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Abstract 
On Drava River’s rkm 14+110 closure dam was constructed across the upstream 
end of the old bendway that is being preserved for Osijek port basin. During high 
water conditions when water level rises part of flow is diverted from main channel 
over closure dam. Overtopping of dam consequently disrupts water and sediment 
regime in port Osijek basin. Aim of this paper is to determine long-term sediment 
yield that enters the port carried by the flow over dam and conditions under which 
it deposits, changing port’s morphology during the process. This process is 
analyzed thought 8-year period, from 2005 until 2013. Paper presents modelling 
method for calculation of layer thickness for suspended sediment deposited in port 
basin. Bed forming sediment is extracted from total sediment inflow in port basin 
using Reynolds number as common parameter in sediment rating curves for port 
basin and gauging profile. For each sediment fraction conditions of its deposition 
are determined based on particle fall velocity, transport velocity and water column 
depth. Hydraulic flow conditions are calculated from measured hydrograph using 
1D computations. Since sediment rating curve doesn't depict reliable relationship 
corresponding to flow sediment regime is analyzed for three characteristic 
scenarios (mean, minimum and maximum) according to data. Results are given as 
longitudinal profile of volume for deposited suspended sediment and compared to 
measured change in bathymetry for set time period. 
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1. INTRODUCTION 
On Drava River’s rkm 14+110 closure dam “G” was constructed across the 

upstream end of the old bendway, spanning the full width of watercourse. Role of 
closure dam is to deflect Drava River’s flow towards meander cut-off, thereby 
increasing efficiency of its evolution process. Closure dam is constructed as 
rockfill dam with crest elevation set on 82 m a. s. l., and it shields old bendway 
from flow for discharges under 650 m3/s. 

Diversion of primary flow through constructed cut-off enabled use of old 
bendway as basin of port Osijek. New port Osijek is situated on right hand 
riverbank, from Drava River station 12+600 to 14+450, and has entrance on 
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downstream end of towhead. Length of port basin from entrance to closure dam is 
circa 1700 m, with average width of 160 m and area 20.4 ha. 

Sediment is carried by flow into port basin when water elevation upstream is 
higher than dam crest and Drava Rive flow is divided: it partially flows through 
cut-off and partially inflows into port basin overtopping closure dam. Taking into 
account fact that crest of closure dam as constructed doesn’t absolutely shield port 
Osijek from flow, water and sediment regime downstream of closure dam can be 
considered disturbed when referenced to natural conditions. 

This paper presents results of flow and sediment regime analysis for port of 
Osijek. Analyses are based on long-term field survey data and data from adjacent 
gauging stations. Aim of this paper is to quantify changes in riverbed morphology 
induced by construction of closure dam and meander cut-off by analyzing 
conditions under which suspended sediment is deposited. Two approaches are 
used: (1) distribution of settling velocity over suspended sediment fractions and 
(2) application of 1-D numerical sediment transport model. Timespan used for this 
paper covers 8-year period, from construction of closure dam in October 2005 
until June 2014. 

2. METHODOLOGY 
Entrainment and deposition of suspended sediment that causes morphological 

changes in port of Osijek is quantified using two aforementioned methods whose 
precision is evaluated by comparing results after 8-year period with in-situ 
measured bathymetry. Hydraulic geometry of Osijek port river reach is compared 
to natural conditions which are presumably in equilibrium at beginning and at the 
end of simulation. Trend of developing hydraulic geometry is used for prediction 
of further morphological changes in port basin. 

2.1 Available data 

Input for analysis is flow regime data, coupled with suspended sediment 
concentration and known bathymetry at the beginning and end of simulated time 
period. Available data consist of: 

 river bathymetry of defined river reach – collected on the beginning and 
the end of simulated period; 

 water elevation measurements on two gauging stations that are 
positioned on boundaries of numerical model; 

 hydrological – hydraulic regime of defined river reach described 
through collected flow velocity profile on several occasions throughout 
simulated time period; 

 suspended sediment concentration measurement; 

 granulometric curves for both suspended and bedload sediment. 

 

In order to describe hydrological regime of Drava River water elevation data 
from GS Belišće was converted in mean daily discharges using discharge curve. 
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GS Belišće is located on river station 53+800, and since there are no tributaries 
between there and defined reach, calculated discharges are suitable for flow 
description. Flow hydrograph data for modeled time period covered great span of 
discharges, from low to high flow, which almost covers full span of discharges 
collected from gauging station’s start of operation. In following table summary of 
flow data for analyzed time period is given and compared to historic data (Tab. 1): 

Tab 1. Summary of discharge data for GS Belišće 

Characteristic 
discharge 

Historic data 

from year 1962. 

Q [m3/s] 

Modeled period  

from 2005. to 2014. 

Q [m3/s] 

QMIN 160 224 

QAVG 556 547 

QMAX 2232 2017 

Hydrological – hydraulic regime of defined river reach is described through 
collected flow velocity profiles on 13 occasions throughout simulated time period, 
from August 2009 until October 2014. Data collected during this period also 
included flow distribution between cut-off and port basin. Flow distribution curve 
for port basin flow is calculated as: 

88.8707188.11035.5 24   QQQPORT
 [m3/s], (1) 

where: QPORT is flow over closure dam [m3/s], Q is Drava River discharge [m3/s]. 

For description of sediment transport regime measured data on gauging station 
GS Donji Miholjac, located on river station 80+500, was used. On this gauging 
station suspended sediment data is periodically sampled several times per year, 
resulting with 80 measurements since year 2000. Suspended sediment data 
correlates well with discharge, so suspended sediment curve is developed from 

paired data in following form:    QfskgP / . 

Correlation between discharge Q and suspended sediment yield P is not strong, 
therefore collected data have no distinctive trend and are characterized with large 
data scatter. Since data scatter is too large to be represented accurately with one 
curve, three characteristic scenarios for suspended sediment curve were 
developed: (1) minimum suspended sediment load QS(MIN); (2) average suspended 
sediment load QS(AVG) and (3) maximum suspended sediment load QS(MAX). 
Equations defined for each of three scenarios are:  

1851.26109 QP    [kg/s] for QS(MIN), (2) 

8541.14103.1 QP    [kg/s] for QS(AVG), (3) 

3757.131018.5 QP    [kg/s] for QS(MAX), (4) 

where: P = suspended sediment load [kg/s], Q = Drava river discharge [m3/s]. 
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Collected data and defined equations are given on the following figure (Fig. 1). 
Granulometric curve of suspended sediment reveals that it consists mainly of silt 
and sand, with mean particle diameter d50 = 0.15 mm. 

 
Fig. 1 Characteristic curves for scenarios of suspended sediment load 

2.2 Sediment regime in port basin 

Sediment yield that enters port basin carried by flow overtopping closure dam 
is calculated as fraction of total suspended sediment yield corresponding to ratio 
of overtopping flow to total flow. Suspended sediment consists of two 
components: bedforming, which is deposited in port basin and wash, which is 
transported downstream. In order to define amount of sediment deposited in port 
basin sediment outflow must be subtracted from sediment inflow.  

Since flow conditions at gauging station Donji Miholjac and port basin differ 
significantly sediment entrained by flow cannot be calculated using suspended 
sediment curve defined at GS Donji Miholjac (Fig. 1). Therefore, suspended 
sediment load must be correlated with flow variables that are independent of river 
profile. Suspended sediment transport generally depends on the Reynolds number 
because pattern of flow around settling particles is controlled by the viscosity of 
the fluid and flow around them [Cheng 2004, Liu 2014]. Available data doesn’t 
cover temperature of water, therefore Reynolds number is calculated without 
viscosity as it is presumed to be constant. Suspended sediment curves equations 
are as follows: 

1851.26109 QP    [kg/s] for QS(MIN), (5) 

8541.14103.1 QP    [kg/s] for QS(AVG), (6) 
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3757.131018.5 QP    [kg/s] for QS(MAX), (7) 

where: U is profile velocity [m/s], R is hydraulic radius [m]. 

These relationships are used for estimation of sediment transport capacity of 
port basin, i.e. suspended sediment outflow and subsequently amount of sediment 
deposited in port basin. Since suspended sediment inflow cannot be unanimously 
determined from available data, analyses of its deposition are conducted for three 
scenarios: minimum, average and maximum. Results from settling velocity 
method and numerical model will be compared to measured data in order to 
determine most appropriate method. 

2.3 Settling velocity 

Conditions under which suspended sediment is deposited is defined for each 
fraction separately, based on known settling velocity, horizontal speed of particle 
which is set equal to mean profile velocity and flow depth. Sediment particle 
settling velocity is one of the important parameters used in most sediment 
transport functions or formulas [Yang 2006]. In this paper van Rijn’s equation was 
used. Van Rijn approximated the US Interagency Committee on Water Resources’ 
curves for settling velocity using three equations, depending on particle size [van 
Rijn 1984]. Suspended sediment is divided into five fractions with regards to their 
different diameter which influences settling velocity. Fractions are divided in such 
a way that every fraction contains same amount of sediment, i.e. 20 %. For every 
fraction settling velocity is calculated using appropriate equation od mean particle 
diameter for that fraction, which is in turn used to describe settling of sediment in 
that fraction. Following table (Tab. 2) contains calculated settling velocities for 
each fraction. 

Tab 2. Calculated settling velocities for each sediment fraction 

sediment fraction mean particle diameter 

d [mm] 

settling velocity 

W [cm/s] 

d < 20 % 0.045 0.18 

20 % < d < 40 % 0.09 0.74 

40 % < d < 60 % 0.15 1.65 

60 % < d < 80 % 0.17 2.03 

80 % < d < 100 % 0.21 2.80 

Time required for particle to vertically pass through water column is calculated 
by dividing flow depth with settling velocity for each hydrological event. Then 
this time is multiplied with flow velocity in order to calculate horizontal distance 
traveled by particle before depositing (settling length). For each fraction total 
sediment mass is calculated entering the port basin and then is calculated length it 
travels before depositing. This results in longitudinal profile of deposited sediment 
mass. Settling length curves depending on flow are given for each sediment 
fraction in following figure (Fig. 2): 
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Fig. 2 Settling length for deposition of sediment fractions under variable 

flow conditions 

2.4 Numerical model 

In order to describe flow regime on defined river reach for defined time period 
1-D numerical model was used. Model was set up using measured bathymetry 
data on river cross-sections, water levels on downstream model boundary and 
discharge on the upstream. Calibration of Manning’s roughness coefficient was 
done for 13 aforementioned measurements of flow velocity profile during which 
water surface elevation was collected on each cross-section. Model was run for a 
range of discharges, resulting in longitudinal velocity and water depth profile used 
in sediment deposition calculations. Results of calibrated numerical model are 
used for description of flow regime in form of averaged variables on each cross-
section: profile velocity U, hydraulic radius R, flow area A and mean depth h.  

Global Drava River model is set-up from mouth of Drava River to gauging 
station GS Osijek, located on river station 20+000 km. For all hydrological events 
in modeled period, daily discretized, model is run in order to obtain longitudinal 
water surface profile. 

Based on hydraulic regime calculated using hydrodynamic model, sediment 
transport can be calculated for defined river reach, as well as its influence on 
channel morphology through erosion and deposition processes. For this type of 
calculation model with smaller domain was set-up describing port basin. This 
model is set up on 18 cross-sections, spanning from closure dam to port entrance, 
with downstream boundary condition set on Drava River’s natural profile, as 
shown on following figure (Fig. 3). 

Downstream boundary condition for sediment transport model, water surface 
elevation, was extracted from results of global model. Sediment inflow was 
calculated through relation with Reynolds number as described in previous 
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chapters for flow situations that overflow the closure dam. For sediment transport 
calculation Toffaleti's formula for large sand-bed rivers was used [Toffaleti 1969]. 
Toffaleti’s formula is based on the concepts of Einstein’s total load function with 
several modifications, defined as total river sand discharge for range of bed size 
material from 0.062 to 16 mm. The function is not heavily dependent on shear 
velocity or bed shear. Instead, it was formulated from regressions on temperature 
and an empirical exponent that describes the relationship between sediment and 
hydraulic characteristics. A distinctive approach of the Toffaleti function is that it 
breaks the water column down into vertical zones and computes the concentration 
of each zone with a simple approximation of a Rouse concentration profile. 
Transport for each zone is computed separately. This approach is, obviously, most 
appropriate for transport with significant suspended load such that a vertical 
Rouse distribution includes significant concentrations in the water column. The 
function has been used successfully on large systems like the Mississippi, 
Arkansas, and the Atchafalaya Rivers [Brunner 2010]. 

 
Fig. 3 Port basin profiles used for analyses plotted on ortophoto image 

2.5 Hydraulic geometry 

The term “hydraulic geometry” connotes the relationships between the mean 
stream channel form and discharge both at-a-station and downstream along a 
stream network in a hydrologically homogeneous basin. Leopold and Maddock 
(1953) expressed the hydraulic geometry relationships for a channel in the form of 
power functions of discharge as: 

mfb QkUQchQaB   ; ; , (8) 

where: B is channel width [m]; a, b, c, f, k, m are parameters. 

The at-a-site hydraulic geometry entails mean values over a certain period, 
such as a season, or a year. According to Langbein (1964), Langbein and Leopold 
(1964), and Yang, et al. (1981) among others, the mean values of the hydraulic 
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variables of equations (8) are known to follow necessary hydraulic laws and the 
principle of the minimum energy dissipation rate. As a consequence, these mean 
values are functionally related and correspond to the equilibrium state of the 
channel. This state is regarded as the one corresponding to the maximum sediment 
transporting capacity. The implication is that an alluvial channel adjusts its width, 
depth, slope, velocity, and friction to achieve a stable condition in which it is 
capable of transporting a certain amount of water and sediment. Marked changes 
in the channel form and associated hydraulic geometry can occur over a short 
period of time in the absence of exceptionally high flows and in a channel with 
high boundary resistance. This suggests that the approach to quasi-equilibrium or 
establishment of a new equilibrium position is relatively rapid. 

In order to determine current state of riverbed and potential for future 
development hydraulic geometry of river profiles in equilibrium is calculated, as 
well as hydraulic geometry of port basin profiles for beginning and end of 
modeled period. Hydraulic geometry of Drava River was investigated over five 
year period, with calculation for each year and average discharge for that year. 
River cross-sections used for calculation were selected from reach upstream and 
downstream from defined reach, and in meander cut-off. These values are 
compared to results of hydraulic geometry of port basin profiles in order to 
evaluate future development of port basin. 

3. RESULTS AND DISCUSSION 
Results of conducted analyses were used to determine portion of suspended 

sediment load that is most likely to enter in port basin, to evaluate which method 
gives more accurate prediction of morphologic changes in port basin and to 
estimate trend of future morphological port basin development. Results of 
modeling show that two applied methods produce significantly different output.  

Both methods estimate most intensive deposition in first 200 m downstream of 
closure dam, although settling method produces far greater values of deposited 
sediment. Measured bathymetry doesn’t reflect this trend, as sediment mass is 
distributed more evenly over the length of port basin. Further downstream HEC 
method estimates continuous trend of reducing deposition with increasing 
distance. Settling method shows different trend: in first 200 m fractions 40 % < d 
< 100 % are deposited and later downstream rest of particles deposit, with 
increasing trend as more distance is needed for smaller fractions to settle. This 
trend is also visible from measured data. For both measured geometry and settling 
method deposition ends after 1000 m. One of the measured profiles shows 
significant erosion which could be result of possible sand dredging, but this 
anomaly is not explained. HEC model for minimum and average scenario in this 
area shows erosion as consequence of disbalance caused by previously deposited 
sediment and later deposition on port entrance. Maximum scenario model is 
oversaturated with sediment and it predicts deposition on full length of port basin. 
Following figure (Fig. 4) shows longitudinal profile of port basin for which 
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sediment mass balance was depicted as a change in flow area and hydraulic depth 
on each profile. 

  

Fig. 4 Longitudinal profile of bed change representing sediment mass 
balance: profile area (left) and hydraulic depth (right) 

Most applicable method for overall sediment mass balance is HCE method for 
minimum inflow scenario, which predicts 55 % greater deposition compared to 
measured data (49234 m3). If profiles with anomalies in measurement are 
disregarded this scenario shows even better results: it overestimates deposited 
sediment on first 1000 m by only 13 %. For this part of reach measured amount of 
deposited sediment is 74798 m3. Other two HEC models on this reach 
overestimate deposition by 65 % for average scenario and 142 % for maximum 
scenario. For all three scenarios used with settling methods overestimations of 
deposited sediment are greater, ranging from 147 % for minimum to 348 % for 
maximum scenario. 

Both used methods do not represent turbulence, which is present in field 
conditions, and therefore influences sediment transport. Turbulence is most 
intense in area downstream of closure dam, and it prevents sediment deposition 
which both applied methods cannot take into account. Therefore in this area 
methods overestimate amount of deposited sediment, which is 53953 m3. Most 
applicable method for first 300 m is also HEC method for minimum inflow 
scenario, overestimating deposition for 28 %. 

When difference between presumed scenarios separately for each method is 
analyzed, settling method is less sensitive to inflow mass of sediment, as it 
deposits total amount of sediment in basin. HEC method is more sensitive to 
inflow scenarios because it predicts extensive deposition in port basin entrance. 
Results of analyses are shown to be under expected confidence interval for 
sediment transport methods [van Rijn 1984], and correlate with previous analyses 
conducted on Drava River [Gilja et al. 2009]. Since for all parts of port basin best 
representation of sediment regime is minimum sediment inflow scenario, it is safe 
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to assume that sediment is not uniformly mixed throughout water profile and 
column. This must be taken into consideration when relationships for sediment 
inflow are calculated. 

After it has been shown that sediment regime under varying flow regime can 
be reliably represented using 1-D models, temporal development of riverbed has 
been analyzed using principles of hydraulic geometry. Hydraulic geometry was 
determined for port basin profiles on the beginning of modeled period, in 2005, 
and at the end in 2014. Geometry of equilibrium profiles is collected in period 
from 2009 to 2014 for profiles located on natural reach of Drava River enclosing 
analyzed reach. For comparison of Drava River development cut-off profiles were 
used, collected in 2005 when cut-off was built and also in period from 2009 to 
2014. Results for mean flow velocity and hydraulic depth are given in following 
figure (Fig. 5). On each figure expected relationship is plotted as dashed line 
through equilibrium profile points. 

  
Fig. 5 Hydraulic geometry for hydraulic depth (left) and velocity (right) 

When hydraulic geometry for hydraulic depth is compared to theoretical 
relationship it seems that cut-off profiles are distancing from equilibrium with 
passing time and that port basin profiles are streaming towards equilibrium but at 
slow pace. This trend is not consistent with hydraulic geometry for mean flow 
velocity, where both cut-off and port basin profiles in year 2014 are much closer 
to equilibrium line than in 2005. 

This discrepancy in trend regarding reaching equilibrium is consequence of 
high boundary resistance, i.e. on river banks there exist trees whose roots stabilize 
banks and prevent erosion. Therefore, flow energy is dissipated mostly on 
riverbed, causing it to deepen faster than it can widen. Therefore, hydraulic 
geometry approach must be coupled for all three relationships (depth, width and 
velocity), rather than focusing on single one. This is especially important if 
available data covers period after high flows which rapidly modify riverbed 
morphology. 
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Based on defined hydraulic geometry we can assume that adaption of riverbed 
geometry to flow and sediment regime is still active process. Since flow is 
constrained in port area and limited as only part of flow passes through it, 
riverbank erosion cannot be expected, rather occurrence of bars along left bank 
which will impose on normal port operation. 

4. CONCLUSION 
Results of presented analyses show that two selected methods are applicable 

for calculating sediment mass balance in reaches with tranquil flow, such as ports. 
HEC method estimated amount of deposited sediment better than settling method, 
although only minimum sediment inflow scenario gave reliable results. On the 
other hand, settling method approximated spatial distribution of deposited 
sediment better. As expected, both methods underperformed in area where intense 
turbulence occurs and sediment deposition was overestimated by majority of 
methods. 

Both methods are severely dependent of sediment load that enters the port, i.e. 
boundary condition. This is especially true for settling method because it deposits 
almost total amount of sediment that enters the model domain. In order to achieve 
reliable results of sediment distribution that inflows into the port would have to be 
verified with field data. Based on results, it can be concluded that both methods 
are moderately applicable for estimation of sediment regime in port basin. Results 
are well within confidence interval for sediment transport formulas, and total 
amount of deposited sediment from mass balance can be used in further analyses. 
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