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Abstract

Maintaining the good condition of water reservoirs is always one of the main tasks of water management.
This is especially vital when the reservoir serves as a water supply and/ or a facility for recreational activities.
No only what goes into the lake but also everything that is stored within the area needs to be considered.
In a case of dam reservoirs, one of the important issues is the transport and storage of sediment. This paper
focuses on the sediment which is characteristic of the Dobczyce Reservoir and considers situations which
may potentially generate problems from the point of view of maintaining good condition of the water body.
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Streszczenie

Utrzymanie dobrego stanu zbiornikow wodnych jest zawsze jednym z najwazniejszych zadari gospodarki
wodnej. Jest tak zwlaszeza, gdy wsrdd funkeji rezerwuaru znajduje sie zaopatrzenie w wode i/lub rekreacja.
Zjednej strony nalezy zwrdci¢ uwage na materi¢ dostarczana do zbiornika, z drugiej za$ nato, co wtej przestrzeni
jest deponowane. Ta praca skupia sie na charakterystyce osadow zbiornika Dobezyckiego i rozwazeniu
scenariuszy mogacych generowa¢ sytuacje problemowe dla utrzymania dobrego stanu zbiornika wodnego.

Stowa kluczowe: transport sedymentu, zbiornik retencyjny, modelowanie numeryczne, hydrodynamika, jakos¢ wody




1. Introduction

Building storage reservoirs by blocking rivers with dams is a method of water management
that civilisations have used since ancient times and is still used today. These reservoirs may
have many vital functions that meet a lot of needs. The most common functions nowadays
are: water supply; power generation; flood/drought protection; recreation. The local
environment changes as a result of human impact; thus, it needs continuous monitoring and
treatment. In the case of a reservoir which is a source of potable water, maintaining the water
quality is the primary task. There are several important points that need to be considered,
these are not limited to the kind of contamination that may enter the water source but also
includes everything that is already present within the area. In the case of a dam reservoir, the
dam itself is a physical obstacle for flowing water and it makes the river current slow down
within the lake. In such a case, some important sediment transport phenomena occur; these
are most visible in the backwater areas resulting in sediment accumulation.

With regard to sediment transport phenomena, storage reservoirs are primarily
considered to be accumulation zones within the course of rivers (for a good overview, see
[14]). In such cases, relatively simple and robust 1D models may be used; however, when it
comes to sediment transport within reservoirs, there is a need for multidimensional models.
The significant increase of computing power that has occurred in recent years has made such
calculations feasible to perform within a reasonable timeframe. A review of models in use
can be found in [17], while a comprehensive approach to applying mathematical methods of
sediment movement in an around reservoirs is presented in [24].

This paper focuses on the problem of sediment transport and storage in a dam reservoir
using the example of the Dobczyce Lake.

2. Research area

The area of research is the Dobczyce reservoir located in the south of Poland in the Lesser
Poland voivodeship (Fig. 1). The lake was created by building a dam on the 60 kilometre
of the Raba river — the Raba is one of the tributaries of the Vistula. The parameters of the
Dobczyce reservoir are presented in Table 1, the shape of the reservoir and its principal
objects are shown in Fig. 2.

Knowledge regarding the propagation of pollution in this reservoir is as important as
the main function of the Dobczyce Lake itself — the lake is the primary water source for the
nearby city of Cracow. Therefore, the issue of water quality is among the top priorities and
currently, the whole lake is a protected area. However, allowing limited recreation activities
in some parts of the lake has been discussed many times in the past. It is likely that some kind
of recreation will be allowed there in the future. Thus, the potential sources of pollution and
contamination propagation should be inspected, both for the sake of keeping the recreation
areas clean and to minimise the impact of these areas on the water supply system.



Table 1. Reservoir parameters [7, 19, 22]

i , min 23.23
Syperigy st max 137.95
5 min 3.35
g | Lot max 10.65
min 1.8
most probable 2.03
Water discharge [m?/s] yearly average 10.6
mean (QSO%) 200
highest observed 1150
. min 256.7
Water surface elevation [m a.s.l.] max 2726
Depth [m] max 30
Catchment area [km?] 768

The subject of the propagation of pollutants dissolved in storage reservoir water has been
considered in previous articles [8, 9, 10]. In this paper, the authors focus on the sediment-
based constituents including those entering the reservoir as well as those already present.
Preliminary studies on both the direct and the indirect impact of sediment gathering and
transport on the condition of the reservoir are analysed.

The sediment transport phenomena are most intensive and most visible in the backwater
region. This is the zone where the borders between the river and the lake are blurry — in fact,
they change along with the water surface elevation in the reservoir. In this area, the velocity of
water decreases and its potential for carrying rubble and suspended particles also decreases.
Conditions like these are favourable for the settling of sedimentary grains on the bed of the lake.

Fig. 1. Geographical location of the Dobczyce Lake and its shape
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Fig. 2. Location of the strategic areas of the Dobczyce Reservoir (Photos: MPWiK Krakéw)

3. Backwater region analysis

In considering the direct impact of the sediment on the lake, it is worth to following the
transformation of this area through the years. The aerial photos presented below (Figs. 3 & 4)
show the seventeen-year history of changes to the backwater environment as sediments have
built up to form land.

Figure 3 depicts the process of transformation of the estuary area from 1997 to 2014.
The main process that occurs is the deposition of material transported by the river — this is
marked by solid black lines on the subsequent photos. The only region where deepening of
the water is visible is the area where the river material was artificially removed (region marked
with a white line on the 2009 part of Fig. 3). Even following the large flood that occurred in
this area in 2010, the effect of the deposition process is more significant than the flushing out
of material from this area The high discharge that time made new river channels cut within
the newly created land (in the area marked by the long white ellipse in the photo from 2010).
However, the total area of dry regions simultaneously increased after that flood. Some of the
previously gathered material was certainly flushed out to deeper areas of the lake that time,
although this effect was less significant than the deposition process. The marked area visible
in Fig. 4 is about 1.5km long area of land and wetland with plants such as grass, small trees and




shrubs. The annual average amount of sediment gathered in the reservoir is about 185,000 m*
— this value is close to that which was predicted when the reservoir was designed [3].
As shown, most of the sediment is deposited in the shallow western region of the reservoir,
close to the inflow of the Raba river. To get more information about the properties of the
material deposited in the backwater area, and to obtain some knowledge about the intensity of
the process in this region, a local investigation and a laboratory analysis have been conducted.
The initial in-situ research included local observations of the actual state of the reservoir with
regard to siltation, the choosing of places for sediment sampling and measurements as well
as the macroscopic classification of material deposited in the backwater region; preliminary
observations indicated the presence of fine and very fine (clay-like) material there.

All local measurements were performed in the moderately dry season when the water
surface in the reservoir was low, thus uncovering large areas of the backwater region of the
lake. The water surface elevation was approximately 267 m a.s.]. — this is 3 m lower than the
average state desired in standard hydrometeorologic conditions. The exposed area provided
evidence that intensive deposition processes occurred there. The terrain there is flat — this
results in long and broad shallows when the water level is high enough to cover it.

In the backwater area, the samples was collected at five points on both the southern and
northern sides of the reservoir (Fig. 5). The sampling collection indicated that the thickness of
the sedimentary layer is variable and can even exceed 3m in depth. The accumulated material
can be classified as ‘fine fractions’ as defined in [18]. The sediment was well hydrated and
organic matter was visibly present.

The laboratory research included sieve and aerometric analyses as well as identification
of the contribution of mineral and organic fractions in the samples. Table 2 presents the
average grain size at each sampling point at specified depths. The research confirmed the
macroscopic in-situ observations — the material deposited within the research area could be
classified as clay or clay silt. The proportion of organic matter in the dry mass was between
3.75% and 6.75%. This proportion is relatively small but it should be noted that organic
matter contributes much towards the total volume when it is hydrated. It was observed that
the average grain size was larger for locations close to the main current (northern bank,
locations 4 and S) than in the regions far from it. There seems to be no direct correlation
between the grain size and the depth level of the sample; this appears to be random. The most
probable explanation for this is that the pattern of the main current was different for previous
episodes of high discharge (i.e. floods) and this resulted in the occasional depositing of
coarser sediment in seemingly random places. Traces of stronger current appear at measuring
point 1, starting at a depth of 1.4m. For point 2 — further inside the reservoir — bigger grains
start to appear at a depth of approximately 1m. It is noteworthy that for the third measuring
point (which is placed on the newly created land), the coarse fraction is scarce up to at least
3.2 m (which was the depth limit of the drilling performed there).

There is no evident dependence between the percentage of organic matter and either the
position or depth of the sampling with the exception that in the upper layers of sites 4 and
S (that are presently located in the strong current zone), the organic fraction is lower than
anywhere else (3.75%-4.5% versus 5.15%-6.75% elsewhere).




Fig.3. History of changes in the backwater region of the Dobczyce Reservoir [Photos: Google, 3]



Fig. 4. Siltation of the backwater region 1997-2014

Table 2. Grain diameter at various depths in the sampled locations

Average grain diameter d_ [mm]
h[m]\pt. 1 2 3 4 S
0.0-0.2 0.016 0.014 0.016 0.030 0.020
0.2-0.4 0.014 0.019 0.018 0.130 0.034

0.4-0.6 0.018 0.016 - - 0.050
0.6-0.8 0.026 - 0.014 0.026 -

0.8-1.0 0.014 0.024 - 0.020 0.026
1.0-1.2 0.016 0.034 0.015 - 0.017
1.2-1.4 0.017 0.040 - 0.018 0.019

1.4-1.6 0.036 0.029 0.014 0.024 0.024
min 0.014 0.014 0.014 0.018 0.017
max 0.036 0.040 0.018 0.130 0.050

Fig. S. Locations of sampling

4. Numerical modelling of the processes of the sediment transport

To model the sediment transport processes, the PTM (Particle Tracking Model) [16]
was used. This model was created by US Army Corps of Engineers [23] and is one of the
simulation tools integrated within the SMS (surface water modeling solution) [1].
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The basic procedure of the PTM is as follows: a region (geometry) with bathymetric and
sediment data is defined; flow (and wave data if applicable) are entered into to the model;
virtual particles are released into the flow. The geometry data is usually prepared within the
SMS environment. The flow data may originate from various hydrodynamic models that
create their output as planar velocity fields (with the vertical velocity component neglected)
~ these are then interpolated with the geometry mesh (grid) used by the PTM.

The computations model the behaviour of the particles over the course of time
(entrainment, advection, diffusion, settling, deposition, burial, etc.). Two types of calculations
are performed at each time-step of PTM. Eulerian (mesh-based) calculations are required
to determine the local characteristics of the environment, and Lagrangian (particle-based)
calculations are required to determine the behaviour of each tracked particle.

Within the Eulerian calculations, the PTM requires potential transport rates to determine
the likelihood of the burial of a sediment particle once deposited, as well as to get a particle from
the bed moving again. This can be done using either one of two techniques, namely Soulsby-
van Rijn [21] and van Rijn [25]. The authors of the model recommend the first of these as it is
significantly faster. The Soulsby-van Rijn total load sediment transport equation [21] is:
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where:
g, —total transport rate;
A, - coeflicient dependant on grain size;
U - depth averaged planar velocity;

U, — average wave orbital velocity;
C,, — wave drag coeflicient;
U - critical (threshold) velocity for motion/suspension regimes U.

The coeflicient A = A + A, with the terms for bedload and suspended load respectively,

is given by:
2.4
O.OOSh(DS%)
Ay=—"—"T"75 (2)
(g (5 - I)D 50 )
0.0012D_D_°
A= (3)
(g(s - I)Dso )
where:

h  —local depth;

D, - median surficial sediment grain size;



Dgy — dimensionless grain size;
g - gravitational acceleration;
s —relative local density.

The critical velocity is calculated separately for particles considered to be ‘large’ or ‘small’:

0.19D;; log,, £4—h

90

} for D, <0.5mm

U (4)

50 —

cr h
8.5D% log,, [4—] for D, 20.5mm
D90

where:
D, D,, - appropriate percentiles of surficial grain size.

It should be noted that the wave term in the sediment transport equation can be omitted for
calculations relating to lakes and rivers; thus, it was not used in the modelling described in this
article (f]w =0); therefore, there was no need to find the value of the wave drag coefficient C .

For the Lagrangian calculations regarding positions of the simulated sediment particles,
the PTM uses a second-order, predictor-corrector technique to identify particle position at
time ¢ + dt for each of the three orthogonal dimensions , y, and z.

For example, for the dimension x, the first stage of the procedure uses information relating
to the particle’s present position and time to predict the particle’s position half a time-step
into the future, x’, as:

x'=x,+0.5(u, +u, )dt (S)
where:
%’ —new position along the x axis;
x -« position in the previous, n-th, step;
u, - advection velocity in the x dimension;

A
u, - diffusion velocity in the x dimension.

The second stage of the procedure scheme uses information regarding velocity components
from this location over a full time-step:

%, =%, + (' 'y )dt (6)
where the velocity components 1, and u, are determined in the middle point (calculated above).
For the advection velocity, the local horizontal velocity at the elevation of the particle, u*,

is taken (according to vertical velocity distribution) — this may then be adjusted to account
for bed-interaction.




For the diffusion velocity, in the absence of information on eddy diftusivity from the
hydrodynamic model, the PTM estimates lateral diffusivity itself. As presented in [7] and
as applied in [20] amongst others, the turbulent diffusion coefficient, E ,» is estimated to be:

E, =K, hu. (7)

where the empirical coefficient K, relates the turbulent diffusion to the local shear velocity

and water depth. Typically, K raﬁges from 0.15 to 0.6.

Ef
The diffusion velocity for the given time step is then calculated as a part of a random
walk process:

6E
B\ N S 8
Up , (8)

where V¥ is a random number between -1 and 1 with the uniform distribution.

S. Application of the model and its results

There have been a number of simulations of water dynamics performed for the Dobczyce
Lake so far — these simulations used models contained in the SMS package, e.g. FESWMS
(6], RMA [4, 15]. On the basis of findings from previous studies [8, 11, 12, 13, 26] flow
simulations were performed using the AdH model [2]. An AdH simulated velocity field was
chosen as the hydrodynamic background for the PTM models runs. The simulation process
was carried out for the hydrodynamic conditions corresponding to the annual average flow
(Q,=10.6 m*/s) as a representative low discharge’ and a flow with a probability level of 50%
(Q5 o = 200 m*/ s) as the representative ‘high discharge’ The water surface level was set as the
average (269.6 m a.s.l.) and high (272.6 m a.s.l.) values for the reservoir. A ‘stationary state’
assumption (inflow=outflow) was made. Incoming and outgoing discharge were both split
— the inflow between the Raba and Wolnica rivers; the outflow between the dam facilities and
water supply inlet — this is close to the actual conditions in the reservoir. Wave impact was
neglected as it has little impact on the water dynamics. Bank abrasion was also considered as
a negligible source of sediment compared to the load carried by the Raba river.

The modelling process included tracking the behaviour of the sediment sample with the
parameters of diameter distribution, specific gravity, loading time and location remaining the
same for all the simulation runs. The physical parameters were as close as possible to the
measured ones. In the simulations, alocalised source of particles (‘point source”) was used with
a one-metre horizontal and vertical dispersion radius. This was located in the main current of
the Raba, where the river enters the lake in order to mimic material entering the backwater
region from the main river inflow. The source was active for one hour, the simulation was then
carried out over subsequent days; as a result, the evolution of the material carried into the lake
over the course of one hour was observed.
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The simulations were run until all the modelled sediment particles were either settled on
the reservoir bed or moved all the way to the lake outflow; the latter accounted for only a small
proportion of the sediment and only applied in the case of high discharge conditions and for
the smallest particles (d<0.01mm). Figure 6 depicts the spatial distribution of the particles
after seven days of simulation. Coloured dots represent deposited particles of various grain
sizes. It can be seen that for Q , almost all the grains are deposited in the backwater region
of the reservoir. For the higher discharge value, the sediment particles, especially the smaller
particles, are often carried further down the reservoir.

When comparing the sub-figures relating to the low discharge and different water
surface elevation values, one can see that the shape of the current is slightly different in the
westernmost part of the reservoir. Coarse grains settle along the appropriate path. As the
current slows down more rapidly for the higher water level, larger particles are deposited
closer to each other than for the lower water surface elevation. By contrast, particles that pass
that zone and float up to the deeper parts of the reservoir have more space around for further
dispersion when the water level is high.

For higher discharge, it is clearly visible that the finer the particle, the further it is carried
within the lake. This is true both for both the higher and lower water surface level. However,
for the lower level, when the velocities are higher and when the current bends and whirls
more, another effect is visible — some medium-sized and fine particles are carried close to the
banks and settle there. The larger grains fall closer to the centre of the local bed cross section.
This is consistent with the measurements of real grain sizes mentioned in section 3.

6. Summary, conclusions and future possibilities

To sum up the first part of research on the Dobczyce backwater area, it can be said that the
process of sediment deposition is intensive there. Sediment material transported by the Raba
has been deposited in this area over the years and has continuously changed its character.
The whole the region has been generally levelled. Shallow bays and banks with a gentle slope
appeared on the southern side. The river channel is close to the northern bank. In that kind
of area, almost all the discharge is carried out by the main current and the flow of water in the
southern backwater part is extremely slow. Therefore, under the considered conditions, only the
smallest particles are able to reach the southern part of the backwater region and settle there.
Larger and medium-sized particles settle closer to the main current area; this is visible in both
actual sediment samples and in numerical simulations. This leads to the conclusion that the
grain size of the deposited material decreases along with the distance from the main current.

The next finding from the sediment sampling is that there is no straightforward dependence
between the average grain diameter and the depth of sampling in a given location. Fine and
coarse layers seem to lay randomly on one another - this may lead to the conclusion that the
process of deposition in the backwater region depends upon the hydrodynamic conditions
which become volatile over the course of time in each part of the reservoir (especially during

episodes of high discharge).



The material deposited in the lake is not only made of mineral grains but also of organic
matter which is able to store and transport substances in an aquatic environment; this means
that biogenic substances or other constituents that pose threats for the good condition of the
water reservoir may also be transported. The presence and possible movement of pollution
carried by sediment is one of the research areas targeted towards water engineering and water
management; conditions favouring the advection of the deposed material and triggering its
polluting potential have to be considered.

The obtained results are consistent; the simulation outcome concurs with the results of the
in-situ measurements. This indicates that the PTM model may be used to some future more
sophisticated simulations regarding transport phenomena in the Dobczyce reservoir. Further
research is planned which is aimed especially towards siltation processes and water quality issues.
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