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Summary

The aim of the paper is to present the studies on the riverbed erosion on the
upper course of Raba river, located from km 81.829 to km 77.751, close to the
Str6za gauging station located in km 80.600. This part of the river course is com-
pletely changed due to the Project concerning the extension of the Zakopianka
road located close to the Raba river. The results of simulation of riverbed evolu-
tion before and after the Project carried out by two 1D models (RubarBE and
Metoda) are analysed and discussed. The results of computation obtained by both
models are verified by field observations carried out in 2001 (before the Project),
and in 2009 year (after the Project). The trends of erosion and deposition corre-
spond to the field observations for the dates before and after the Project. Another
verification is possible to make for the Str6za cross-section, where observations of
cross-sectional geometry and water stages have been carried out from 1900 year
till now. The statistical model of riverbed erosion developed for Str6za also con-
firm the trends obtained there by 1D models.
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INTRODUCTION

Erosion in mountain rivers is observed in catchment areas and in river-
beds. The intensity of riverbed erosion is caused by many factors: climatic
(temperature, precipitation type, seasonal duration and occurrence), geological
(type of soil and their distribution, land configuration), soil properties (grain-
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size distribution), hydrological (infiltration rate, type of flow), vegetation cover,
etc. The products of erosion in the catchment area finally enter the streams and
rivers. Sediment transport is one of the main process that should be considered
in the rivers. Even if the sediment load is low, exchanges are always occurring
between the banks, the bottom and the low as well. Depending on the hydrody-
namic conditions in the riverbed, sediment is transported down the river course.
The aim of the paper is the simulation and analysis of evolution of the erosion
and deposition that occur along the experimental reach of the mountainous Raba
river. The studied reach was modified due to the Project. This human activity
have huge consequences on the morphology of studied river reach, therefore the
analysis of the riverbed morphology on this reach should be known, principally
after the Project.

The scope of the paper is limited to computing and analyzing the riverbed
changes before and after the Project. In order to predict the variation of longitu-
dinal bed profile along the river reach and the changes in the cross-sectional
geometry of the bed due to erosion or deposition of sediment, two one-
dimensional sediment transport and riverbed evolution models RubarBE and
METODA are used.

DESCRIPTION OF THE EXPERIMENTAL REACH

The Raba river, in southern Poland, is a mountainous tributary of the Vis-
tula river. In this region the topography of catchment is highly varied. The Raba
river is characterized by high erosion process with varied intensity along the
river course. The experimental reach is located from km 81.829 to km 77.751 of
the Raba river course. The river in the studied reach was repeatedly straightened
and narrowed during the 20™ century. The engineering activity was the most
important factor of high-intensity riverbed erosion observed after the Project. In
2003 an extension of the Krakow-Zakopane road located next to the Raba river,
called hereafter the Project, was executed. The flood plains and the river channel
have been narrowed and some parts of the river course was changed. So exami-
nation of the evolution of the river channel after the Project would be interest-
ing. In the pictures below (Fot. 1, Fot. 2) a part of the river channel before the
Project execution (1999) and after (2011) is shown.
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Photo 1. Raba river channel close to the Stroza gauging station 1999
[Fot. J. Piwowarczyk-Ogorek]

Photo 2. Raba river channel close to Stréza in the gauging station
after the Projectexecution (2011) [Fot. M.Lapuszek]
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METHODS OF RIVERBED CHANGES ANALYSIS AND VERIFICATION

The studies on riverbed changes were developed by two 1-D models and
by a statistic model of riverbed erosion.

The RubarBE and METODA models

The Hydrology and Hydraulics Research Unit of Cemagref has developed
a 1-D model RubarBE for predicting variation of longitudinal riverbed profile
along rivers and changes in the cross-sectional geometry. The METODA 1-D
model has been developed in Institute of Water Engineering and Water Mana-
gement of Cracow University of Technology.

The models used for the computation have two components: a component
to simulate flow and a component to characterise the changes in river morpho-
logy due to erosion or deposition of sediment. The models are based on:

- de Saint Venant equations for water [Paquier, 2003]:
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— equation for conservation of sediment mass [Paquier, 2003]:
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— and sediment transport capacity relation [Meyer-Peter and Miiller,
1948]:
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where:
A — cross-sectional flow area (m?),
As  —bed-material area (m?),
C, —sediment transport capacity (m’/s),
Dsy —median diameter of sediment (m),
g — acceleration due to gravity (m/s’),
J  —friction slope,
K — Manning-Strickler coefficient (m"”/s),
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L, —active width (m),

O - water discharge (m’/s),

q — lateral water flow per unit of length (m*/s),
O, —sediment discharge (m?/s),

g,  — lateral sediment flow per unit of length (m?/s),
R —hydraulic radius (m),

t — time (s),

X — streamwise coordinate (m),

z — water surface elevation (m),

B —the coefficient of quantity of movement,

p  —density of water (kg/m’),

ps  —density of sediment (kg/m?).

In both models, sediment is represented only by the mean diameter Ds,.
This parameter do not clearly describe the processes that occur in many chan-
nels such as armouring. Therefore, in RubarBE model a complementary pa-
rameter was added, the standard deviation o, that appears convenient to describe
grain size distribution in a river for which sediments are homogeneous. The
standard deviation is estimated as the square root of the ratio Dg, to D,s Extra
parameters of one compartment are the shear stress, 7,,,, for beginning of the
movement and, 75, the shear stress at the end of the movement. Generally, these
two last parameters are set equal and determined from Dy,

In the RubarBE model the space lag effects are taken into account by in-
troducing the following equation:

aQs — CS — Qs

ox D ©)

char

in which D, is a distance that characterizes the ability of sediment transport to
reach the value of the sediment transport capacity. For bed-load transport in
rivers, this value is generally very small (a few meters), what means that it is
shorter that the space step and thus can be neglected. In the METODA model it
is not taken into account at all. The method for solving the set of equations in
the RubarBE model includes several steps. First, de Saint Venant equations are
solved by a Godunov-type second order finite difference scheme that makes the
calculation of flow possible even if the critical flow appears [Paquier 1995].
Then, the sediment transport capacity is calculated by solving the spatial lag
equation inside a cell. Then the sediment continuity (equation 3) is applied to
each cell and the computation leads to the change of As. On the base on this
change the new shape of cross-section is formed. The active layer that corre-
sponds to the sediment that moves during the time step has its thickness deter-
mined from the sediment transport capacity, the velocity of the flow and the
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space step. Deposition and erosion occur when this active layer is either too
thick or not enough thick. Like in RubarBE model, the METODA model is ba-
sed also on the system of the de Saint Venant equations for water, (1), (2), the
equation for conservation of sediment mass (3), and the sediment transport ca-
pacity relation (4). The difference is that in METODA equations (1) and (2) are
simplified by the assumption that the study reach is in dynamic equilibrium at
time ¢.
The dynamic equations for flow in METODA are as follows:

— steady flow:
Sy—=8,=0 5)
— non uniform flow:
d 0’ 0z
—| = |+g4d—+gAS, =0 6
where the equation (6) in the model is developed as:
2 2
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where:
So  —slope of riverbed (-),
Sy —slope of the energy line (-),
Ax - distance between cross-sections (m),
C  —coefficient of local losses.

Equation for conservation of sediment mass is solved using the explicit
finite difference scheme. The computation of riverbed deformation is based on
the assumption, that changes of river bed between the studied cross-sections are
linear [Piwowarczyk-Ogorek, 2003].

The value of the increment in the time step #, is written by the formula:

pz = TAT| 45, ~ 4k 95, 74
v Ax, Ax
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The distance between the studied cross-sections can be varied, therefore,
the ordinate of increment in time t, is described by the equation:

AZi—li 'sz;li +AZi i+1 'Axi i+1
AZi = : : : : (10)
Axi—l,i +Ax,

i,i+1

The above formula is the base for computing the (j+1)-th ordinate of in-
crement in time.

In the study case of the natural cross-section, the established quantity of g,
in each band of (k-1)-th cross-section is summed up, and afterwards those value
is distributed uniformly on each band of 4-th cross-section, by the rule:

— sediments incoming, are distributed uniformly in each band, where
sediments move,

— established co-ordinates of increment are averaged in each node be-
tween adjacent bands.

The co-ordinate in each band is established by the formula [Piwowarczyk-
-Ogorek, 2003]:

. A )
zi; = z;’il ——(qék”_ ‘qi,],,-) (11)

The maximum value of time step is written by the formula [Ratomski, 1983]:

(Bakt[ + Bakz,.H Xhi + hi+1)
Gi+1 - Gi

max|f| = %8 : Ax-min( (12)

with the assumption, that the value of increment in i-th cross-section cannot
exceed the established acceptable value & If At is exceeded, then the time inter-
val is divided into n time intervals At.

The system of equations for water and sediment is solved separately for
each time step by the finite difference method.

Data requirements for both models are modest, involving only a few pa-
rameters. Thus, the models are relatively easy to calibrate and to implement.

The statistical model
The statistical model of riverbed erosion is based on the assumption that
minimal annual water stages correspond to the changes of the riverbed level in

the gauging station [Lapuszek, 1999; Punzet et al., 1996]. In a particular gau-
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ging station the data series for each specified time interval is approximated by
linear interpolation. The investigated equation (equation 5) gives the relation
between water stage (H) and time (7) and it also illustrates the main trends of
level changes in the gauging station cross-section in a long time period [Lapu-
szek, 1999]:

H(T)=aT +b (13)

where T is the year of observation, a, b are estimated parameters. The values of
the coefficients a and b of the line of regression are obtained by using the met-
hod of least squares. The equation determining the level of the riverbed at any
time is expressed as [Lapuszek, 1999]:

H,=H,+H/(T) (14)

where H, — average level of riverbed in a year 7 (metres above the sea level),
H{(T) — approximated equation 13.

In order to confirm the validity of the computation, the functions deter-
mining the level of the bed at any time are compared with the quantity of real
changes of the channel cross-section measured in different years.

In the text below, the statistical model for the Str6za gauging station (km
80.600 of the river course) is presented.

THE STUDY CASES AND THE RESULTS OF COMPUTATION

In order to examine RubarBE and METODA models, four cases were
studied. The results of computation show, that METODA and RubarBE provide
similar trends for the studied test cases (Kadi et al, 2003). The parallel use of the
two models tends to validate the accuracy of the numerical schemes and of the
results.

In the paper two studied cases are performed:

— for flood discharge hydrograph selected from data set of 30 years (1971-
1999),

— for discharge O = 250 m’/s with the duration ¢ = 12 hours (the most of-
ten flood wave duration observed in the experimental river course), and for 44
prismatic cross-sectional channel geometries for the experimental river course
before and after the Project were taken into account by the models. The results
of simulations are shown in Figs.1 and 2.
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Figure 1. Bottom level changes for 44 cross-sections before the Project (Q = 250 m®/s)
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Figure 2. Bottom level changes for 44 cross-sections after river training
and for Q = 250 m*/s with erosion and deposition observed in 2009 pointed out
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RESULTS ANALYSIS AND VERIFICATION

The first comparison is performed for the computation carried out for di-
scharge O = 250 m’/s, with the total simulation time of 12 hours and for 44
cross-sections before the Project (Fig. 1).

The computational results obtained by both models were verified by field
observations carried out in 2001, i.e., before the Project. In Table 1 the extended
description of the real riverbed evolution observed in 2001 is presented. For
simplicity reasons, Table 1 contains verification performed only for the selected
20 cross-sections. The agreement between the results of computation and field
observation is that erosion and deposition are located in the same cross-sections.

The very important part of the computation was analysing the impact of
the Project on the future riverbed evolution. Sediment transport movement com-
putations were carried out for the new cross-sections obtained after the Project
(Fig. 2). First, preliminary verification of obtained results was possible to be
made in 2003, just after the Project. However, slight process of erosion and de-
position was observed. The river morphology is still developing after the Pro-
ject, so field observations and measurements should be continued. In Figure 2
the areas of erosion and deposition noticed during the field observation in 2009
are pointed out.

The results of computation and field observation is that erosion and depo-
sition are located in the same cross-sections.

For Str6za gauging station verification was possible to make on the base
on the statistical model of riverbed erosion.The 110-year data series for the
Stréza gauging station was completed. The relation between low annual water
stage (H) and time (7) is given by equation H,=AT), (i = 1,2,3) and was deter-
mined for each time interval (Fig. 1). The intensity of changes in time is ex-
pressed by the slope coefficient of H(7) regression. In Str6za gauging station the
process of erosion and deposition is observed, but it is the erosion that played
the important role during 110 years of observation. Intensive erosion has been
observed after the Project. Using the graph in Fig. 3, it can be calculated that
from 2001 till 2010 river bed was depressed by 50 cm. This confirms the ten-
dency computed by both 1-D models for the Stroza gauging station. Changes of
channel geometry are also observed (Fig. 4); especially the left bank eroded
rapidly. This process is caused by narrowing the left flood plain area and nar-
rowing the main channel as well.
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Table 1. Verification of the computation for Q = 250 m’/s
before the Project (2001 year)

Computed riverbed level Az Riverbed evolution
Km [m] — field observation
METODA RubarBE

81.501 +0.099 +0.51 deposition
81.421 +0.26 +0.3 deposition
81.288 -0.156 -0.131 erosion
81.144 -0.138 -0.283 erosion
81.080 +0.201 +0.186 deposition
81.861 +0.011 +0.036 deposition
80.735 -0.024 - 0.059 erosion
80.595 +0.061 +0.101 deposition
80.517 +0.095 0.0 deposition
79.977 -0.122 -0.122 erosion
79.893 -0.062 - 0.057 erosion
79.723 -0.014 -0.014 erosion
79.091 +0.034 +0.039 deposition
78.981 +0.156 +0.431 deposition
78.873 -0.289 -0.684 erosion
78.798 -0.140 -0.090 erosion
78.309 +0.023 +0.023 deposition
78.229 +0.075 +0.11 deposition
78.170 +0.172 +0.332 deposition
78.89 +0.176 +0.211 deposition
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Figure 3. Lowest annual water stages and linear regressions in the Str6za cross-section
in 1900-2010
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Figure 4. The channel geometry development in 1904-2010 in the Strdza cross-section

CONCLUSIONS

For a mountainous river such as Raba river, it is very important to identify
erosion and deposition areas, particularly after the river training. METODA and
RubarBE, two 1-D sediment transport models, solving similar equations provide
similar trends in the analysed 44 cross-sections of the 4-km studied Raba river
reach. These trends of erosion and deposition correspond to field observation.
Moreover, computed riverbed erosion in Str6za gauging station corresponds also
to the tendency observed in the presented statistical model of erosion.

For the future study, it is important to make new field measurements
throughout the whole, experimental reach modified by the Project, just after
a flood and also after a longer period of time.
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