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Abstract: When modelling flow and/or sediment transport in streams and rivers, one must frequently use the
computer software of differing levels of complexity. The level of sophistication, accuracy, and quality of results are the
parameters by which models can be classified as being 1D, 2D, or 3D; it seems certain that in the future, there will also
be 4D and 5D models. However, the results obtained from very sophisticated models are frequently questionable, and
designers in the field of hydraulic structures must have considerable experience distinguishing important information
from irrelevant information. Thus, this paper aims to investigate the effect of the selected boulder block ramp hydraulic
structure at Poniczanka stream on the bed-load transport. We evaluated sediment transport using the CCHE2D
numerical model. We analysed several scenarios depending on the river bed type (erodible, non-erodible, rocky) and
examined the rock blocks used for hydraulic structure construction. The obtained results were compared with the
Hjulström and the Shields graph, which are a classic approach for identifying fluvial processes in river channels. In
addition to these two methods, numerical modelling using the 1D HEC-RAS (Hydrologic Engineering Center’s River
Analysis System) modelling were conducted, which included the determination of horizontal and vertical changes to
the river bed morphology of the examined section of river reach as well as providing the basic hydrodynamics
parameters which, from the practical point of view, designers involved in the process of designing ramps could use.

Keywords: boulder blocks ramps, low head hydraulic structures, field measurements, hydraulics, river bed morphology,
HEC-RAS model, CCHE2D model

INTRODUCTION

In recent years, member states across Europe have been
implementing the Water Framework Directive 2000/60/WE (so
called WFD) of the European Union. There has been a prolonged
debate among designers, river managers, fishers, and biologists on
applying all hydraulic structures and engineering methods
intended to preserve river beds in the best possible condition.
Simultaneously maintaining a river morphology close to nature
while preventing river bed erosion (through sediment transport
management) and providing flood protection. Along many

sections of the Carpathian rivers, river bed systems are still
obliged to comply with technical river regulations that are not
always appropriate [CURTEAN-BĂNĂDUC et al. 2007; ZALEWSKI et al.
2021]. It is, therefore, necessary to recognise which mountain
river training structures can be accommodated in a mountain
river fluvial system and positively affect the biological life of both
macrobenthos and fish [BYLAK et al. 2017; KUKUŁA 2003; 2006].
Thus, field studies and works were undertaken to examine the
boulder block ramps within the mountain channels and later use
these investigations’ results for modelling ramps. The numerical
and physical modelling in laboratories (e.g. PAGLIARA et al. [2017])
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improves their construction in terms of their hydraulics and their
impact on the river environment. No one would question that
water flow is a very complex problem needing theoretical
understanding and much 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 application. Over recent years, the practical
implementation of numerical software programs has rapidly
improved; therefore, the results obtained through them can be
applied to practical solutions [GĄSIOROWSKI et al. 2015; SZYMKIE-

WICZ 2012; 2015]. However, one has to be very careful and
experienced when using models. The similarity between a river
and its model can only be partially verified. In this sense, only
some modelling results might be used for design recommenda-
tions [PLESIŃSKI et al. 2015; 2018b; 2022]. Ultimately, the engineer
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 paper, numerical modelling of a Boulder
Block Ramp (BBR), which belongs to the low head hydraulic
structures group, was performed using the CCHE2D and the
HEC-RAS (Hydrologic Engineering Center’s River Analysis
System) models.

To introduce boulder ramps, one has to bear in mind that
the stabilisation of mountain stream channels, characterised by
steep longitudinal slopes, considerable changeability of the water
stage, flash floods, and massive bed-load transport, can be
obtained through the construction of stages of falls or weirs to
create a given critical slope of the stream bed. Such measures
unfavourably influence the natural environment. In this context,
the best solution to the problem of river-channel protection from
the impact of flash flows caused by the reduction of the
longitudinal slope of the river seems to be the application of
boulder ramps [KNAUSS 1980; OERTEL 2013; PAGLIARA et al. 2017;
PAGLIARA, PALERMO 2013; RADECKI-PAWLIK 2013; TAMAGNI et al.
2014; WEITBRECHT et al. 2016].

These structures enable the migration of fish and benthic
macroinvertebrates (benthos), lead to water oxidation, and blend
into the landscape [BYLAK et al. 2017; PLESIŃSKI et al. 2018a]. The
pools which form, the presence of which is caused by the hydro-
dynamics of the flow, should be preserved in the sections between
the rapid hydraulic structures. Stones of different sizes should be
placed in the river bed to create shelter for fish and other living
organisms [RADECKI-PAWLIK et al. 2018]. Such shelters should also
be located along river banks. The proposed solutions meet the
ecological requirements of blending into the landscape and requir-
ements connected with the stabilisation of the stream channel.

The proper selection of stone sizes and their positioning on
the rapid hydraulic structure (RHS) significantly influences the
efficiency of the rapid and its integration with the natural
environment. The dimensions of stones in the slope plate of the
rapid in relation to the computational velocity and the rapid slope
are presented in Table 1 [KNAUSS 1980]. Flow velocity over the
RHS can be measured for a better understanding of the hydraulics
of structures and to improve their construction with regard to
meeting the environmental requirements given by the EU Water
Framework Directive.

Special attention is given to sediment transport in the paper.
Sediment transport in rivers and streams has been extensively
studied since the 1950s, resulting in various models that have thus

far been used for load prediction. The major sources of sediment
in natural rivers and streams are overland flow, stream-channel
erosion, bank cutting, and small erosion channels made in
unconsolidated soil [ENGELUND, HANSEN 1967]. Estimates of
transport rates in gravel-bed rivers have either been developed
using formulae or obtained from sampling exercises, the former
being considerably more uncertain and the latter more accurate
[WILCOCK et al. 2001]. In this paper, we focused on sediment
transport modelling under the influence of boulder block ramps
(BBR). One particular ramp was chosen for the investigations and
examined in detail.

The examined structure is situated in Poniczanka stream in
the Polish Carpathians. We performed numerical modelling of
the stream channel within the area of influence of this BBR
hydraulic structure. The modelling analyses different variants
depending on the type of sloping apron of the BBR (erodible,
non-erodible, and rocky). The primary purpose of these
simulations was to demonstrate the effect of the analysed BBR
on bed-load transport and morphology changes of the river bed.
To confirm the reliability of the used model, we compared the
obtained results with the Hjulström and Shields graph [HJULSTRÖM

1935; SHIELDS 1936], which is a classic approach to identifying
fluvial processes in river channels. Field data was collected and
field measurements were conducted to perform such an analysis.
Finally, based on the obtained numerical modelling results and
the classical Hjulström and Shields approach, we did a compara-
tive analysis to evaluate the consistency of the CCHE2D model
with the Hjulström and Shields graph.

The additional purpose of this paper was to present the
hydrodynamic parameters of the BBR in Poniczanka stream and
provide readers with information on the hydraulics of the ramp
obtained with 1D HEC-RAS model. HEC-RAS is a one-dimen-
sional model designed to aid hydraulic engineers in the channel-
flow analysis and floodplain determination. The model’s results
can be immediately understood by designers and river managers,
hence our decision to use this model here to show basic hydraulics.
In HEC-RAS, the primary procedure is to compute water surface
profiles assuming a steady, gradually varied flow scenario called the
direct step method. Because HEC-RAS authors proposed a very
clear method using a basic hydraulics equation, the problems
which might occur could be checked and easily verified.

MATIERIALS AND METHODS

FIELD STUDY AREA

The Poniczanka is a stream located in the Polish Carpathians. The
Poniczanka is a tributary of the Raba River, a tributary of the
Vistula River. The Poniczanka catchment is located on the north-

© 2022. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences – National Research Institute (ITP – PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/3.0/)

Table 1. Dimensions of stones on the boulder block ramp

Water velocity v (m∙s–1) for BBR inclination Stone
dimension (m)1:8 1:10 1:15

2.50 2.70 3.70 0.6

4.60 4.90 5.80 0.8

7.00 7.60 8.90 1.2

Source: KNAUSS [1980].
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western slope of the Gorce Mountains and covers an area of
approximately 33.1 km2 (Fig. 1).

The sources of the river are at an altitude of 986 m a.s.l., and
the lowest point of the catchment is at 485 m a.s.l. The examined
boulder block ramp hydraulic structure (Fig. 2) is located on
Poniczanka stream, 3.5 km upstream from the mouth of the Raba
River. This BBR is an example of a cascade ramp; the width of the
notches is around 10 m. The distance between the upstream and
downstream curtain walls is 24 m. The block ramp is made of
blocks with a diameter of approximately 1.2 m (Photo 1)
(measured as axis ‘b’ in terms of sediment measurement
requirements). Upstream and downstream of the BBR, a one-
thread channel was formed by non-engineered river banks.

STUDY METHODS

Field measurements

The measurements were performed to deliver data for precise
modelling with CCH2D and HEC-RAS, and use with the
Hjulström and Shields graph. Detailed survey measurements
were conducted using the Topcon GTS-226 level and the Topcon
Total Station GTS-105N along a 100 m river reach. The BBR was
very densely packed with boulders at approximately 50 m
upstream and 40 m downstream from the block ramp (Fig. 2).

Measurements were performed in May 2014, both before
and just after a flood (Q = 33.5 m3∙s–1), to show changes in the

Fig. 1. The Poniczanka catchment and the researched boulder block ramp
position; source: own elaboration

Fig. 2. Survey measurement points
along the research reach and BBR;
source: own elaboration

Photo 1. Boulder block ramp on Poniczanka stream views: a) towards
upstream, b) towards downstream (phot.: K. Plesiński)
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morphology of the bed after the flood. For the minimum annual
flow for this stream, Q = 0.01 m3∙s–1, the annual average flow
Q = 0.56 m3∙s–1, and the maximum annual flow Q = 38.10 m3∙s–1

for the Rabka gauge station on Poniczanka stream for the rating
curve relating to the previous 20 years. Measurement points were
concentrated across the stream section with the boulder block
ramp hydraulic structure to obtain its detailed geometric shape
(Fig. 2, Photo 2a).

In the next stage of the process, coarse and fine sediment
were sampled. The grain size of coarse gravel material was
performed by the Wolman method [WOLMAN 1954], which
involved measuring the “b” axis of 400 particles along a transect
(Photo 2b). For fine sediment grains, an aerodynamic analysis
was done.

The survey and the sediment sampling were both performed
before and after the May 2014 flood. Concerning particle size
distribution dmean of the bed-load, the median diameter was

calculated based on the 20th, 50th, and 80th percentile (d20, d50,
and d80, respectively) from FOLK and WARD [1957] and HELLEY

[1969]:

dmean ¼
d20 þ d50 þ d80ð Þ

3
ð1Þ

By obtaining field results, it was possible to perform
numerical analyses. This was performed using the CCHE2D
and the HEC-RAS program for the same value as that which
occurred during the May 2014 flood). A schematic diagram
(Fig. 3) of both models’ input data and output data is shown
below.

1D HEC-RAS model

The model was developed to simulate one-dimensional steady
flow, unsteady flow, and sediment transport/mobile bed compu-
tations in rivers [BRUNNER 2010; 2016]. Although the model is

Photo 2. Measurements along Poniczanka stream: a) survey of the BBR, b) bed sediment collection (phot.: K. Plesiński)

Fig. 3. A schematic diagram of the input data and output data at the models; source: own elaboration
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one-dimensional, it can describe complex river cross-sections and
their variation along the river. The sediment transport capability
of the model was tested to simulate its effect on the river bed and
banks based on the hydrodynamics computed by HEC-RAS 5.0.7
(Hydrologic Engineering Center’s River Analysis System).

The HEC-RAS is a one-dimensional river analysis model
that can make calculations for steady flow, unsteady flow,
sediment transport, and water temperature modelling [BRUNNER

2010]. The model can perform calculations for both prismatic and
natural channels. It is free software developed by the US Army
Corps of Engineers to aid water engineers and planners. The river
analysis components within HEC-RAS include steady flow water
surface profile computations, unsteady flow simulations, sedi-
ment transport simulations, and water quality analyses. A com-
mon factor for all four simulation routines is that they all adopt
the same geometric representation of the river system.

Additionally, the model contains some hydraulic design
features that can be used once the water surface profiles have been
computed [BRUNNER 2010]. In HEC-RAS, the water surface profile is
calculated using an iterative procedure known as the standard step
method from one cross-section to the other through the energy
equation. Values for flows are needed for each cross-section to
calculate the water surface profiles. These should be specified from
upstream to downstream for each reach. For a given river system, at
least one flow value should be entered for each reach. When a flow
value is entered for a steady flow, it stays constant until another
value is encountered within the same reach [BRUNNER 2010].

The basic computational procedure of HEC-RAS for steady
flow is based on the solution of the one-dimensional energy
equation [BRUNNER 2010; 2016]. Energy losses are evaluated by
friction and contraction/expansion coefficients. The momentum
equation may be used in situations where the water surface profile
rapidly varies.

The basic computational procedure is based on an iterative
solution to Equation (2):

H ¼ Z þ Y þ
av2

2g
ð2Þ

where: H = the total energy (m), which at any given location
along the stream is the sum of potential energy Z + Y and kinetic
energy av2

2g
(m), a = Saint-Venant coefficient (–), g = gravitational

acceleration (m∙s−2). The change in energy between two cross-
sections is called head loss.

2D CCHE2D model

The CCHE2D is an integrated software package developed at the
National Center for Computational Hydroscience and Engineer-
ing, of the Mississippi University. It is a general numerical model
for two-dimensional simulation and analyses of free surface flows
and the associated processes [JIA, WANG 2009; WU 2004; WU,
WANG 2005]. The equations used in the CCHE2D software are:
Equation (3) – the continuity equation and Equation (4) – the
momentum equation.

@A

@t
þ
@Q

@x
¼ q ð3Þ

@

@t

Q

A

� �

þ
@

@x

�Q2

2A2

� �

þ g
@h

@x
þ g Sf � S0

� �
¼ 0 ð4Þ

where: x and t = the place (m) and time (s) axes, A = the flow area
(m2), Q = the flow discharge (m3∙s–1), q = the unit discharge

(m2∙s–1), h = the flow depth (m), β = the correction of the
momentum factor (–), S0 = the slope of the river bed (–), and
Sf = the frictional slope (–).

In the dynamic wave method, a complete momentum
equation is used. The complete momentum equation and the
continuity equation can only be solved by numerical methods.
The momentum equation for the wave spreading model in
Equation (5). The equation for non-uniform sediment transport
in Equation (6):

@h

@x
þ Sf � S0 ¼ 0 ð5Þ

@ ACtkð Þ

@t
þ
@Qtk

@x
þ

1

Ls
Qtk � Qt�kð Þ ¼ qlk ð6Þ

where: Ctk = sediment density for the size of k units (kg∙m–3),
Qtk = the rate of actual carried alluvia for the size of k units,
Ls = the length of the distance that sediment is inconstantly carried
(m), and qlk = the side discharge or output sediments in the width
unit (m) [KAMANBEDAST et al. 2013].

A model mesh was created in the CCHE2D program using
previously conducted survey measurements; therefore, it accu-
rately maps the terrain. It is also used to visualise the results of the
analysis. Greater mesh and smaller mesh node distances provide
a higher level of accuracy in the results but require a longer
simulation time. Here, the mesh was designed to be 113 m long
and 24–30 m wide (I = 150, J = 400, which gives 60,000 nodes).
For modelling purposes, three variants of BBR were analysed as
far as the river bed is concerned: the first variant assumed an
erodible block ramp (variant 1); the second, a non-erodible BBR
(variant 2); and rocky BBR – plain rock bed (variant 3).
Depending on the type of variant, different degrees of roughness
were determined. In variants 1 and 2, the roughness coefficient
was n = 0.047, calculated using the Strickler formula [YEN 1991],
assuming that the diameter (dm) of the boulders along the BBR
was an average of 1 m. In variant 3, the roughness coefficient was
supposed to be n = 0.015, and this value was read from the
hydraulic tables provided by CHOW [1959]. Based on field
measurements and grain size distribution, seven grading
classes have been assumed, summarised in Table 2 and Figure 4,
and further applied in numerical modelling.

Table 2. Grain size distribution and adopted seven grading classes
using measurement data

Specification
Grading class

1 2 3 4 5 6 7

Diameter (m) 0.023 0.028 0.038 0.049 0.062 0.070 1.000

Percentage
share of grain
size in each
class

area 1 7.5 8.5 24.0 27.5 19.5 13.0 0

area 2 10.0 15.0 27.0 23.0 13.0 12.0 0

area 3 16.0 12.0 20.0 27.0 16.0 9.0 0

area 4 13.0 12.0 35.0 21.0 19.0 0 0

area 5 0 0 0 0 0 0 100

Source: own study.
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RESULTS AND DISCUSSION

CLASSICAL APPROACH

When discussing sediment transport, one needs to know the
difference between the competence and the capacity of a river.
The competence is the maximum particle size of load a river is
able to carry, whereas capacity is the total volume of material
a river can transport. The Hjulström curve [HJULSTRÖM 1935]
shows the relationship between river velocity and competence; it
shows the velocities at which sediment will normally be eroded,
transported, and deposited. The critical erosion velocity curve
shows the minimum velocity needed for the river to erode (pick
up) and transport material of different sizes (e.g., bed-load or
suspension). A greater velocity is required to erode material
compared to just transporting it. The mean settling velocity curve
shows the velocities at which different-sized particles are
deposited. In his field study, HELLEY [1969] found a very strong
agreement with Hjulström’s discoveries for large particles
referring to coarse gravel.

Critical values of the parameters of disturbance of the
stability of particles of the river bed material are also determined
according to the Shields criterion (1936). The graph shows the
relationship of Q = f (Re*). Sediment transport can start in
laminar and turbulent motion, with the lowest shear stress values
in the transient motion. It is not possible to describe the Shields
curve with a single mathematical relationship; therefore, several
researchers described the curve with a series of formulas valid for
selected ranges of Reynolds number (Re*) [DĄBKOWSKI 1992;
HÄMMERLING et al. 2014].

Thus, it was decided to use the classical and reasonable
Hjulström and Shields concept [GRAF 1984; HJULSTRÖM 1935;
SHIELDS 1936] to verify all the data obtained by numerical
modelling. To compare the results, twenty-one different points
were selected in the analysed sections (Fig. 5), which differ in
terms of morphology and roughness [BUFFINGTON 1995]. The flow
velocity (v), the change in river bed elevation (ΔH), and the d50
sediment diameter were then read from CCH2D at these points
(Tab. 3).

Fig. 4. River bed zones defined in the model: a) grain areas,
b) roughness coefficients n; source: own study

Fig. 5. Points of analysis created in the
CCH2D model; source: own study

Table 3. Characteristics of flood wave transition for variant 1 based on numerical modelling

Point

Parameter

v (m∙s–1)
ΔH d10 d25 d50 d75 d90 dmean

m

1 3.53 –0.023 0.021 0.025 0.041 0.050 0.060 0.033

2 0.38 0.014 0.022 0.028 0.035 0.044 0.054 0.041

3 3.00 0.187 0.021 0.025 0.041 0.050 0.060 0.043

4 1.73 –0.106 0.022 0.028 0.035 0.044 0.054 0.043

5 2.86 0.148 0.022 0.028 0.035 0.044 0.054 0.044

6 2.87 –0.406 0.021 0.025 0.041 0.050 0.060 0.043
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2D MODELLING WITH CCHE2D

Firstly, the grain size characteristic diameters for the 10th, 25th,
50th, 75th, and 90th percentiles were determined for twenty-one
selected points (Fig. 5). Based on the Hjulström and the Shields
graph, the points were checked for erosion and transport, and
sedimentation of the material for the three variants of the BBR
was considered. Next, it was identified whether the results

obtained were consistent with those obtained from numerical
modelling. The compliance test was based on results obtained
from the Hjulström and the Shields graph for results from
numerical modelling, and based on field observations (survey
data from before and after the flood of May 2014 – changes in
river morphology are shown in Fig. 6). In cases where the river
bed change (ΔH) after the simulation is negative, there is river
bed erosion; otherwise, there is sedimentation. In this scenario,
the results from CCHE2D were compared with those obtained

Point

Parameter

v (m∙s–1)
ΔH d10 d25 d50 d75 d90 dmean

m

7 2.72 0.347 – – – – – 0.053

8 2.54 0.024 – – – – – 0.0883

9 1.48 0.919 – – – – – 0.068

10 0.61 0.814 0.024 0.027 0.035 0.048 0.065 0.049

11 2.25 0.575 0.024 0.027 0.035 0.048 0.065 0.053

12 3.14 –0.157 0.026 0.032 0.040 0.053 0.065 0.046

13 3.32 0.065 0.026 0.032 0.040 0.053 0.065 0.045

14 2.15 0.012 0.024 0.027 0.035 0.048 0.065 0.047

15 3.75 –0.010 0.026 0.032 0.040 0.053 0.065 0.045

16 2.18 –0.072 0.024 0.027 0.035 0.048 0.065 0.044

17 2.31 0.312 0.026 0.032 0.040 0.053 0.065 0.046

18 2.60 –0.344 0.026 0.032 0.040 0.053 0.065 0.045

19 3.03 –0.096 0.024 0.027 0.035 0.048 0.065 0.045

20 2.61 0.259 0.024 0.027 0.035 0.048 0.065 0.046

21 2.97 0.095 0.024 0.027 0.035 0.048 0.065 0.044

Explanations: v = flow velocity, ΔH = change in river bed elevation, d10, d25, d50, d75, d90 = sediment diameters for the 10th, 25th, 50th, 75th, and 90th

percentiles, respectively, dmean = mean sediment diameter.
Source: own study.

cont. Tab. 3

Fig. 6. Initial river bed, finished river bed after simulation and morphological changes as
well as twenty-one analysed points marked for BBR variant 1 acc. to CCH2D model; the
left scale presents altitude in metres above sea level; the right scale presents differences
in altitude in metres; source: own study
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from the Hjulström and the Shields graph. If at least three of the
five analysed characteristic gravel diameters were the same, it was
considered that the CCHE2D model is consistent with the
Hjulström and the Shields graph. A similar analysis was
conducted based on field observations (survey field data) in
which changes in the river bed morphology of the stream bed
were compared with the changes obtained from numerical
simulation.

In the paper, the detailed results of the study are presented
only for the first variant with the erodible sloping apron of the
BBR (Tabs. 3, 4); the test procedure in the remaining two is
identical. However, all the results are presented in Table 4 for the
three variants of BBRs tested in our analysis. Based on the figure
for river bed changes, erosion occurred at points 1, 4, 6, 8, 12, 15,
16, 18, and 19, while sedimentation occurred in the remaining
points (Fig. 6).

Table 3 shows the results of numerical modelling during the
flood wave transition for variant 1. The results include the flow
velocity (v), between 0.38 and 3.75 m∙s–1, and the river bed level
(ΔH) change, varying from –0.406 m to 0.919 m. In eight cases,

erosion was observed (negative results), while in thirteen cases,
sedimentation was observed (positive results) – Table 3.

The distribution of the grain size upstream from the BBR is:
from 0.021 up to 0.022 m for diameter d10; between 0.025 and
0.028 m for d25; between 0.035 and 0.041 m for d50; between 0.044
and 0.050 m for d75; between 0.054 and 0.060 m for d90; between
0.033 and 0.044 m for dmean. Downstream from the BBR, the
distribution of the grain size is as follows: between 0.021 and
0.026 m for diameter d10; between 0.027 and 0.032 m for d25;
between 0.035 and 0.041 m for d50; between 0.048 and 0.053 m for
d75; between 0.054 and 0.065 m for d90; between 0.044 and
0.053 m for dmean.

The Hjulström graph (Fig. 7) indicates whether erosion,
transport, or sedimentation of the material occurred. Looking at
this graph, it is possible to see the grain size fraction eroded under
the flood condition, which caused the morphological changes of
cross-sections of Poniczanka presented in Figure 8 that were
measured in the field just after the examined flood. Having the
results obtained from the Hjulström graph, it was then possible to
compare them with numerical modelling results (Tab. 3). In eight
cases, similar results were observed, while inconsistencies were
found in ten cases. This yielded a 44% agreement between the
CCHE2D model and Hjulström’s classic graph. Based on this
analysis, it could be stated that erosion occurred at points 1, 6, 12,
and 15. For points 2 and 10, sedimentation was observed.
However, sediment transport was observed in the remaining
points.

Based on changes in the river morphology of the analysed
cross-sections, a change in the river bed level could be observed
(Fig. 8). One can notice five cross-sections upstream from the
tested BBR and seven downstream from it. The cross-sections

Table 4. Consistency of numerical results with the Hjulström
graph

Point
Parameter Consistency of

CCH2D model with
Hjulström graphd10 d25 d50 d75 d90 ΔH

1 E E E E E – yes

2 S S S S S + yes

3 E E E E E + no

4 T T T T S – no

5 E E E E E + no

6 E E E E E – yes

7 – – – – – + –

8 – – – – – + –

9 – – – – – + –

10 S S S S S + yes

11 E E T T T + no

12 E E E E E – yes

13 E E E E E + no

14 E E T T T + no

15 E E E E E – yes

16 E E T T T – no

17 E E T T T + no

18 E E E T T – yes

19 E E E E E – yes

20 E E E E T + no

21 E E E E E + no

Explanations: E = erosion, T = transport, S = sedimentation: determina-
tion of the stream carving activity based on the Hjulström graph for the
characteristic diameters d10, d25, d50, d75 and d90 in the analysed points;
d10, d25, d50, d75 and d90 = as in Tab. 3, ΔH = change in bottom (“–”
erosion, “+” sedimentation).
Source: own study.

Fig. 7. Hjulström graph with the analysed points for the BBR with
erodible river bed calculated in the CCHE2D model; source: own study
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were performed at distances of 22, 17, 12, 7, and 2 m upstream
from the BBR and at distances of 1, 2, 3, 5, 7.5, 13, and 21 m
downstream from it.

Erosion of the river bed of up to 0.5 m could be observed in
all cross-sections upstream of the BBR. The largest incision can be
seen in the cross-sections furthest upstream from the BBR, with
a tendency to decrease the incision to 0.15 m in the cross-section
closest to the BBR. While in all the analysed sections at the lower
station downstream of the BBR, the river bed incision reaches 1 m.

Table 5 presents the analysis of the consistency of numerical
modelling results with the Hjulström and the Shields graph in the
context to field observations for three different variants. The first
column compares the consistency of the CCHE2D model with the
Hjulström graph for the erodible block ramp (variant 1), then for
the non-erodible block ramp (variant 2) and third for the rocky
plain river bed (variant 3). The highest consistency was noted for
variant 1 (44%), while for variant 2 it was 39%, and it was the
lowest for variant 3 (33%). Columns 5, 6, and 7 illustrate the
CCHE2D model consistency with the Shields graph for individual
variants. The highest consistency was achieved at 61% for
variants 1, while 56% for variant 2 and 3.

1D MODELLING WITH HEC-RAS

Our available data set from Poniczanka stream was compiled and
analysed for an improved understanding of the river system and
in support of subsequent numerical modelling. The 1D HEC-RAS
model requires the use of data of particular value, including river
bathymetry, flow data, water levels, and sediment characteristics.
These data were described in detail in this paper in different
chapters. To look at sediment data in the Poniczanaka boulder
ramp area, we first employed the HEC-RAS model, which was
seen as suitable for performing this study.

In the HEC-RAS, boundary conditions are required to form
initial water surface profiles at the extremes of the river system
(upstream and downstream). The basic computational procedure
of HEC-RAS for steady flow is based on the solution of the one-
dimensional energy equation [USACE 2016a, b]. Energy losses
are evaluated by friction and contraction/expansion. The
momentum equation may be used when the water-surface profile
rapidly varies. We decided to calculate changes in hydrodynamic
parameters for the Poniczanka ramp based on the initial and
boundary conditions which we observed in the field and could
apply directly to the model.

Fig. 8. Changes to the river bed before and after the May 2014 flood in selected cross sections; source: own study
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One has to bear in mind that there is a lot of uncertainty in
sediment modelling in the HEC-RAS due to uncertainty in the
data for the bed change calculation and the empirical nature of
applied functions, which are highly sensitive to physical variables
[BRUNNER 2010]. The HEC-RAS model uses hydrodynamic
simplifications for the mobile bed transport by implying
a quasi-unsteady flow assumption rather than an unsteady flow,
which would take a longer computation time. The quasi-unsteady
flow technique applies a series of discrete steady flow profiles
which remain constant for the given time intervals.

Various transport functions exist in the HEC-RAS model
where a special module is installed to perform sediment transport
calculations and a formula for the calculation could be chosen by
the user. The formula is usually corresponding with characteristic
of the river or the stream and the most common parameter for
selecting a transport function is the grain size distribution from
a grain size curve for the sediment. This is because the transport
functions have been developed for a range of grain size
applications. Such grain-size curves were done using sieve
analysis method for Poniczanka stream in the research reach.
In the HEC-RAS model, there are seven different transport
functions to choose from a list, but for the purpose of this study,
we have chosen MEYER-PETER and MÜLLER [1948] equation
(MPM). MPM equation is the most popular in Poland but also
it is a formula which fits the best for Polish Carpathian alluvial
mountain streams which cats through Carpathian flysch.

Numerous studies have been performed in Polish Carpathian
rivers [BARTNIK 1992; MICHALIK 1990], and the MPM equation has
been verified using radioisotope methods [MICHALIK 1990;
RADECKI-PAWLIK 2014] and the values obtained from the MPM
equation were in line with field study observations.

To run HEC-RAS for the Poniczanka BBR, we ran the
modelling for the flood with a discharge Q = 33.5 m3∙s–1. Under
this discharge entrainment and transport of sediment particles for
Poniczanka stream could be noticed since threshold shear stresses
for sediment motion are high enough for sediment movement.
Based on Table 6, it can also be seen that the consistency of the
HEC-RAS model with the Hjulström and the Shields plot. The
consistency of numerical modelling results with the Hjulström
and the Shields graph and in the context of field observations was
observed at 68 and 79% appropriately.

Below, we present the graphs showing the modelling results.
In Figure 9, we present changes to the river bed taken from HEC-
RAS and CCHE2D for comparison of the obtained results.

Figure 10 presents the results of the comparison of the
Hjulström graph with the results obtained with HEC-RAS, as this
was due to it being prepared similarly for CCHE2D. Finally,
Figure 11 presents the results obtained with the 1D model and the
2D model in the Shields classical graph.

As may be seen from the results of simulation with HEC-
RAS, the consistency of the model output data with the Hjulström
graph is very high at the level of 68% and additionally 79% with

Table 5. Analysis of the consistency of numerical modelling results in the CCHE2D model with Hjulström and Shields graph in the
context of field observations

Section Point

Consistency of the CCHE2D model with Hjulström graph
for the

Consistency of the CCHE2D model with Shields curve for
the

erodible BBR
(variant 1)

non-erodible BBR
(variant 2)

rocky BBR
(variant 3)

erodible BBR
(variant 1)

non-erodible BBR
(variant 2)

rocky BBR
(variant 3)

Upstream

1 yes no no yes no no

2 yes yes yes yes yes yes

3 no no no no no no

4 no no no yes yes yes

5 no no no no no no

6 yes yes yes yes no no

Downstream

10 yes yes yes yes yes yes

11 no no no no yes no

12 yes yes yes yes yes yes

13 no no no no yes no

14 no no no no no no

15 yes yes no no yes no

16 no no no yes no yes

17 no no no no no yes

18 yes yes yes no no yes

19 yes yes yes no no yes

20 no no no no yes no

21 no no no no no no

Consistency (%) 44 39 33 61 56 56

Source: own study.
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the Shields curve. Simple hydraulics – often criticised by many,
but in fact, is not so simple – used in the 1D HEC-RAS model in
addition to the MPM sediment transport equation. In this case is
the most appropriate choice for the Polish Carpathians [MICHALIK

1990; RADECKI-PAWLIK 2014] gives a good approximation of the

Table 6. Analysis of the consistency of numerical modelling
results in the HEC-RAS model with Hjulström and Shields graph
in the context of field observations

Section Point
Consistency of the HEC-RAS model with

Hjulström graph Shields curve

Upstream

1 yes yes

2 no yes

3 no yes

4 yes yes

5 yes yes

6 yes yes

Down-
stream

10 yes yes

11 yes yes

12 no no

13 no no

14 no no

15 no no

16 yes yes

17 yes yes

18 yes yes

19 yes yes

20 yes yes

21 yes yes

22 yes yes

23 yes yes

Consistency (%) 68 79

Source: own study.

Fig. 9. Graphic visualisation of results of changes to the river bed before
and after flood on the Poniczanka BBR and within its vicinity for: a) the
HEC-RAS model, b) the CCHE2D model; source: own study

Fig. 10. Hjulström graph with the analysed points for the BBR calculated
in the HEC-RAS model; source: own study
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results of erosion transport and sedimentation in comparison to
the classical Hjulström concept. This is contrary to previously
presented 2D CCHE2D model results which could only yield
a maximum of 56% consistency. This raises the question of why
this occurs. Our field observations, which have been performed
over the last 30 years on streams in the Carpathians, show
significant incision of streams and rivers due to there being a lack
of sediment which might be transported [HAJDUKIEWICZ et al.
2018; WYŻGA et al. 2016; 2018; ZAWIEJSKA et al. 2015]. This is
interesting, especially in small catchments where sediment is
mined from river channels (illegally as well as legally) [MIKUŚ

et al. 2013; RADECKI-PAWLIK et al. 2015; WYŻGA et al. 2016]. It
appears as though in such conditions, the simple prediction of
erosion, transport, and deposition (in our case, the Hjulström
concept) works better than any sophisticated modelling. This is
also confirmed by the works of MICHALIK [1990] in which many
methods of sediment transport calculation for flysch in the gravel
beds of Polish Carpathian rivers were tested in a radioisotope
experiment for the Raba and Dunajec rivers, where the well know
MPM sediment equation is the most effective. Returning to our
modelling, 1D HEC-RAS presents an opportunity to apply MPM
and at the same time, does not require any mesh to be
constructed where many errors might occur when working with
2D models. Many simplifications in HEC-RAS are in line with the
clear Hjulström concept and Shields postulates. Furthermore, any
2D and especially 3D modelling demands a huge effort to stabilise
a model due to boundary conditions and verifications performed
on field data. In 1D HEC-RAS, we basically have roughness and
a slope responsible for obtained results [CZECH et al. 2016; KAŁUŻA

et al. 2018; KUNDZEWICZ et al. 2017]. These two factors are very
sensitive but also very easy to verify. For 2D models, we are not
always sure if we have an appropriate mesh size or a long enough

time for calculations. It is very often not a fault of the model but
rather a limitation of computer power since we cannot wait for
the results for days or even, in the case of 3D modelling, for weeks
[PLESIŃSKI et al. 2018b; 2022]. Thus, the main point of our research
presented here is that for engineering activities such as designing
simple hydraulic structures and/or predicting some river bed
changes, it is worth using classical approaches. The classical
approach in our case pointed here in Hjulström graph is helpful
because we are saving a lot of energy, time, and money. If one has
time and has to follow such requirements, in our opinion that it is
appropriate to start from a 1D model and then continue with 2D
or 3D; this is mostly dependent on time and the skills of the
designer because one has to bear in mind that learning 2D or 3D
models often takes a considerable amount of time [SZYMKIEWICZ

2000; 2012]. Thus, for river managers and people who design low-
head hydraulic structures or deal with riverbank erosion, we
would definitely recommend simple solutions, which in fact, are
not so simple what they seem to look like, because they need
experience and knowledge of rivers, especially in the regional
context [KAŁUŻA et al. 2018; PLESIŃSKI et al. 2018b; 2022; RADECKI-
PAWLIK et al. 2015; WYŻGA et al. 2016; 2018].

CONCLUSIONS

The above-presented comparison between the 1D HEC-RAS and
2D CCHE2D numerical models and the classical Hjulström’s and
Shields’ methods results concerning changes to the morphology
of a river channel and along a sloping apron of a boulder block
ramp (BBR) hydraulic structure leads to the following conclu-
sions.
1. The 2D CCH2D numerical analyses enabled the identification

of the flow velocity for individual variants. For variants 1 (erod-
ible) and 2 (non-erodible), the same values were recorded; for
variant 3 (rocky), the obtained values were significantly higher.
This indicates a change in the type of river bed and a decrease
in the coefficient of roughness n, resulting in a faster flow of
water.

2. In the case of the BBR, analysed cross-sections of the stream
channel were surveyed in the field before and after the flood in
May 2014. The main observation was an erosion of the river
bed following the flood. The largest incision values of the river
bed were found furthest upstream from the BBR, so the dis-
sipation of kinetic energy on the apron slop of the BBR was
insufficient, and therefore the downstream bed was scoured.
Below the structure, there is no additional protection against
scouring the river bed (eg. energy dissipation basin).

3. The results of the CCHE2D model show little agreement with
the results of sediment transport obtained in the Hjulström’s
and Shields’ diagrams. Despite the correct calibration of the
tested cross-sections, small deviations were obtained, amount-
ing to 44, 39 and 33% for Hjulström’s diagram and amounting
to 61, 56 and 56% for Shields’ diagram. This may suggest a low
efficiency of simulated bed load transport by the CCHE2D
model for BBR. Probably, the CCHE2D model should not be
used to simulate bed-load transport in the BBR region (and
perhaps other hydraulic structures).

4. The 1D HEC-RAS model gives a good approximation of ero-
sion, transport, and sedimentation values compared with the
Hjulström concept results, which gave a very high consistency

Fig. 11. Shields graphs with the analysed points for the BBR and river
channel calculated in the 1D HEC-RAS and the 2D CCHE2D model;
source: own study
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level of 68%. The HEC-RAS modelling results are at the high-
est level of consistency, 79% with Shields curve results.

5. Predicting the phenomena of erosion, transport, and sedimen-
tation of bed material and calculating bed-load transport rates
in a gravel-bed channel using a single numerical model, gives
results that may be inconsistent with field observations and
with predictions obtained employing the classic Hjulström
approach based on extensive empirical evidence. This is re-
flected in all analysed variants. The lowest consistency when
comparing the CCHE2D model with both the Hjulström and
the field observations was for variant 3 (rocky). Furthermore,
1D HEC-RAS modelling results are consistent with the Hjul-
ström approach. This indicates that both models should be
used for designing purposes when possible. It is also recom-
mended to use the classic approach based on the Hjulström
graph for forecasting river bed changes and, if possible, parallel
field observations for confirmation.

6. The final conclusion that one might draw is that it is worth
comparing any modelling results with classic tests and field
observations to obtain the best results for designing BBRs and
other similar hydraulic structures. This definitely reduced or
even prevented errors in designing hydraulic structures that
could cause structural failure and stopped errors in designing.
However, personal experience of the designer and modelling
hydraulics structures are keys to success with regard to avoid-
ing structural failures and improving structural safety and
understanding the regional conditions concerning hydrology,
geology, and geomorphology.

REFERENCES

BARTNIK W. 1992. Hydraulika potoków i rzek górskich z dnem
ruchomym. Początek ruchu rumowiska wleczonego [Fluvial
hydraulics of streams and mountain rivers with mobile bed.
Beginning of bed load motion]. Zeszyty Naukowe Akademii
Rolniczej w Krakowie. Rozprawy. Rozprawa habilitacyjna. Nr
171. ISSN 0239-8117 pp. 101.

BRUNNER G. 2010. HEC-RAS. River analysis system hydraulic reference
manual. Davis. US Army Corps of Engineers Hydrologic
Engineering Center pp. 525.

BRUNNER G. 2016. HEC-RAS, River analysis system hydraulic reference
manual. Davis. US Army Corps of Engineers Hydrologic
Engineering Center pp. 538.

BUFFINGTON J.M. 1995. Effects of hydraulic roughness and sediment
supply on surface textures of gravel-bedded rivers. Report
no. TFW-SHlO-95-002. University of Washinghton pp. 197.

BYLAK A., KUKUŁA K., PLESIŃSKI K., RADECKI-PAWLIK A. 2017. Effect of
a baffled chute on stream habitat conditions and biological
communities. Ecological Engineering. Vol. 106 p. 263–272. DOI
10.1016/j.ecoleng.2017.05.049.

CHOW V.T. 1959. Open-channel hydraulics. New York. McGraw-Hill
Book pp. 680.

CURTEAN-BĂNĂDUC A., BĂNĂDUC D., BUCŞA C. 2007. Watersheds
management (Transylvania/Romania): Implications, risks, solu-
tions. In: Strategies to enhance environmental security in
transition countries. NATO Science for Peace and Security Series
C: Environmental Security. Eds. R.N. Hull, C.-H. Barbu,
N. Goncharova. Dordrecht. Springer p. 225–238. DOI 10.1007/
978-1-4020-5996-4_17.

CZECH W., RADECKI-PAWLIK A., WYŻGA B., HAJDUKIEWICZ H. 2016.
Modelling the flooding capacity of a Polish Carpathian river:
A comparison of constrained and free channel conditions.
Geomorphology. Vol. 272 p. 32–42. DOI 10.1016/j.geomorph.
2015.09.025.

DĄBKOWSKI S.L. 1992. Kryterium Shieldsa po pięćdziesięciu latach
[Shields criterion after fifty years]. Gospodarka Wodna. Nr 1
p. 19–21.

Directive 2000/60/EC of the European Parliament and of the Council of
23 October 2000 establishing a framework for Community action
in the field of water policy. OJ L 327 pp. 73.

ENGELUND J., HANSEN B. 1967. A monograph on sediment transport in
alluvial streams. Hydraulic Engineering Reports. Copenhagen.
Teknisk forlag pp. 65.

FOLK R.L., WARD W.C. 1957. Brazos River bar: A study in the
significance of grain size parameters. Journal of Sedimentary
Research. Vol. 27(1) p. 3–26. DOI 10.1306/74D70646-2B21-
11D7-8648000102C1865D.

GĄSIOROWSKI D., NAPIÓRKOWSK J., SZYMKIEWICZ R. 2015. One-dimensional
modeling of flows in open channels. In: Rivers – physical, fluvial
and environmental processes. Eds. P. Rowiński, A. Radecki-
Pawlik. Springer, Berlin p. 137–167.

GRAF W.H. 1984. Hydraulics of sediment transport. Highlands Ranch,
Colorado. Water Resources Publications. ISBN 091833456X
pp. 513.

HAJDUKIEWICZ H., WYŻGA B., AMIROWICZ A., OGLĘCKI P., RADECKI-PAWLIK

A., ZAWIEJSKA J., MIKUŚ P. 2018. Ecological state of a mountain
river before and after a large flood: Implications for river status
assessment. Science of the Total Environment. Vol. 610–611
p. 244–257. DOI 10.1016/j.scitotenv.2017.07.162.

HÄMMERLING M., ZAWADZKI P., WALCZAK N., WIERZBICKI M. 2014.
Transport rumowiska w rzekach. Część I: Początek ruchu,
graniczne naprężenia styczne [The bed load transport in rivers.
Part I: Start moving, shear stress]. Acta Scientiarum Polonorum.
Formatio Circumiectus. Vol. 13(4) p. 109–120.

HELLEY E.J. 1969. Field measurement of the initiation of large bed
particle motion in Blue Creek near Klamath, California.
Geological Survey Professional Paper. No. 562-G. Washington.
United States Government Printing Office. DOI 10.3133/pp562G.

HJULSTRÖM F. 1935. Studies of the morphological activity of rivers as
illustrated by the River Fyris. PhD Thesis. Bulletin of the
geological institutions of the University of Uppsala. Vol. 25
p. 221–537.

JIA Y., WANG S.S. 2009. Development of A Water Infrastructural System
Chemical Spill Simulation Model (WIS-CSSM). Computational
Tools for water security. Task Order. No. 4000055423. Technical
Report. No. NCCHE-SERRI-TR-2009-01 pp. 267.

KAŁUŻA T., RADECKI-PAWLIK A., SZOSZKIEWICZ K., PLESIŃSKI K., RADECKI-
PAWLIK B., LAKS I. 2018. Plant basket hydraulic structures (PBHS)
as a new river restoration measure. Science of the Total
Environment. Vol. 627 p. 245–255. DOI 10.1016/j.scitotenv.
2018.01.029.

KAMANBEDAST A.A., NASROLLAHPOUR R., MASHAL M. 2013. Estimation of
sediment transport in rivers using CCHE2D model (Case study:
Karkheh River). Indian Journal of Science and Technology.
Vol. 6(2) p. 138–141. DOI 10.17485/ijst/2013/v6i2.9.

KNAUSS J. 1980. Drsne skluzy [Rough ramps]. Vodni Hospodarstvi.
Rada A C 1 p. 23–26.

KUKUŁA K. 2003. Structural changes in the ichthyofauna of the
Carpathian tributaries of the River Vistula caused by anthro-
pogenic factors. Supplementa ad Acta Hydrobiologica. Vol. 4.
ISSN 1643-3157 pp. 63.

46 Using 1D and 2D computer models when predicting hydrodynamic and morphological parameters of a boulder block ramp:...

© 2022. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences – National Research Institute (ITP – PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/3.0/)

https://doi.org/10.1016/j.ecoleng.2017.05.049
https://doi.org/10.1016/j.ecoleng.2017.05.049
https://doi.org/10.1007/978-1-4020-5996-4_17
https://doi.org/10.1007/978-1-4020-5996-4_17
https://doi.org/10.1016/j.geomorph.2015.09.025
https://doi.org/10.1016/j.geomorph.2015.09.025
https://doi.org/10.1306/74D70646-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D70646-2B21-11D7-8648000102C1865D
https://doi.org/10.1016/j.scitotenv.2017.07.162
https://doi.org/10.3133/pp562G
https://doi.org/10.1016/j.scitotenv.2018.01.029
https://doi.org/10.1016/j.scitotenv.2018.01.029
https://doi.org/10.17485/ijst/2013/v6i2.9


KUKUŁA K. 2006. A low stone weir as a barrier for the fish in a mountain
stream. Polish Journal of Environmental Studies. Vol. 15(5d)
p. 132–137.

KUNDZEWICZ Z., STOFFEL M., WYŻGA B., RUIZ-VILLANUEVA V., NIEDŹWIEDŹ

T., KACZKA R., ..., JANECKA K. 2017. Changes of flood risk on the
northern foothills of the Tatra Mountains. Acta Geophysica.
Vol. 65(4) p. 799–807. DOI 10.1007/s11600-017-0075-0.

MEYER-PETER E., MÜLLER R. 1948. Formulas for bed load transport
[online]. Proceedings of 2nd meeting of the International
Association for Hydraulic Structures Research. Stockholm 7–
9.06.1948 p. 39–64. [Access 30.04.2022]. Available at: https://
repository.tudelft.nl/islandora/object/uuid:4fda9b61-be28-4703-
ab06-43cdc2a21bd7?collection=research

MICHALIK A. 1990. Badania intensywności transportu rumowiska
wleczonego w rzekach karpackich. Analiza modeli empirycznych
stosowanych w obliczeniach transportu rumowiska przy wyko-
rzystaniu pomiarów radioznacznikowych [Bedload discharge
investigations in Carpathian rivers. Analysis of empirical models
applied in computation of bedload discharge with using radio-
isotope measurements]. Zeszyty Naukowe Akademii Rolniczej
w Krakowie. Rozprawy. Rozprawa habilitacyjna. Nr 138. ISSN
0239-8117 pp. 115.

MIKUŚ P., WYŻGA B., KACZKA R., WALUSIAK E., ZAWIEJSKA J. 2013. Islands
in a European mountain river: Linkages with large wood
deposition, flood flows and plant diversity. Geomorphology.
Vol. 202 p. 115–127. DOI 10.1016/j.geomorph.2012.09.016.

OERTEL M. 2013. In-situ measurements on cross-bar block ramps. In:
IWLHS 2013 International Workshop on Hydraulic Design of
Low-Head Structures, Karlsruhe. Bundesanstalt für Wasserbau
p. 111–119.

PAGLIARA S., PALERMO M. 2013. Rock grade control structures and
stepped gabion weirs: Scour analysis and flow features. Acta
Geophysica. Vol. 61(1) p. 126–150. DOI 10.2478/s11600-012-
0066-0.

PAGLIARA S., RADECKI-PAWLIK A., PALERMO M., PLESIŃSKI K. 2017. Block
ramps in curved rivers: Morphology analysis and prototype data
supported design criteria for mild bed slopes. River Research and
Applications. Vol. 33(3) p. 427–437. DOI 10.1002/rra.3083.

PLESIŃSKI K., BYLAK A., RADECKI-PAWLIK A., MIKOŁAJCZYK T., KUKUŁA K.
2018a. Possibilities of fish passage through the block ramp:
Model-based estimation of permeability. Science of the Total
Environment. Vol. 631–632 p. 1201–1211. DOI 10.1016/j.
scitotenv.2018.03.128.

PLESIŃSKI K., PACHLA F., RADECKI-PAWLIK A., TATARA T., RADECKI-PAWLIK

B. 2018b. Numerical 2D simulation of morphological phenomena
of a block ramp in Poniczanka stream: Polish Carpathians. In: 7th

IAHR International Symposium on Hydraulic Structures. Eds. D.
Bung, B. Tullis. Aachen, Germany 15–18.05.2018 p. 317–327.

PLESIŃSKI K., RADECKI-PAWLIK A., KUBOŃ P., TATARA T., PACHLA F.,
JURKOWSKA N. 2022. Bed load transport and alternation of
a gravel-bed river morphology within a vicinity of block ramp:
Classical and numerical approach. Sustainability. Vol. 14(8),
4665. DOI 10.3390/su14084665.

PLESIŃSKI K., RADECKI-PAWLIK A., WYŻGA B. 2015. Sediment transport
processes related to the operation of a rapid hydraulic structure
(block ramp) in a mountain stream channel: A Polish Carpathian
example. In: Sediment matters. Eds. P. Heininger, J. Cullmann.
Cham. Springer p. 39–58.

RADECKI-PAWLIK A. 2013. On using artificial Rapid Hydraulic Structures
(RHS) within mountain stream channels: Some exploitation and
hydraulic problems. In: Experimental and computational solu-
tions of hydraulic problems. Ed. P. Rowiński. Berlin–Heidelberg.
Springer p. 101–115.

RADECKI-PAWLIK A. 2014. Hydromorfologia rzek i potoków górskich
[Hydromorphology of rivers and mountain streams]. Wydaw.
UR w Krakowie. ISBN 9788360633984 pp. 304.

RADECKI-PAWLIK A., PLESIŃSKI K., RADECKI-PAWLIK B., KUBOŃ P., MANSON

R. 2018. Hydrodynamic parameters in a flood impacted boulder
block ramp: Krzczonówka mountain stream, Polish Carpathians.
Journal of Mountain Science. Vol. 15(11) p. 2335–2346. DOI
10.1007/s11629-018-4893-6.

RADECKI-PAWLIK A., SKALSKI T., PLESIŃSKI K., CZECH W. 2015. On
bankfull methods determination again – Why we care? Journal of
Water and Land Development. No. 27(X–XII) p. 21–27. DOI
10.1515/jwld-2015-0021.

SHIELDS A. 1936. Anwendung der Aehnlichkeitsmechanik und der
Turbulenzforschung auf die Geschiebebewegung [Application of
similarity mechanics and turbulence research to bed load
movement]. Mitteilungen der Preußischen Versuchsanstalt für
Wasserbau. Vol. 26 pp. 26.

SZYMKIEWICZ R. 2000. Modelowanie matematyczne przepływów w rze-
kach i kanałach [Mathematical modelling of flows in rivers and
canals]. Warszawa. Wydaw. Nauk. PWN. ISBN 9788301131715
pp. 321.

SZYMKIEWICZ R. 2012. Metody numeryczne w inżynierii wodnej
[Numerical methods in water engineering]. Gdańsk. Wydaw.
PGdań. ISBN 9788373484573 pp. 272.

SZYMKIEWICZ R. 2015. Open channel flow equations. In: Numerical
modeling in open channel hydraulics. Ed. R. Szymkiewicz. Berlin.
Springer p. 1–51.

TAMAGNI S., WEITBRECHT V., BOES R. 2014. Experimental study on the
flow characteristics of unstructured block ramps. Journal of
Hydraulic Research. Vol. 52(5) p. 600–613. DOI 10.1080/
00221686.2014.950610.

USACE 2016a. HEC-RAS Hydraulic reference manual. Version 5.0.
River Analysis System [online]. Davis, CA. US Army Corps of
Engineers. [Access 30.04.2022]. Available at: https://www.hec.
usace.army.mil/software/hec-ras/documentation/HEC-RAS%
205.0%20Reference%20Manual.pdf

USACE 2016b. HEC-RAS User’s manual. Version 5.0. River Analysis
System [online]. Davis, CA. US Army Corps of Engineers.
[Access 30.04.2022]. Available at: https://www.hec.usace.army.
mil/software/hec-ras/documentation/HEC-RAS%205.0%20Users
%20Manual.pdf

WEITBRECHT V., TAMAGNI S., BOES R. 2016. Stability of unstructured
block ramps. Journal of Hydraulic Engineering. Vol. 143(4),
04016095. DOI 10.1061/(ASCE)HY.1943-7900.0001259.

WILCOCK P.R., KENWORTHY S.T., CROWE J.C. 2001. Experimental study of
the transport of mixed sand and gravel. Water Resources
Research. Vol. 37(12) p. 3349–3358. DOI 10.1029/2001WR
000683.

WOLMAN M.G. 1954. A method of sampling coarse riverbed material.
Eos, Transactions American Geophysical Union. Vol. 35(6)
p. 951–956. DOI 10.1029/TR035i006p00951.

WU W. 2004. Depth-averaged two-dimensional numerical modeling of
unsteady flow and non-uniform sediment transport in open
channels. Journal of Hydraulic Engineering. Vol. 130(10)
p. 1013–1024. DOI 10.1061/(ASCE)0733-9429(2004)130:10
(1013).

WU W., WANG S.S. 2005. Development and application of NCCHE’s
sediment transport models. Proceedings of US–China workshop
on advanced computational modelling in hydroscience &
engineering. [Oxford, Mississippi, USA 19–21.09.2005] p. 1–15.

WYŻGA B., KUNDZEWICZ Z., KONIECZNY R., PINIEWSKI M., ZAWIEJSKA J.,
RADECKI-PAWLIK A. 2018. Comprehensive approach to the
reduction of river flood risk: Case study of the Upper Vistula

Karol K. Plesiński, Artur Radecki-Pawlik, Fabian Rivera-Trejo 47

© 2022. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences – National Research Institute (ITP – PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/3.0/)

https://doi.org/10.1007/s11600-017-0075-0
https://repository.tudelft.nl/islandora/object/uuid:4fda9b61-be28-4703-ab06-43cdc2a21bd7?collection=research
https://repository.tudelft.nl/islandora/object/uuid:4fda9b61-be28-4703-ab06-43cdc2a21bd7?collection=research
https://repository.tudelft.nl/islandora/object/uuid:4fda9b61-be28-4703-ab06-43cdc2a21bd7?collection=research
https://doi.org/10.1016/j.geomorph.2012.09.016
https://doi.org/10.2478/s11600-012-0066-0
https://doi.org/10.2478/s11600-012-0066-0
https://doi.org/10.1002/rra.3083
https://doi.org/10.1016/j.scitotenv.2018.03.128
https://doi.org/10.1016/j.scitotenv.2018.03.128
https://doi.org/10.3390/su14084665
https://doi.org/10.1007/s11629-018-4893-6
https://doi.org/10.1007/s11629-018-4893-6
https://doi.org/10.1515/jwld-2015-0021
https://doi.org/10.1515/jwld-2015-0021
https://doi.org/10.1080/00221686.2014.950610
https://doi.org/10.1080/00221686.2014.950610
https://www.hec.usace.army.mil/software/hec-ras/documentation/HEC-RAS%205.0%20Reference%20Manual.pdf
https://www.hec.usace.army.mil/software/hec-ras/documentation/HEC-RAS%205.0%20Reference%20Manual.pdf
https://www.hec.usace.army.mil/software/hec-ras/documentation/HEC-RAS%205.0%20Reference%20Manual.pdf
https://www.hec.usace.army.mil/software/hec-ras/documentation/HEC-RAS%205.0%20Users%20Manual.pdf
https://www.hec.usace.army.mil/software/hec-ras/documentation/HEC-RAS%205.0%20Users%20Manual.pdf
https://www.hec.usace.army.mil/software/hec-ras/documentation/HEC-RAS%205.0%20Users%20Manual.pdf
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001259
https://doi.org/10.1029/2001WR000683
https://doi.org/10.1029/2001WR000683
https://doi.org/10.1029/TR035i006p00951
https://doi.org/10.1061/(ASCE)0733-9429(2004)130:10(1013)
https://doi.org/10.1061/(ASCE)0733-9429(2004)130:10(1013)


Basin. Science of the Total Environment. Vol. 631–632 p. 1251–
1267. DOI 10.1016/j.scitotenv.2018.03.015.

WYŻGA B., ZAWIEJSKA J., RADECKI-PAWLIK A. 2016. Impact of channel
incision on the hydraulics of flood flows: Examples from Polish
Carpathian rivers. Geomorphology. Vol. 272 p. 10–20. DOI
10.1016/j.geomorph.2015.05.017.

YEN B.C. 1991. Channel flow resistance: Centennial of Manning’s
formula. Littleton, Colorado. Water Resources Pub. ISBN
9780918334725 pp. 453.

ZALEWSKI M., KIEDRZYŃSKA E., WAGNER I., IZYDORCZYK K., MANKIEWICZ

BOCZEK J., JURCZAK T., ..., JAROSIEWICZ P. 2021. Ecohydrology and
adaptation to global change. Ecohydrology & Hydrobiology.
Vol. 21(3) p. 393–410. DOI 10.1016/j.ecohyd.2021.08.001.

ZAWIEJSKA J., WYŻGA B., RADECKI-PAWLIK A. 2015. Variation in surface
bed material along a mountain river modified by gravel
extraction and channelization, the Czarny Dunajec, Polish
Carpathians. Geomorphology. Vol. 231 p. 353–366. DOI
10.1016/j.geomorph.2014.12.026.

48 Using 1D and 2D computer models when predicting hydrodynamic and morphological parameters of a boulder block ramp:...

© 2022. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences – National Research Institute (ITP – PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/3.0/)

https://doi.org/10.1016/j.scitotenv.2018.03.015
https://doi.org/10.1016/j.geomorph.2015.05.017
https://doi.org/10.1016/j.geomorph.2015.05.017
https://doi.org/10.1016/j.ecohyd.2021.08.001
https://doi.org/10.1016/j.geomorph.2014.12.026
https://doi.org/10.1016/j.geomorph.2014.12.026

	INTRODUCTION
	MATIERIALS AND METHODS
	FIELD STUDY AREA
	STUDY METHODS
	Field measurements
	1D HEC-RAS model
	2D CCHE2D model


	RESULTS AND DISCUSSION
	CLASSICAL APPROACH
	2D MODELLING WITH CCHE2D
	1D MODELLING WITH HEC-RAS

	CONCLUSIONS
	REFERENCES

