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ABSTRACT

In 2022, a joint partnership project was initiated to prepare the basis for a strategy of managing sediments in the Sava River basin. As part of
this strategy, a two-dimensional model of the bedload transport was used to calculate quantities, balance, and key deposition and erosion
locations in the most bedload-laden part of the Sava Dolinka River basin in north-western Slovenia. The boundary conditions of the bedload
transport model were determined for three hydrological scenarios: a single event with a peak discharge of Q100, and for both a wet and a
dry hydrological year. The results of the bedload transport model, combined with expert estimates of the bedload transported quantities,
together with field evaluations by water protection supervisors, identified locations of the potential flood risk increase is due to the signifi-

cantly unbalanced transport capacity conditions in the Sava Dolinka River.

INTRODUCTION

In order to maintain the continuity of rivers, reducing flood and erosion risks, maintain riverbed stability and habitat diversity by ensuring
good ecological status, it is essential to establish an appropriate sediment management strategy at national and local level. In 2022 and 2023,
a project was set to prepare a strategy for the bedload management in the Sava River basin in Slovenia by analysing the Sava River basin
in the context of ensuring bedload transport balance, flood/erosion protection and good ecological status. These data in the end provide
a basis to upgrade the national legislation regarding bedload-gravel extraction for commercial purposes. An analysis of bedload transport
using two-dimensional (2D) sediment transport modelling is presented, where the results give the locations and quantities of elevated sed-

imentation levels potentially contributing to increased flood risk.

METHODS

STUDY SITE

The Sava River in Slovenia originates as the Sava Dolinka in north-western Slovenia in the Zelenci Nature Reserve, close to the border with
Italy and Austria, and flows through Jesenice and downstream, where it slowly acquires its pre-alpine characteristics as it merges with a
tributary of the Sava Bohinjka and becomes the Sava River at Radovljica. The pre-alpine characteristics, i.e., high flows, mainly due to snow-
melt in spring and heavy precipitation in autumn, as is typical of the south-eastern Alps (Bard et al., 2015), are visible as far as the Croatian
border in the south-east of Slovenia. For the purpose of an optimal bedload transport analysis, the computational basin of the Sava River
in Slovenia was modified to primarily include only those basins where there are initiatives to grant concessions for the gravel commercial
extraction are present. Also, basins with (annual) data of known excess levels of bedload quantities (DRSV, 2022), and basins where bed-
load concentrations data at higher flow rates (e.g., 2-year return period of high waters - Q2) indicate a river with a low transport capacity
(torrential characteristics — steeper, narrower slopes in the upper catchments) were included. The main sources of fluvial sediment in the
Sava River basin are the glacial slopes within the north-western part of the Sava River basin (Dolinka), where bedload is concentrated in
torrential tributaries, in particular the PiSnica tributary, but also the Martuljek, the Beli potok, the Belca and, to a lesser extent, the Triglavska

Bistrica tributaries.

DATA COLLECTION

Bedload transport analysis of Sava Dolinka River required acquisition of the following spatial, hydrological and sediment/bedload sampling

data:

e  Drone tri-dimensional (3D) terrain data surveys of Sava Dolinka bathymetry with riverbanks and buffer depending on terrain homoge-
neity — surveys were done in late winter period to avoid higher water levels and leafless phenoseason;

e  Rainfall data series (period 1990-2019) to assess surface runoff for Pisnica tributary;

e  Historical hydrologic data series (period 1990-2019); discharges, depths/water levels) from existing flood analysis and selected gauging
stations to define model flow boundary conditions;

e Gravel bar sampling to obtain grain-size distribution curves at various terrain depth with sieving analyses;

e Land use spatial data to define Manning roughness coefficients ranging from 0,02 (urban areas) to 0,07 (forests), riverbed ng 0,045;

e Soil data to define hydrologic soil groups;

e  Bedload deposition and erosion data (locations, volumes) from river warden databases and other sources with annual extracted bed-
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load volumes data, mainly for maintenance purposes. This data serves for model validation purposes.

With the exception of bedload sampling and terrain 3D data, all data was collected from the corresponding (online) databases of national/

local authorities.

@ Graved samgling site
Ay » Rainfall gauging station
[ T . ® Discharpe gauging staiion

Figure 1 Data collection sites

BEDLOAD TRANSPORT MODEL, DOMAIN AND KEY MODEL PARAMETERS

NUMERICAL BEDLOAD TRANSPORT MODEL AND DOMAIN PARAMETERS

Bedload transport model used for simulation was SRH-2D, version 3.0 (USBR, 2020) with integrated two-dimensional (2D) depth-averaged
St. Venant dynamic equations solved by applying the finite volume numerical method. Numerical grid used for these simulations was com-
prised of triangular elements (average size 5 m, up to 50.000 elements per modelled section); however, quadrilateral elements or combina-
tion of both could be used alternatively. In order to time-and performance-wise adequately model the bedload transport phenomena in Sava
Dolinka River basin, the whole modelling domain was divided into 9 segments with average length of approximately 3 km, with domain

width based on neighbouring floodplains reach with return period of p=0,01 (100-year flood event).

MODEL INPUT PARAMETERS

In order to determine the appropriate values of the model parameters and to achieve maximum model numerical stability, it was necessary,
among others, to select an appropriate equation for the bedload transport, together with representative grain size classes/fractions, time
step (0,5 seconds, based on CFL condition (Garcia-Navarro et al., 2019)) and simulation duration ( 120 hours for the scenarios of event of
Q100 return period and a wet hydrological year or 96 hours for the scenario of a dry hydrological year). The default value of the parabolic
turbulence factor was set as default by modelling software - 0,7. The bedload specific gravity was set at 2,65 kg/m3 and the thickness of
the active layer was set according to the coarsest grains on the bed surface estimated at 150 mm. For the purpose of the simulation, the
transport equation of Wu (Wu et al. 2000) was chosen as it is applicable to the widest array of grain sizes (fine sands to coarse gravel) which
are present in majority in modelled domain. These model parameters were not specifically calibrated due to lack of data but were chosen

because in the end provided for the best numerical model stability.

; T 2,2
2ot _ 0,0053 (—9 -1)
q- Tei

Equation 1

Here, q_bi is bedload flux, t_g is gravitational shear stress dependent on median grain size, Manning roughness coefficient and shear stress
at the bottom, T_ci is shear stress for each individual fraction size i and q_* is bedload shear stress for each individual fraction size dependent
on sediment/bedload specific gravity, fraction size i diameter, sediment/bedload grain exposure and hiding factors. Representative bedload
sizes were chosen according to available bedload sampling sizes and existing literature, Bedload sizes were thus selected from the following

soil types coarse sands, very coarse sands, very fine gravel, fine gravel, medium gravel, coarse gravel and very coarse gravel.

BOUNDARY CONDITIONS
Boundary conditions were set according to single hydrological event with peak discharge at Q100 return period. Sediment/bedload trans-

port model requires the input of two types of boundary conditions — hydrological inflow and sediment/bedload inflow. Hydrological in-
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flow-discharge at inlet was set to be unsteady by applying synthetical hydrograph. Synthetical hydrographs were designed by peak flow
(Q100) whereas longer constant discharge duration periods were put in to allow for sediment/bedload settling process (hydrographs for
Q100 peak scenario are presented on figure 2). In addition, beginning and the end of the hydrographs were set at grain motion initiation
discharge as per Shields (Shields, 1936) formula. Outlet hydrological boundary conditions were rating curves (discharge-stage relations

according to terrain, slope, Manning roughness coefficient and discharge).
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Figure 2 Hydrograph with peak at Q100 at inlet of the sediment transport model for each segment.

Sediment/bedload inlet boundary condition for each segment (except for the uppermost Jasna-Lek) was a time-sediment/bedload flux per
fraction relation t-Qsi, where i is the sediment/bedload fraction (see inlet annual sediment volumes for each modelled section on figure
3). 8 size classes (7 bins) were chosen within setting the sediment/bedload boundary conditions. The smallest fractions were 0,5 and 1,0

mm, which are not considered bedload (coarse sediment material) (Ashworth et al., 1989) but were included for the purpose of armouring.

Figure 3 Bedload inflow as upper sediment transport boundary condition

RESULTS AND DISCUSSION

THRESHOLD DEFINITION OF ELEVATED BEDLOAD DEPOSITION LEVELS
The intensity of bedload deposition was delineated into three stages. In determining the individual classes, the first part was based on Par-

agraph 2, Article 12 (Article 12(2)) of the Regulation on the methodology for determining areas at risk from flooding and related erosion of
inland waters and the sea, and on the method of classifying land into risk classes (Official Journal of the Republic of Slovenia 60/07, 2007)
(hereinafter referred to as the Rules), which is the only legal act that, at least in principle, sets out numerical criteria for the risk posed by

the processes of deposition and erosion of alluvial debris processes (hereinafter referred to as the Regulation).

In the second part, for the so-called low hazard class (defined in Article 12(2) of the Regulation), criteria based on the bedload diameter
d90 was applied, where the layer of the riverbed that participates in the bedload mixing during conditions of grain motion (active layer)
is determined on the basis of the value d90 according to the equation (0,5 to 3,0) x d90 (Recking et al, 2021). The active layer therefore
varies in thickness and location indirectly depending on the flow rates (d90 dependent on flow rates), channel morphology and the terrain
characteristics of the watershed during bedload transport. Sediment layer thicknesses fluctuate according to water discharge magnitudes,i.e.

active layer could be referred as the portion of streambed that is mobilised during floods competent to transport (bedload) sediment (Church

et al. 20106), i.e. involved in sediment deposition processes.

In the first column of Table 1 the values of d90 from gravel bar sampling and sieving analyses are presented, and in the second column the
threshold to distinguish non-elevated and elevated (excess) bedload deposition thickness based on equation of (Recking, et al., 2021) are
given. Article 12(2) from the current Regulation to determine flood and erosion risk (Offcial Journal of the Republic of Slovenia, No 60/07)
states three deposition hazard classes (small, intermediate and high level), with deposition thicknesses at small level being less than 0,3 m,
at intermediate between 0,3 and 1,0 m and at high level more than 1,0 m (all three levels valid for Q100 return period). The basic propo-
sition, based on the sediment transport modelling, was to base the threshold between small and intermediate deposition levels on the d90

active layer criteria. It was also proposed to rename small, intermediate and high deposition levels/hazard classes to normal, elevated and

critical respectively.
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Section dao (mm) | (0,5 to 3) x doop (mm)
Jasna-Lek 50 150
Lek-Kranjska Gora 60 180
Kranjska Gora-Log 70 210
Log-Martuljek 60 180
Martuljek-Rute 60 180
Rute-Belca 70 210
Belca-Mojstrana 60 180
Mojstrana-Dovje 70 210
Dovje-Hrusica 80 240
Hrusica retention reservoir 60 180

Table 1 Threshold thickness of elevated bedload deposition levels

Consequently, the criteria in Article 12(2) of the Regulation for use in interpreting the results of the deposition within bedload transport

model have been adapted as follows:

e Critical sediment deposition level, where the thickness of the deposited layer is greater than 1.0 m at flow Q100,

e  Flevated sediment deposition level, where at flow Q100 the lower limit of the deposited layer thickness depends on the grain diameter
size d90 according to the expression (0,5 to 3) x d90 (mm) (Table 1), and the upper limit at 1,0 m of deposited layer thickness,

e  Normal sediment deposition level, where at flow Q100 the thickness of the deposited layer is less than the thickness determined by the
criterion (0,5-3) x d90 (mm) (Table D).

The preceding bullets provide base to define three bedload deposition classes (critical, elevated and normal in case of Q100 event) from
which representative areas of bedload depositions were identified. It has to be emphasized this new sediment deposition hazard classi-
fication maintains the pre-existing Q100 flow return period and sediment deposition connection in Regulation due to the fact that these

amended sediment deposition classes are based on sediment transport modelling based on Q100 flow event.

ELEVATED LEVELS OF SEDIMENT DEPOSITION EFFECT ON FLOOD RISK

The identification of critical sediment deposition and erosion sites and areas was carried out in consultation with the water protection super-
visors on the individual Sava River basin watercourses, and in the section of the Sava Dolinka River where sediment transport modelling was
carried out, model calculations of sediment transport were used to enhance the precision of the results. It should be noted that these results
are still largely only rough estimates of the actual quantities of material deposited or eroded. In the following table, comparison between
annual sediment transport (m3) as estimated by sediment transport model and field observations estimates carried out by water protection
supervisors are presented. No specific calibration was performed due to the lack of available sediment monitoring data, only forementioned

comparisons based on terrain data from water protection supervisors.

Modelled section Annual sediment transport - Annual sediment transport — field
model estimates [m?] observations estimates [m3]

. Not available (literature estimates

PiZnica — lasna lake — Lek 10.000
5.000 — 15.000)

PiZnica/Sava Dolinka — Lek Kranjska 5.000 Not available (literature estimates
Gora - Log 5.000 — 15.000)
Sawva Dolinka — Log — Martuljek 6.000 8.000
Sawva Dolinka — Martuljek — Rute 20.000 25.000
Sava Dolinka — Rute — Belca 12.000 18.000
Sava Dolinka — Belca — Mojstrana 38.000 40.000 - 100.000
Sava Dolinka — Mojstrana — Dovje 10.000 Not available
Sawva Dolinka — Dovje — Hrudica 10.000 Not available
Sava Dolinka — Hru3ica gravel
retention reservoir ) 30000 39,000

Table 2 Comparison between sediment transport mode! estimates and field/terrain observations

Field visits were also carried out to selected sites that were recorded as critical, both in terms of material deposition and erosion.

Based on the suggested criteria, sites with critical sediment deposition rate were identified for the purpose of the analysis of areas where
deposition could substantially increase flood risk and consequently compared to the existing national flood warning spatial data (OPKP —
very rare floods).

The analysis showed that the greatest impact on increasing flood risk is in the sections from Martuljek tributary to Dovje village, where
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most of the sediment is deposited, and where the most bedload laden tributaries in the Sava Dolinka basin (Martuljek, Beli potok, Belca,

Triglavska Bistrica) are located.

Table 2 presents the sites with elevated sediment quantities causing increased risk of flooding. These have been identified on the basis of
sediment transport modelling and on the basis of existing analyses and literature together with data from water protection supervisors. Sites
most prone to increased flood risk due to critical sediment deposition levels are those coinciding with national flood warning spatial data
category very rare floods. The assessment of the sediment deposition levels based on increased flood risk is given by the code VN in the

case of the assessment by the water protection supervisors/expert assessment and by the code M in the case of the assessment based on

the sediment transport model.
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Figure 4 Sites with elevated sediment deposition affecting flood risk (data source: existing literature and water protection supervisors)
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Sites with excessive sediment deposition
@ affecting flood risk (data source: existing
0051 2 3 4 5 literature and water protection supervisors)

| C) Bedload transport model domain

Figure 5 Sites of elevated levels of deposited bedload contributing to increased flood risk based on bedload transport model calculations

Criticali
Location Watercourse | Brief description fiticaty
assessment
Jasna-Lek Pisnica Group of gravel bars ™M
Log Sava Dolinka | 1 group of smaller gravel bars and 1 larger gravel bar ™M

between Log and

Gozd Martuljek Sava Dolinka | Inflow from the hinterland and the Pi3nica. Larger gravel pit | VN

Inflow of sediment from Martuljek and other hinterland.

Gozd Martuljek | Sava Dolinka VN
Larger gravel bed.

Log-Martuljek Sava Dolinka | 2 larger gravel bars ™M
Martuljek-Rute | Sava Dolinka | 2 larger gravel bars ™M
Rute-Belca Sava Dolinka | 2 larger gravel bars ™M
downstream of
the Kranjsk

N ran]s. a. Sava Dolinka | Sediment inflow from the hinterland. Larger gravel bed. VN
Gora municipal
service plant
Belca-Mojstrana | Sava Dolinka | 2 larger gravel bars ™M
from Mojstrana Sediment inflow from the hinterland. A barrier with a large
to the Belca Sava Dolinka | gravel retention pond has been built in 2020. A larger gravel | VN
tributary inlet bar and several smaller gravel bars.

Mojstrana-Dovje | Sava Dolinka | 3 groups of small gravel bars with an average length of 100 m | M

1 short and 1 longer gravel accretion site along the bed of the

Dovje-Hrusica Sava Dolinka L . . ) N ™M

channel where excessive deposition of sediments is occurring
Hrusica gravel Sediment deposition within the reservoir on the left bank
retention Sava Dolinka | and at a location immediately downstream of the outlet from | M
reservoir the Hrusica gravel reservoir

Table 3 Locations at increased flood risk because of elevated bedload deposits levels

CONCLUSIONS

Based on the bedload transport model and the threshold criteria for the definition of elevated bedload deposition levels, the locations of
bedload deposition within the 2D model area have been identified. Key sites/areas of (elevated) bedload deposition levels relevant for fur-
ther planning are those that fall into the elevated or critical category. Within the bedload transport model domain, the sections of the Sava
Dolinka (no flood risk identified due to bedload depositions on the Pisnica tributary) are the most prone to flooding because of bedload
deposits. The elevated bedload deposits levels as a cause of increased flood risk develop mainly because of bedload retention in the upper
parts of the basin where flow velocities start to drop and consequently its bedload transport capacity. Factors affecting this are riverbed
morphology (Sava Dolinka reach from Martuljek to Mojstrana) and especially bedload deposition processes at the Sava Dolinka and main
tributaries confluences causing reduction of effective riverbed cross-section (also reduction in discharge capacity) due to bedload deposits.
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