with in situ observations and predictions obtained using the classical approaches of
Hjulström, Shields, or Russian standard ST-24-2396. For this kind of task, the use of
at least two different models is suggested, supported by thorough quality control of
the reliability of simulation results by making a comparison to in situ observations of
morphological changes in the stream channel. It should also be remembered that the
model is a simplification of the processes observed in reality. Therefore, the results
obtained from modelling will never be perfectly compatible with classical methods
and with reality.

5. All sediment processes occur in the analyzed reach of the river. The highest val-
ues of hydrodynamic parameters (from V = 2.7 m·s−1 to up V = 5.1 m·s−1, from
τ = 250 N·m−2 to up τ = 560 N·m−2 for Q50%–Q1%, respectively) occur in the block
ramp. All gravel flowing into the structure should be transported downstream, primar-
ily through the central lowering of the slope apron. However, the amount of sediment
transported by the block ramp is relatively low (from Tc = 0.3 kg·m−1·s−1 to up
Tc = 5 kg·m−1·s−1) because a small amount of gravel runs to the object. Sedimentation
and lack of movement dominate directly above the structure for the coarse fraction
(d > 0.045 m), and only the smallest grains are transported (d < 0.045 m). Above the
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block ramp, in the reach of 30–65, high values of hydrodynamic parameters (from
V = 2.0 m·s−1 to up V = 3.5 m·s−1, from τ = 40 N·m−2 to up τ = 150 N·m−2) erode the
central gravel bar, due to which large amounts of sediment (from Tc = 1.1 kg·m−1·s−1

to up Tc = 20 kg·m−1·s−1) are eroded on the upstream side of the bar and sedimented
on the downstream side. Much higher values of hydrodynamic parameters also
occur downstream of the structure (from V = 2.0 m·s−1 to up V = 3.5 m·s−1, from
τ = 50 N·m−2 to up τ = 100 N·m−2), where an extensive erosion of the river bed can
be observed (from Tc = 0.1 kg·m−1·s−1 to up Tc = 10 kg·m−1·s−1). The farther away
from the block ramp, the lower the velocities and forces (from V = 1.5 m·s−1 to up
V = 3.0 m·s−1, from τ = 30 N·m−2 to up τ = 80 N·m−2, from Tc = 0 kg·m−1·s−1 to
up Tc = 2.5 kg·m−1·s−1); the erosion process disappears and the transport and even
sedimentation processes begin to dominate in the river. At this point, a stream of
water flows out of the erosion gutter, which was formed between two side gravel bars.

6. In modern river management and hydraulic structure designing works, there is still
an important place for classical approaches since they form the theory for all the later
developed models. Additionally, the developed models might be still improved based
on the classical results. In some cases of designing works (especially when time is
the issue), using the classical approaches might even be much more effective and still
is advisable.

7. In the future, it might be valuable to change the model into a much more detailed
one where each individual block would be included. It could make calculations much
more precise. However, while such change is possibly useful for scientific reasons, in
the case of a practical survey in the field, it is not. This is because land surveys take a
very long time. In addition, such analysis will be possible in the future when we can
conduct underwater laser scanning.
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Notations

∆H difference in the bed elevation before and after modelling
d diameter of bed material
g gravity
h water depth at measurement point(s)
Qflood flow discharge during a spring flood
Q discharge during measurements
Q% t-year flood
Re Reynolds number
t unit bed load transport
Tc bed load transport
Vav average velocity
τ shear stress
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