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Abstract

The article concerns engineering and geological studies of the river bed near the threshold stabilizing the water flow of the
Witoctawek hydroelectric power plant in Poland. We paid attention to the differences in river erosion behind the dam, as one
section of the study area was dominated by erosion of potholes and the other by sedimentation of river material. A protective
threshold (partly concrete, partly gabion) was built to stabilize the water flow and optimize the hydrological regime near
the dam. As a result of the erosion process (behind part of the hydroelectric power plant) and sedimentation (behind part
of the weir), this threshold is constantly being destroyed. This threatens uncontrolled changes in water level, instability of
water masses and, consequently, constitutes a threat to the stability of the hydrotechnical structure. The principal aim of the
study is to propose a new methodology to perform a risk assessment and to indicate how to protect the threshold structure.
Initially, geodetic and bathymetric measurements were performed of the river bed, potholes and the threshold. Then the
results were analysed, the risks were estimated and two independent risk assessment procedures were proposed. One sug-
gestion concerning the area of potholes was to backfill them to protect the threshold made of concrete slabs. In the second
section, there is a sedimentation of the river material around the gabion threshold, which is damaged, especially during
flooding. To protect this gabion threshold, a different approach has been taken of modelling the water flow based on digital
bottom models (DBMs). An engineering—geological investigation of one river bottom benefited from two types of protec-
tion features (a concrete threshold and gabion threshold) using two different methodologies to evaluate hazard and design
subsequent protection of the thresholds. The results of our study support the structure's managers in maintaining its safety.

Keywords Engineering—geological investigation - Threshold - Vistula River alluvium - Wtoctawek dam - Geodetic/
bathymetric measurements

Introduction

The design of a hydrotechnical structure, construction and

then its maintenance are substantial and difficult undertak-

ing. During the construction and the subsequent operation,
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possible to irrigate 1150 ha of agricultural land and provide
drinking water for the inhabitants. Seismic waves are another
factor to be considered in the design phase of a large hydro-
technical structure. An earthquake can lead to cracks in the
elements, which in turn can cause damage or collapse of the
structure. Evidence can be found in the case observed on the
Minjang River, where the design of the dam failed to cope
with the shocks and damage was caused after the earthquake
(Lin et al. 2015). Scientists from China have simulated dam-
age to the structure of dams of various shapes, heights, prop-
erties of the river bed, as well as material properties and
water inflow velocity. The results showed that hard and solid
river beds and dam material with low water permeability
have an adverse effect on its durability and stability. (Chen
et al. 2015). The biggest factors influencing large dams are
large fluctuations in flow and water level. Sudden increases
in water levels, floods and also very low flow rates have an
adverse effect on the safety of the dam construction and the
balance of the surrounding environment. The Renzonghai
dam on the southeastern edge of the Qinghai-Tibetan Plateau
in China has experienced large amounts of leaking water at
the bottom of the dam with a high level of water in the res-
ervoir, far exceeding the maximum allowable leakage level,
which poses a serious threat to the safety of the dam (Wang
et al. 2019). The Skokomish River, on the other hand, where
there are two dams regulating the flow, is frequently affected
by floods which have had a devastating effect on the salmon
population and the surrounding infrastructure and private
property (Collins et al. 2019).

However, not only the construction of such structures is
important, but also their operation as it changes the charac-
ter of the engineering—geological environment. River bed
morphology changes are significant problems in river allu-
via as they influence a number of parameters that affect the
river use. The research carried out on the Polish river Wilga
showed that the bottom morphology is significantly influ-
enced by temperature, which is conducive to the develop-
ment of vegetation. Measurements were carried out using an
echo sounder equipped with ADCP (Acoustic Doppler Cur-
rent Profiler), which, among other things, allowed to exam-
ine the flow rate. It turned out that vegetation slows down
the flow and thus affects changes in the bottom morphol-
ogy (Szito and Bialik 2016). An analysis of the influence
of groundwater on the rate of biogemorphological develop-
ment of the river and morphodynamics was also carried out.
There was a link between, among others, the occurrence of
groundwater and the growth of vegetation. Vegetation, as
mentioned earlier, influences changes in flow velocity and
shape of the riverbed. The authors concluded that by control-
ling river biogeomophology, river morphodynamics can also
be controlled (Bitz et al. 2016). Engineering properties of
the material on the river bed is also important. Depending
on its particle morphology (shape, size, angularity), particle
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composition, loading and mineralogical conditions, the bot-
tom permeability can be predicted (Mehta and Patel 2018).
The natural evolution of the river also changes the morpho-
logical characteristics of the bottom (Li and Gao 2019).

The engineering—geological investigations of alluvial
sediments are important not only in terms of dam construc-
tion, but also in terms of river bottom changes after dam
construction, as the changes may endanger the power plant
structures. The problem faced by the Ayvali Dam is seepage
and instability, which is due to the inadequate adaptation of
the structure to local geotechnical conditions (topography,
geology and ecology). It was not predicted that after the dam
would be activated, the decrements of rock slide can occur.
Attention has been drawn that it is necessary to provide
protection against landslide in large engineering construc-
tions like dams (Kanik and Ersoy 2019). The article (Poeppl
et al. 2019) addresses the problem of bottom and river bed
changes caused by dam removal. On the basis on 2-D model,
it was found that the geomorphological changes are variable
and complex in time and space. These changes depend on a
lot of factors: dam size, presence of upstream dams, buffer-
ing effect, velocity of moving sediments, emerging feedback
process and the presence of construction to river bed stabi-
lization. Sediments geometry and capacity can be measured
using electrical resistivity and sonar system. This combina-
tion was used to define Slnecné Jazera bottom sediments.
Definite geometry and capacity parameters are necessary to
efficiently manage the water body and to avoid contamina-
tion by too many sediments, which can be unhealthy for
humans (Marschalko et al. 2019). There are many cases of
dams which were built in proximity of evaporites. These are
very vulnerable geological formations which can be quickly
destroyed or washed out, especially if there are also hills in
the vicinity. Additionally, dissolved evaporites have a devas-
tating effect on plant cultivation, which can be irrigated by
water from the river where was dam built. (Milanovi¢ et al.
2019). The dams are an enormous engineering—economic
undertaking. On many occasions in history, there have been
accidents which proved impossible to predict. Nature is gov-
erned by its laws, so it is so difficult to control it.

A slightly different case is the largest hydroelectric power
plant in Poland in Wtoctawek (power station and weir), the
construction and work of which had a major impact on the
erosion and incorrect shape of the river bed downstream
of the dam. In order to reduce the impact of the dam oper-
ation on the erosion of the river bed and to optimize the
hydrological river regime, a threshold has been built to sta-
bilize water flow (concrete slabs down the power station
and gabions down the weir). Unfortunately, this threshold
itself is being continually damaged by the process of erosion
(downstream of the hydroelectric power station section) and
sedimentation (downstream of the weir section). This poses
a risk of uncontrolled changes in water level, instability of
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water masses and, consequently, a threat to the stability of
hydraulic structures.

Therefore, the first objective of our research was to study
and evaluate the erosion process of the threshold structure.
We are directly engaged in engineering and geological inves-
tigation of the riverbed near the threshold of the dam (geo-
detic and bathymetric measurements).

The principal aim of the study was to propose and imple-
ment a new methodology to perform a risk assessment and
to indicate how to protect the threshold structure. In the first
step, we point out the differences in river erosion behind
the dam as one section of the study area showed prevail-
ing erosion with potholes (down the power station) while
the second section suffered from sedimentation (down the
weir). In the next step, we conducted integrated geodetic
and bathymetric measurements and elaborated a numeri-
cal model of the shape of the threshold and the bottom of
the Vistula River downstream from the Wioctawek power
plant. The obtained results were analysed, the risks were
estimated and two independent risk assessment procedures
were proposed.

Finally, on the basis of engineering and geological studies
of one river bed (4-year monitoring), we developed a method
for assessing the risk and designing the subsequent protec-
tion of two different parts of the threshold (concrete thresh-
old and gabion threshold) using two different methodologies.

Characteristic of the study area and its
problem

Study area

The study area is an alluvium of the Vistula River including
thresholds that make part of the Wtoctawek hydroelectric
power plant (Figs. 1, 2, 3). It was built in 1970. The power
plant in Wtoctawek includes a frontal dam, weir, fish pass
and sailing lock (Fig. 3). The hydroelectric power plant is
placed on the left river bank between the navigable lock and
weir, separated by the fish pass pillar. There are three sec-
tions with two hydro complexes each. The total power of the
plant is 160.2 MW. Five hundred meters below the dam, an
underwater threshold of damming and flow stabilization is
located (concrete structure). The Wioctawek power station
operation causes up to 2.0 m daily movement of vertical
reference water surface in aspect of local bathymetric sur-
vey. The total water flow via hydro complexes varied from
0 to 4600 m*/s and from 0 to 2100 m?/s via power station
depending on the Vistula river discharge and operational
schedule of the power plant in Wtoctawek. The momentary
maximum flow during floods can reach 6000 m?/s, such as
in 1979 and 2010.

Based on the original plan, eight power stations should
have been built on the Vistula River, which would form a
system of water management facilities to recover renew-
able electrical power. The secondary aim was to stabilize
the water flow along the lower Vistula River. Nevertheless,
due to economic and technical reasons, only one dam, i.e.
Wtoctawek, was constructed. This caused discrepancies
between the planned scenario and the current situation. The
water level downstream of the power plant is lower than
planned. Moreover, the water flow rate and flow character
have altered. This leads to the formation of potholes on the
river bottom downstream of the power plant, which need not
have occurred if a higher number of cascade power plants
had been built.

The environment of the largest Polish river is well
described in research literature (Krauzlis et al. 2003;
Moscicki et al. 2014; Labak-Mechowska 2014; Magnusze-
wski and Moran 2015; Falkowski et al. 2017).

Wioctawek dam problem

The realization of the investment contrary to the original
plan (Fig. 1a) had a very adverse effect on the formation of
the bottom. The current construction (Fig. 1b) has a destruc-
tive impact on the bottom due to the formation of numerous
holes (Fig. 1c). The situation in the study area was partially
addressed by building thresholds (Fig. 1d), but the formation
of potholes continues and the thresholds are endangered.
The study area was divided into two sections (Fig. le),
where the first Vistula River alluvium section is characteris-
tic of dominant potholes and a concrete threshold (Fig. 1f1).
The engineering—geological environment of the study is the
Vistula River alluvium. Erosion prevails over sedimentation
in the first section. The second section of the study area is
specific for its gabion threshold protection (Fig. 1f2) as the
river bottom is not threatened by potholes, but by sedimenta-
tion. The differences are one motivation in the study.

The study area section 1 (Fig. 2) is characteristic of a spe-
cific water flow as it is located downstream of a water power
plant, where there is a dominant water flow in the power
plant channel (Fig. 2al, a2). This section belongs to the
power plant Wioctawek and the water flow is influenced by
the construction of the concrete slab threshold (Fig. 2b1). On
the contrary, the study area section 2 (Fig. 2a2) is a charac-
teristic of a weir channel (Fig. 2al) with a protective gabion
threshold (Fig. 2cl). Increased water volume is observed
there only during floods, when extra water must be dis-
charged over the weir, and not only through the power plant
itself. A common problem of both the study area sections 1
and 2 is the fact that both the concrete threshold (Fig. 2b2)
and the gabion threshold (Fig. 2¢2) suffer from damage.

From the research point of view, it is important to learn
about the conditions of the river bottom near the thresholds
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Fig.1 Schematic visualization of the study area, a planned condi-
tions of the power plant system with more dams and expected Vistula
River level, b real situation with only one power plant (Wtoctawek)
with marked Vistula River level, ¢ real operation of Wloctawek power
plant led to the formation of potholes in the Vistula River alluvium,

as they directly influence their stability and function. It is
clear that the river bottom in study area 1 behaves differ-
ently to the river bottom in study area 2. The digital model
of study area 1 river bottom shows prevailing erosion with
forming potholes (Fig. 3al, a2). On the contrary, in study
area 2, this process is non-existent and it is sedimentation
as a geodynamic process that occurs in study area 2. For
such reasons, different methodologies must be applied in
evaluation as the stability of the thresholds is influenced by
different processes (Fig. 3al, a2).

The major cause of the differences in the conditions and
thus different evaluation methodologies is the dominant

@ Springer

d the construction of a threshold changed the water regime near the
power plant, but potholes keep forming, e map of the study area with
marked sections 1 and 2, f1 concrete threshold with potholes in sec-
tion 1, f2 a gabion threshold in section 2

water flow (Fig. 3b1l) on the left bank downstream of the
power plant. This discharge is open during everyday stand-
ard operation, i.e. the power station channel, where pot-
holes form. In study area 2, higher volumes of water flow
only during the floods (Fig. 3b2), when water is discharged
over the weir too. Although water is rarely discharged over
the weir, the gabion threshold also gets destroyed. Having
the opportunity to apply two methodologies means that
the approaches may be compared. The digital model of
the river bottom points at dominant erosion processes in
study area 1 and sedimentation processes in study area 2
(Fig. 3c1), which correlates with the marked power station
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Fig.2 Photo-documentation of the damaged thresholds in the study
area sections 1 and 2, al weir channel in study area 1 and power sta-
tion channel in study area 2, a2 concrete slabs threshold in study area
1 and gabion threshold in study area 2, b1l photo-documentation of

area (study area 1) and the marked weir area (study area
2, Fig. 3¢2).

The geological structure of the study area (Fig. 4) con-
tains Miocene clayey silts, topped by Pliocene variegated
clays and Quaternary gravels and sands, where potholes

occur.

the concrete threshold, b2 photo-documentation of its destruction, ¢l
photo-documentation of the gabion threshold, ¢2 photo-documenta-

tion of its destruction

What is specific about the Vistula River bottom is that
each section is cared for by a different owner. The left
section is operated by the Energa SA Wtoctawek power
plant (concrete slabs threshold), but the right one is oper-
ated by the National Water Holding Polish Waters.
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Methodology
Geodetic and bathymetric measurements

In order to analyse the size and characteristics of the ero-
sion of the river bed, specialized inventory measurements
techniques were implemented. The shape of the threshold
and the bottom of the Vistula River downstream from the
Wioctawek power plant were modelled on the basis of inte-
grated geodetic and bathymetric measurements. Currently,
research of the aquatic environment is carried out using
modern, geodetic and hydroacoustic measurement tech-
niques, supported by remote sensors and processing algo-
rithms (Popielarczyk et al. 2015). The river bathymetry was
studied by a number of authors (Merwade 2009; Pan et al.
2015; Lee et al. 2018; Chow et al. 2019), where the method-
ology is important in terms of identifying the river bottom
morphology and other related information.

The thresholds were measured each year using two meth-
ods: bathymetric soundings and classical geodetic surveys.
During the high water flow (min 2400 m®/s), the water level
at the threshold made it possible to carry out a hydroa-
coustic survey with the measurement boat in the whole
study area. Depth measurements with the Simrad EASO1P
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professional single-beam echosounder covered both the
area of the bottom upstream and downstream threshold as
well as the threshold itself. Figure 5a shows a bathymetric
boat Orbita taking depth measurements directly above the
pothole (about 38 m ASL) just behind the threshold (45 m
ASL). The pothole with a depth of about 9 m is shown in
the echogram in Fig. 5b. On the right side of the echogram,
the threshold is clearly visible. This place is also visible in
Fig. 5a just in front of the boat, where the water level change
and its turbulent and disturbed flow can be seen. During the
measurements, the water flow varied and depended on the
operation cycle of the power plant and the weir. Figure 5c
shows the flows through the weir and power plant as well
as the total water flow of 1760 m?/s. Depending on the total
flow, measurements were made on different parts of the
reservoir behind the Wtoctawek hydroelectric power plant
(Fig. 5d). The water flow also affected the water level, which
determined the stages of geodetic and bathymetric surveys
(Fig. 5e). In addition, during a power plant break (total flow
0), the water level dropped so that the conventional total
station surveying (using Leica TS 15) was carried out on
the exposed threshold. The collected measurement data were
used to develop a three-dimensional model of the threshold
and the Vistula River bottom (Fig. 3a, b, c).
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Fig.5 Methodology of the bathymetric measurements, a photo-documentation of bathymetric surveys, b hydrographic echogram, ¢ graph of
water flow changes, d measurement profiles, e graph of water level changes
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Fig.6 Cross-sections of river bottom changes during a 4-year bathy-
metric monitoring in the study area (cross-sections marked in the map
in Figs. 3al and 7g a cross-section A—A’ with a concrete threshold
(study area 1), b cross-section B-B’ with a concrete threshold (study

Evaluation of riverbed changes
Slope analysis

The research evaluated the slope based on the Vistula River
bottom digital model obtained from the geodetic and bathy-
metric measurements described above. When evaluating the
cross-sections A—A' to F—F’ (Fig. 6) using pie-charts (Fig. 7a
to ), the trends are as follows.

The vertical cross-sections of the river bottom surface
reveal a different trend in cross-sections A—A' and B-B'
in study area 1, when compared with cross-sections C—C’
and D-D’ in study area 2. At the same time, there is a
clear “mixed’ trend in the cross-sections E-E’ and F-F'.
The cross-sections A—A" and B-B' (Figs. 6a, b, 7a, b) have
a different trend as opposed to cross-sections C—C’ and
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area 1), ¢ cross-section C—C' with a gabion threshold (study area 2),
d cross-section D-D” with a gabion threshold (study area 2), e cross-
section E-E' in the study areas 1 and 2, f cross-section F-F’ in study
areas 1 and 2

D-D’ (Figs. 6¢, d, 7c, d) as the cross-sections A—A' and
B-B' have steeper slopes in the potholes. This is caused by
the continuous water discharge in the power plant channel
with dominant erosion processes.

The first two cross-sections A—A' and B-B' (Fig. 7a,
b) are characteristic of steeper slopes in the potholes. The
percentage of slopes (>5°, 5°-10° and 10°-15°) is from
57 to 75%, while in steeper slopes (15°-20°, 20°-25°,
25°-30°, 30°-35° and 35°-40°), it is from 25 to 43%. In
cross-sections C—C’ and D-D' (Fig. 7c, d), the percent-
ages are different. The angles (>5°, 5°-10° a 10°-15°)
dominate with 97-99%.

If we evaluate the cross-sections E-E' and F-F’ (Figs. 6e,
f, 7e, f), it is clear that their northern part crosses study area
2, while the southern part crosses study area 1. This means
that their values are a mix of the two study area trends. This
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Fig. 7 Frequency of the different slopes in the Vistula River bottom in selected vertical cross-sections: a A-A', b B-B’, ¢ C-C’, d D-D’, e E-E’,
f F-F', g map of the Vistula River bottom slopes with marked location in selected vertical cross-sections

shows in the quantification structure of the graph, where the
lowest slopes (>5°, 5°~10° and 10°-15°) represent 84—85%.
When evaluating the spatial distribution of the slopes in
the map (Fig. 7g), there are the following trends. The first
most important trend is the fact that the steepest slopes (red
and yellow colour) have a different character in study areas
1 and 2. This is explained by the fact the steep slopes are
found only in study area 1, which corresponds to the het-
erogeneous distribution of the erosion manifestations with
maximum manifestations in the three dominant potholes.
The erosion processes in river alluvia are responsible for
the formation of potholes as reported in Spotila et al. (2015),
Dhali and Sahana (2017), Rannie (2017) and Ji et al. (2018,
2019). However, study area 2 is characterized by distributed
sedimentation processes. The sedimentation processes in the
river alluvia cause sediment accumulations and formation of
morphological elevations on the river bottoms as reported in
Schleiss et al. (2016), Iwuoha et al. (2016) and Blum (2019).
The percentage of steeper slopes in the erosion potholes
in study area 1 is clearly higher than the spatial distribution
of the slopes in study area 2, where nearly all of the study
area is green (Fig. 7g). This corresponds to the slope degrees
0°-10°, particularly below 5° due to the spatial sedimen-
tation downstream of the weir channel. On the contrary,
in study area 1 the percentage of slope degrees 10°—40° is
clearly higher due to the erosion in the power plant channel.
Studying the distribution of steeper slopes (yellow and
red colour; Fig. 7g) in the study area, study area 1 is char-
acterized by heterogeneous distribution of all slopes. This
means that erosion occurred all over study area 1. There is
only one sector unaffected by erosion in the bottom right
corner of the study area.
When evaluating the relationship of water flow and slope
distribution, there are two trends. One trend points at the

linear erosion structure of the potholes with steeper slopes
along the concrete threshold on both sides. This structure has
a north—south direction and is perpendicular to the ground-
water flow. The second trend is clear in the distribution of
steeper slopes in areas with marked potholes, and in the
direction of river flow (east—west), while the trend shows
in longer pothole sections, e.g. in the round pothole in the
northern part of the study area 1 downstream threshold, or
the longer pothole section in the north of the study area 1
upstream threshold. However, it does not show in the south-
ern part of the pothole as its border is more irregular.

Evaluation of study area 2 shows the lowest slopes.
Steeper (yellow colour) slopes occur only near the gabion
threshold. However, these are not mostly potholes but the
geometric border of the gabion threshold, which is steeper
on the west and east.

Erosion/sedimentation analysis

When evaluating the 4-year monitoring (Figs. 8, 9) in terms
of the overall quantity of eroded materials and formation of
new sediments, we found the following trends. We identified
a variable trend of erosion and sedimentation in both study
area 1 (Fig. 8al, a2) and study area 2 (Fig. 8b1, b2). Erosion
prevailed in study area 1, while sedimentation dominated in
study area 2. Although this trend was not very clear on the
basis of the 4-year monitoring (study area 1—Fig. 8a3 to a6
and study area 2—Fig. 8b3 to b6), this is corroborated by
the results obtained since the dam was construction. Based
on this comparison, we see the dominance of erosion in
study area 1 (Fig. 9al, a2) with the value of 168,111 m® of
gravel alluvium, which corresponds to 53.8 Olympic-size
pools. Although study area 2 experienced both erosion and
sedimentation during the 4-year monitoring, the monitoring
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High: 5,0 m
Low:-10,0 m bottom erosion

new sediments

study area 1

PSRN

High: 3,0 m new sediments
Low:-3,0m bottom erosion

Fig.8 Map of study areas with marked erosion and sedimentation, a
study area 1, b study area 2—al, b1 digital model in the first year of
monitoring, a2, b2 digital model in the last year of monitoring, a3,
b3 marked changes in erosion and sedimentation between the first
and second year of monitoring, a4, b4 marked changes in erosion and

since the dam construction shows an absolute dominance of
sedimentation with the value of 140,757 m? of sediments
(Fig. 9bl, b2), which corresponds to 45 Olympic-size pools.

This implies that the overall volumes of erosion and sedi-
mentation in both of the examined study areas are similar
and differ only by the volume of 8.8 Olympic-size pools.
The majority of the eroded material from the southern area
(study area 1) was transported north (study area 2). As men-
tioned earlier, the value of 53.8 Olympic-size pools in study
area 1 clearly correlates with the value of 45 Olympic-size
pools in study area 2.

As for the quantification of surface areas, they clearly cor-
respond to the cubic volumes (Fig. 9a3, b3). When compar-
ing the influence of erosion and sedimentation in both study
areas, we can see that erosion dominates over sedimentation,
which is logical (Fig. 9a3, b3).

Potholes analysis

The research also focused on selected potholes in study
area 1 and selected sedimentation mountains in study area
2. These shapes represent typical problems in study areas 1
and 2 (Fig. 10a, b). The 4-year monitoring of pothole cubic
volumes showed that the changes were not significant, but
most prominent since the origin of the dam. The top cubic
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High: 5,0 m new sediments

Low: -10,0 m bottom erosion

b6)

High: 3,0 m new sediments
Low:-3,0 m bottom erosion

sedimentation between the second and third year of monitoring, a5,
b5 marked changes in erosion and sedimentation between the third
and fourth year of monitoring, a6, b6 marked changes in erosion and
sedimentation between the first and fourth year of monitoring

volume was observed in pothole 1B in the north downstream
threshold in study area 1. Its maximum cubic volume was
observed in the first year of monitoring, i.e. 42,216 m>. The
minimum cubic volume was observed in the fourth year of
monitoring, i.e. 35,904 m>. The cubic volume of pothole
1C was similar to pothole 1B. The difference lies in the fact
that the first pothole 1B was filled mostly with sediments
during the 4 years, while in pothole 1C, erosion prevailed.
The smallest pothole was pothole 1A with maximum cubic
volume of 10,984 m? ; it is located in the south downstream
threshold. This is explained by the fact that the main ero-
sion channel with higher flow rates and stronger water flows
occurs more northwards.

As for the cubic volumes, study area 2 has a different
character, where all the defined features have much lower
cubic volumes than in study area 1. This is caused by the
fact that in study area 2 erosion is not caused by increased
water flows as it is located downstream of a weir. In study
area 2, the biggest cubic volume was in feature 2C, where
its maximum cubic volume was 7462 m? (in the first year of
monitoring). The other two features 2A and 2B have much
smaller cubic volumes, i.e. in the interval from 2240 m> (in
the third year of monitoring) to 2666 m? (in the second year
of monitoring). There, higher water flows are found only on
the flood periods.
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Upon the evaluation of the surface area of the features,
it roughly corresponds to their cubic volumes (Fig. 10c). In
other words, the biggest potholes take up the largest surface
areas.

Threshold stability hazard map
Study area 1 evaluation

River bed hazard map for the stability of the concrete
threshold

To evaluate the hazards in study area 1, we selected an
approach (Fig. 11) that aims to describe the conditions of
the alluvium bottom related to the threshold. The threshold
in study area 1 is most endangered by erosion manifested in
the form of potholes. Potholes which are too close too deep
may lead to the destruction of the threshold. To address this
situation, we selected two criteria to evaluate the hazards in
the Vistula River alluvium near the threshold.

The first criterion is the depth of the pothole parts. Based
on empirical experience in the Wtoctawek dam, we chose
three depths. The most hazardous depth is one over 3 m. The
second, conditionally hazardous, depth is 1 to 3 m, and the
third, the least hazardous depth is less than 1 m (Fig. 11a).
According to Fig. 12al and a2, the most hazardous depth
corresponds to 18% of pothole volumes (7932 m?) and 30%
of surface area (5878 m?) of study area 1. The conditionally

a1)

Vistula river: ..
= Bz / |

hazardous depth is associated with 44% of pothole volume
(19,657 m?) and 45% of surface area (8813 m?). The least
hazardous depth corresponds to 40% of pothole volume
(17,544 m>) and 25% of surface area (4955 m?).

The second criterion is the distance of the pothole from
the threshold. The most hazardous distance is below 20 m
from the threshold, the second (conditionally) hazardous
distance is 20-50 m from the threshold, while the least haz-
ardous distance of the pothole is over 50 m (Fig. 11b). As
for the quantification of the second criterion (Fig. 12b1, b2),
it showed that only 1% of pothole volume (492 m?) and 2%
of surface area (470 m?) in study area 1 fall in the most
hazardous category. The conditionally hazardous distance
corresponds to 17% of pothole volume (7783 m®) and 24%
of surface area (4783 m?). The least hazardous distance is
related to 82% of pothole volume (36,858 m?) and 73% of
surface area (14,393 m?).

For the final risk evaluation map, we used a risk matrix
stated in Fig. 11c, where the most hazardous group are
all pothole parts closer than 20 m in all depths as well
as potholes 20-50 m from the threshold with the depth
over 3 m. The second, conditionally hazardous group,
are pothole parts that are located 20-50 m and fall in the
low (0—1) and medium (1-3) depth categories. The third,
least hazardous group, are all pothole parts located over
50 m from the threshold, in all their depths. Upon the
evaluation of the final risk map (Fig. 12¢c1, c2), the quan-
tification corresponds to the quantification based on the
second criterion discussed above. This is explained by the

distance

Fig. 11 Map of hazards in study area 1, a criterion 1—pothole depth, b criterion 2—pothole distance from the threshold, ¢ based on the combi-

nation of criteria 1 and 2 and risk matrix
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Fig. 12 Quantification of study area 1 based on risk map (pothole 1A,
1B and 1C), al based on criterion 1—depth of pothole parts—vol-
ume (m?), a2 based on criterion 1—depth of pothole parts—surface
area (m?), b1 based on criterion 2—pothole distance from the thresh-

fact that deeper potholes are further than 20 m from the
threshold, and only a smaller part of pothole 1B causes the
difference. However, using the methodology in a different

old—volume (m?), b2 based on criterion 2—pothole distance from
the threshold—surface area (m?), ¢l based on the combination of cri-
teria 1 and 2 and risk matrix—volume (m?), ¢2 based on the combi-
nation of criteria 1 and 2 and risk matrix—surface area (m?)

area, results may be much different. The methodology is
universal and applicable in other river alluvia and dam/
threshold protection.
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Study area 2 evaluation

River flow hazard map for the stability of the gabion
threshold

For this study area, we used a different approach as a
different mechanism of influence on the threshold is at
work there. The sustainability of the threshold is one of
the motivations for the study. In study area 2, more pro-
nounced potholes do not form as the area is protected from
the direct water flow by the power plant structures.

The empirical evidence shows that the gabion threshold
gets damaged only during increased water flows during
floods. Based on empirical evidence, we determined criti-
cal water flow rates (Fig. 13a). The most hazardous related
to the gabion threshold is the flow rate over 3000 m%/s.

Medium risk flow rate is between 2000 and 3000 m¥/s.
Low risk is associated with flow rate below 2000 m?/s as
this is the maximum level when water is discharged only
through the power plant structure. Over this limit, water
must be discharged over the weir too, which means that
water flows through study area 2 and the gabion threshold
gets damaged.

To evaluate the influence on the gabion threshold by
the river bottom, we prepared a digital bottom model
(DBM). In this article, the bathymetric DBMs of the Vis-
tula River were processed using the ESRI ArcGIS 10.6
and hydrologic modelling tools from the ArcGIS Spatial
Analyst extension. These tools were used to generate the
flow direction, flow accumulation and stream character-
istics. The bottom was first processed to fill sinks in sur-
face raster to remove small imperfections in the data. The

a) Risk limits of water flow through the dam
6000
5000 )
max. gowe_r fsltatlon
4000 and weir flow
3000 -
pmaver s_taftllon
2000 and weir flow
max. pof\llver
1000 station flow
_ low power
2 0 station flow
=
o £ AV A D DD DL N DD & O O N
§ CEFFIFFSP FSS TS S
E
S mmaxflow [m3/s] m average flow [m3/s] [ low risk [ medium risk [ high risk

high risk

Fig. 13 Risk assessment in study area 2, a graph of risk limits of water flow through the dam, b potential direction of water flow by digital bot-

tom models (DBMs), ¢ risk map of the gabion threshold
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eight-direction flow method (D8) models flow direction
from each cell to its steepest downslope neighbour was
applied to determine the direction of the flow from every
cell in the raster. In the end, the flow accumulation was
calculated as the accumulated weight of all cells flowing
into each downslope cell in the output raster. Based on
these characteristics, the potential direction of water flow
was calculated and presented in Fig. 13b, c.

The proposed methodology enabled us to character-
ize the more or less dominant flows that subsequently
destroy the gabion threshold. The results of the model
were compared with the real destruction of the gabion
threshold, and it proved to correlate well with the model.
This way a feedback was ensured and the risk evaluation
of the gabion threshold produced (Fig. 13b, c). The study
analyses the flows through the power plant (maximum is
2000) and through the weir. The flows through the power
plant are systematic, even continuous, and through the
weir sporadic, depending on the river flow. Critical flows
over the weir during floods reach 4000 (a total of 6000
over the whole dam).

Sections of larger destructions of the gabion threshold
fall in the high-risk category. We found that it concerned
64% of the threshold, i.e. 272.5 m (Fig. 14a). If we evalu-
ate the cubic volume of the category, it adds up to 60%
(8584 m?) of the cubic volume (Fig. 14b). As for the sur-
face area, it corresponds to 70% (8781 m?) of the overall
threshold area (Fig. 14c).

In the category of medium risk, smaller damage of
the gabion threshold occurred. Only 26% (112 m) of
the gabion threshold length was affected. Evaluating
the cubic volume, the risk category adds up to 27%
(3961 m?) of material from the overall cubic volume and
20% (2469 m?) of the overall threshold area.

31) 1928 (13%) - first number - volume of gabion threshold
second number - percent of cumulative volume
40000 -
part of gabion threshold

& 30000 3
£ 1)
P £}
£ 3
3 20000 S g
9 3 o <
> = ré —

10000 — g 0

el
0
Olowrisk  EMediumrisk  EHighrisk OTotal

As for the length of the gabion threshold affected
by the low-risk category, it is only 10% (40.5 m) of the
threshold. The cubic volume is 13% (1928 m?) of the
overall cubic volume and 10% (1225 m?) of the overall
threshold area.

Discussion and conclusions

The main aim of our work was to show a method of per-
forming a risk assessment and to indicate how to protect the
threshold structure stabilizing water flow downstream of the
dam. The study area was an alluvium of the Vistula River,
including the thresholds that are part of the hydroelectric
power plant in Wiloctawek (the dam built in 1970 includes a
frontal dam, weir, fish pass and a sailing lock). Eight power
stations should have been built to form a system of water
management facilities, but for economic and technical rea-
sons, only one dam was constructed. This resulted in erosion
and sedimentation, which led to potholes in the river bottom
and the destruction of the concrete/gabion threshold behind
the power plant.

In the first step, we point at the differences in river ero-
sion behind the dam as one section of the study area showed
prevailing erosion from potholes (down the power station)
where the second section suffered from sedimentation (down
the weir). In the next step, we conducted integrated geodetic
and bathymetric measurements and elaborated a numerical
model of the shape of the threshold and the bottom of the
Vistula River downstream from the Wtoctawek power plant.
Finally, we proposed and implemented a new methodology
to perform a risk assessment and to indicate how to protect
the threshold structure.

The engineering—geological investigation of the Vistula
River alluvium on the Wtoctawek dam brought interesting

1225 (10%) - first number - area of gabion threshold
a2) ;
second number - percent of cumulative area
20000 A g
part of gabion threshold S
— <
— 15000 8 =
S = s
3 2
% 10000 N s 5
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Fig. 14 Quantification of risk categories in study area 2 according to the risk map of the gabion threshold, a length of gabion threshold part (m),
b volume of gabion threshold part (m®), ¢ surface area of gabion threshold part (m?)
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results. The first is the fact that the river downstream of
the dam may have different influence on the river bottom.
The left part in the direction of water flow is characterized
by dominant geodynamic process of river bottom erosion
conditioned by everyday average flow rates of downstream
from the Wtoctawek power plant structure. On the contrary,
the right part of the study area is characterized by dominant
sedimentation over erosion, where the weir is located and
water is discharged only during floods. Potholes thus form
only near the dam, but do not occur near the threshold. The
sedimentation in the right part is related to the pothole ero-
sion near the weir as well as the potholes in the left part of
the river. All these impacts lead to the destruction of the
threshold. To be able to protect the locality, it is important
to evaluate the two study areas separately. This also gives an
opportunity to compare the two approaches.

The evaluation of study area 1 was based on geodetic
and bathymetric measurements of pothole formation near
the concrete threshold. The key for the concrete threshold
stability was regular monitoring (4 years) and redevelopment
through backfilling. We produced three hazard maps of study
area 1. The first was based on the pothole depth, and the sec-
ond on the pothole distance from the concrete threshold. The
final map combined criterion 1 and 2 with the risk matrix
(Fig. 11). We found that the high-risk category concerned
1% of the area (cubic volume of 510 m?) due to the potholes
1A and 1C near the gabion threshold (less than 20 m). The
medium risk category concerned 17% (cubic volume of 7734
m3), where some of the potholes are within 50 m from the
gabion threshold. Both categories are planned to be back-
filled based on the concrete threshold redevelopment.

As for the surroundings of the gabion threshold, the
4-year bathymetric measurements of the river bottom
showed that sedimentation prevailed over potholes. The
gabion threshold was endangered during floods, when
increased water flows were discharged over the weir too.
Therefore, the gabion threshold was repaired only after
floods. To evaluate the risks, we first empirically determined
the critical flow rates causing the destruction of the gabion
threshold. The high-risk water flow was determined to be
over 3000 m?/s, which corresponds to the floods periods.
The medium risk water flow was determined to be between
2000 and 3000 m>/s. This flood conditions mean that water
is discharged over the weir too in the study area 2. With
flow rates below 2000 m*/s (low-risk water flow), water is
discharged only through the power plant structure, and thus,
the gabion threshold is damaged the least. For the geomet-
ric categorization of the risk zones of the gabion threshold,
we used the digital bottom models methodology. We found
that the most hazardous category is related to 64% of the
gabion threshold length (272.5 m); the medium risk cat-
egory is related to 26% (112 m), and 10% are in the low-risk
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category (40.5 m). Based on the data, it is possible to plan
gabion threshold repairs on a selective basis.

On the basis of engineering and geological studies of the
river bed and the stabilization threshold (4-year monitoring
using geodetic and bathymetric measurements), and on the
basis of a thorough analysis of two different parts of the
same river (cross-section/area slope and erosion/sedimenta-
tion analysis), we have developed a method for risk assess-
ment and design for subsequent protection of two different
parts of the threshold (concrete and gabion threshold) using
two different methodologies. Based on our research results,
measures were taken to prevent further leaching and dis-
placement of concrete slabs in area 1 and repair flares of
gabion bags in area no.2. The work supports the structure's
managers in maintaining its safety. Thresholds will be meas-
ured (geodetic and bathymetric surveys) after completion of
their upgrades and repairs.

The scientific contribution of the study lies in the con-
clusion that one alluvium of the Vistula River may need
two approaches for observation and redevelopment. This
means that a genetically identical area (Vistula River bot-
tom alluvium) with the identical geological structure may be
influenced in a heterogeneous manner due to different water
flows and thus lead to various influences on the engineer-
ing structures, such as thresholds. Subsequently, customized
evaluation methodologies and redevelopment methods must
be applied.

Acknowledgements Authors thank VSB — Technical University of
Ostrava for the support of the project (SP2019/131), within which this
article was prepared. The authors thank the University of Warmia and
Mazury in Olsztyn for financial support in the implementation of geo-
detic and bathymetric measurements, on the basis of which this article
was prepared.

Declarations Not applicable.

References

Bitz N, Colombini P, Cherubini P, Lane SN (2016) Groundwater con-
trols on biogeomorphic succession and river channel morphody-
namics. J Geophys Res Earth Surf 121(10):1763-1785

Blum M (2019) Organization and reorganization of drainage and sedi-
ment routing through time: the Mississippi River system. Geol
Soc Lond Spec Publ SP488-2018 488:15-45

Chen SC, Lin TW, Chen CY (2015) Modeling of natural dam failure
modes and downstream riverbed morphological changes with dif-
ferent dam materials in a flume test. Eng Geol 188:148-158

Chow R, Wu H, Bennett JP, Dugge J, Wohling T, Nowak W (2019)
Sensitivity of simulated hyporheic exchange to river bathymetry:
the Steinlach River Test Site. Groundwater 57(3):378-391

Collins BD, Dickerson-Lange SE, Schanz S, Harrington S (2019) Dif-
ferentiating the effects of logging, river engineering, and hydro-
power dams on flooding in the Skokomish River, Washington,
USA. Geomorphology 332:138-156



Environmental Earth Sciences (2022) 81:29

Page170f17 29

Dhali MK, Sahana M (2017) Spatial variation in fluvial hydraulics with
major bed erosion zone: a study of Kharsoti river of India in the
post monsoon period. Arab J Geosci 10(20):451

Ertung A (1999) The geological problems of the large dams constructed
on the Euphrates River (Turkey). Eng Geol 51(3):167-182

Falkowski T, Ostrowski P, Siwicki P, Brach M (2017) Channel mor-
phology changes and their relationship to valley bottom geology
and human interventions; a case study from the Vistula Valley in
Warsaw, Poland. Geomorphology 297:100-111

Iwuoha PO, Adiela PU, Nwannah CC, Okeke OC (2016) Sediment
source and transport in river channels: implications for river struc-
tures. Int J Eng Sci 5:19-26

JiS,LiL, Zeng W (2018) The relationship between diameter and depth
of potholes eroded by running water. J Rock Mech Geotech Eng
10(5):818-831

JiS,Zeng W, Li L, Ma Q, Feng J (2019) Geometrical characterization
of stream potholes in sandstone from the Sunxi River (Chongqing,
China) and implications for the development of bedrock channels.
J Asian Earth Sci 173:374-385

Kanik M, Ersoy H (2019) Evaluation of the engineering geological
investigation of the Ayvali dam site (NE Turkey). Arab J Geosci
12(3):89

Krauzlis K, Laskowski K, Wojcik E (2003) Variability of Engineer-
ing geological parameters in flood facies sediments. Geol Q
47(1):63-68

Labak-Mechowska E (2014) Variability of geological and engineering
conditions in River Valleys: the example of the Upper Vistula
River Valley. Bull Geogr Phys Geogr Ser 7(1):121-137

Lashkaripour GR, Ghafoori M (2002) The engineering geology of the
Tabarak Abad Dam. Eng Geol 66(3—4):233-239

Lee J, Ghorbanidehno H, Farthing MW, Hesser TJ, Darve EF, Kitanidis
PK (2018) Riverine bathymetry imaging with indirect observa-
tions. Water Resour Res 54(5):3704-3727

Li Z, Gao P (2019) Channel adjustment after artificial neck cutoffs in
a meandering river of the Zoige basin within the Qinghai-Tibet
Plateau, China. CATENA 172:255-265

Lin P, Huang B, Li Q, Wang R (2015) Hazard and seismic reinforce-
ment analysis for typical large dams following the Wenchuan
earthquake. Eng Geol 194:86-97

Magnuszewski A, Moran S (2015) Vistula River bed erosion processes
and their influence on Warsaw’s flood safety. Proc Int Assoc
Hydrol Sci 367:147-154

Marschalko M, Putiska R, Yilmaz I, Niemiec D, Cheng X, Dostal I,
Kolendk P (2019) A case study for identification of organic-silt
bottom sediments in an artificial lake formed in gravel alluvium

in the geo-tourism locality of Slne¢né Jazera in Senec (Bratislava,
Slovakia). Q J Eng Geol Hydrogeol 53:276-282

Mehta AA, Patel A (2018) An investigation on the particle breakage
of Indian River sands. Eng Geol 233:23-37

Merwade V (2009) Effect of spatial trends on interpolation of river
bathymetry. J Hydrol 371(1-4):169-181

Milanovi¢ P, Maksimovich N, Meshcheriakova O (2019) Geohazards
associated with dams and reservoirs. In: Dams and reservoirs in
evaporites. Springer, Cham, pp 53-63

Moscicki WJ, Bania G, Cwiklik M, Borecka A (2014) DC resistivity
studies of shallow geology in the vicinity of Vistula river flood
bank in Czernichéw Village (near Krakow in Poland). Studia Geo-
technica Et Mechanica 36(1):63-70

Pan Z, Glennie C, Hartzell P, Fernandez-Diaz J, Legleiter C, Overstreet
B (2015) Performance assessment of high resolution airborne full
waveform LiDAR for shallow river bathymetry. Remote Sens
7(5):5133-5159

Poeppl RE, Coulthard T, Keesstra SD, Keiler M (2019) Modeling the
impact of dam removal on channel evolution and sediment deliv-
ery in a multiple dam setting. Int J Sedim Res 34:537-549

Popielarczyk D, Templin T, Lopata M (2015) Using the geodetic and
hydroacoustic measurements to investigate the bathymetric and
morphometric parameters of Lake Hancza (Poland). Open Geosci
7(1):854-869

Rannie WF (2017) Landscapes of the Assiniboine River watershed. In:
Landscapes and landforms of Western Canada. Springer, Cham,
pp 131-142

Schleiss AJ, Franca MJ, Juez C, De Cesare G (2016) Reservoir sedi-
mentation. J] Hydraul Res 54(6):595-614

Spotila JA, Moskey KA, Prince PS (2015) Geologic controls on bed-
rock channel width in large, slowly-eroding catchments: case
study of the New River in eastern North America. Geomorphol-
ogy 230:51-63

Szito J, Bialik RJ (2016) River-bed morphology changes during the
winter season in the regulated channel of the Wilga River, Poland.
In: Hydrodynamic and mass transport at freshwater aquatic inter-
faces. Springer, Cham, pp 197-208

Wang T, Chen J, Li P, Yin Y, Shen C (2019) Natural tracing for con-
centrated leakage detection in a rockfill dam. Eng Geol 249:1-12

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Engineering–geological investigation of the river bottom near a dam’s stabilization threshold based on two different evaluation methodologies
	Abstract
	Introduction
	Characteristic of the study area and its problem
	Study area
	Włocławek dam problem

	Methodology
	Geodetic and bathymetric measurements
	Evaluation of riverbed changes
	Slope analysis
	Erosionsedimentation analysis
	Potholes analysis


	Threshold stability hazard map
	Study area 1 evaluation
	River bed hazard map for the stability of the concrete threshold

	Study area 2 evaluation
	River flow hazard map for the stability of the gabion threshold


	Discussion and conclusions
	Acknowledgements 
	References




