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Summary: This work presents the development and calibration of a two dimensional
sediment transport and bed evolution model for alluvial watercourses that uses the
active-layer and multiple size-class approach. Sediment mixtures are represented
through a suitable (unlimited) number of size-classes, which can be subject to either
suspended-load or bed-load transport (or both), depending on local hydraulic
conditions. The governing depth-averaged sediment transport equations are given in
orthogonal curvilinear coordinates and solved using the fractional step method, which
resulted in two successive steps (advection and diffusion). The developed model is
assessed using field measurements conducted on the Danube River located in the border
area between Hungary and Serbia. Analysis of the measured and computed values
confirmed the developed model's reliability.
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1. INTRODUCTION

The sediment transport in alluvial rivers has direct influences on the evolution of rivers,
banks and associated aquatic habitat. Two dimensional depth averaged sediment models
are widely used [1,2] since they are more detailed than 1-D models, and much faster than
3-D models. Since natural watercourses contain non-uniform sediment mixtures, using
the active-layer and multiple size-class approach would be reasonable [3].

The split-operator approach, when applied to sediment transport, typically results in a
two step solution, with separate advection and diffusion step [4]. Using this method
provides the possibility to treat each of the obtained steps with the most appropriate
numerical method. The objective of this paper is to present a developed 2-D depth
averaged model and its implementation and assessment using field measurements.

2. MODEL FORMULATION

Modeling the suspended sediment transport with the advection-diffusion equation in
addition of the fall velocity term is a well established procedure. For bed and near-bed
processes the active-layer concept was adopted [3], coupled with a modeling approach
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that divides the sediment mixture into a suitable number of sediment size-classes,
k=1,2,....,K. The split-operator approach breaks up the suspended sediment mass
conservation equation in two successive steps, the advection and diffusion step. The
advection step equation (1), marked with upper index a, is coupled with the mass
conservation equation for k-th size class of active-layer sediment, equation (2), and the
global mass conservation equation for bed sediment, equation (3),
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In equations (1), (2) and (3) C; denotes the dimensionless suspended sediment
concentration, p; is the sediment density, p the water-sediment mixture density, p the
bed material porosity, g, the bed-load flux, S is the source term, while f, E,, and (S
respectively denote the active-layer size fraction, active-layer thickness and floor source
term. After acquiring the simultancous solution for equations (1), (2) and (3), the
diffusion equation (4), marked with upper index d, is to be solved,
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where V44 is the turbulent diffusion and dispersion coefficient.
The advection is solved using the characteristic method that transforms Eq. (1) into
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In order to shorten the computation time, Eqgs. (6) are solved in a way that allows the
characteristic curve to stretch through multiple computational cells. This is achieved by
developing an algorithm that divides the considered trajectory into an arbitrary number
of straight segments, /=1, 2,.., L, each bounded on both ends by neighboring
computational cells. Finally, integration of Eq. (5) along the trajectory yields the
suspended sediment concentration equation. The size-class specific Egs. (2) and the
global mass conservation Eq. (3) are discretized by integrating them over the time step
and the control volume built around a main computational point. The flow computations
furnish the necessary velocity at control volume faces, while the numerical treatment of
bed-load flux is equivalent to an upwind scheme with explicitly expressed sediment
variables. The discretized Eqgs. (1), (2) and (3) are coupled and they need to be solved
simultancously. The total number of equations is 1+2K, while there are 2+6K unknowns,
hence the need for a system closure that is provided by empirical equations.

The active layer thickness is related to the erosion intensity [1]. The bed-load flux is
computed using the empirical equation proposed by van Rijn [5], supplemented with the
allocation parameter y, hiding factor {and size-class distribution in the active layer
L. The source term through the active layer floor is given by Refs.[1,3]. Finally, the
source term is defined as the difference between entrainment and deposition. The
entrainment term is modeled employing the same principles as for the diffusion flux [6],
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where ¢, is the diffusion coefficient, while @, and Aa are calibration parameters.
Parameter a; presents the distance from the bed level, where the entrainment flux is
determined, and Aa is the distance used to compute the concentration gradient. The
deposition is evaluated at distance a,+Aa from the bed level as

D:Ed = (Wk pCA )”HA“ 2 (8)

where w; denotes the fall velocity.

The suspended sediment diffusion it is numerically benign, therefore is given merely as a
short summary. Equation (4) is discretized with the Crank-Nicolson scheme, divided in
two directions using the alternating direction implicit (ADI) method [7], and solved
using the double-sweep algorithm [8].

3. FIELD MEASUREMENTS

Field measurements were conducted on a site sight bounded by Bezdan (rkm 1425.5) in
Serbia and Mohacs (rkm 1446.9) in Hungary. Within this reach seven data ranges were
selected for detailed flow field and sediment data measurements (Fig. 1). These ranges
were placed between rkm 1438 and rkm 1432, at 1 km apart. The data collection

| 3BOPHUK PAOOBA TPABEBVHCKOI ®AKYJTITETA (2014) | 677



40 ANNIVERSARY FACULTY OF CIVIL ENGINEERING SUBOTICA

International conference

Contemporary achievements in civil engineering 24. — 25. April 2014. Subotica, SERBIA

campaign took place during five days (23-27 May 2011). Each range had seven verticals,
where velocity distribution profiles were collected with the use of ADCP. Out of these
seven verticals, five were chosen for detailed sediment data collection that consisted of
suspended and bed sediment sampling. Suspended sediment data was collected at five
points on any given vertical. Sample processing provided sediment size-class
distributions needed for the developed numerical model.
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Figure 1. Selected data ranges
4. RESULTS

The sediment mixture was divided into 10 size-classes given in Table 1.

Dy
(mrAn) 0.00224 | 0.00707 | 0.0141 | 0.0316 | 0.0707 | 0.112 | 0.177 | 0.354 | 0.707 4.0
k 1 2 3 4 5 6 7 8 9 10

Table 1. Characteristic diameters and sediment size-classes
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The simulation time was five days, with two additional days that were allocated as the
stabilization period. Initial conditions for suspended and bed sediment were obtained by
averaging the appropriate measured values. The upstream boundary condition for the
suspended sediment is the averaged value of the measured concentrations in the first data
range. Bed material boundary conditions were treated the same way. The improved
sediment advection algorithm enabled the selection of a 90sec time step that produced
the longest trajectory consisting of six segments. Calibration of the sediment model was
done by altering a and Aa in Eq. (7-8). In the sediment computation, the continuity
equation error was monitored separately for each size-class. The largest relative error for
a single size-class stayed under 0.2% (8" size-class), while the cumulative value of the
relative error for all size-classes did not exceed 0.3%. Figure 2 depicts the concentrations
for each size-class, while the results on Fig. 3 present overall concentrations for ranges 4
and 6 computed with the model using multiple sediment size-classes approach.
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Figure 2. Suspended sediment concentration for k= 1-4 and k= 5-10 at data range 4
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Figure 3. Total suspended sediment concentration at data ranges 4 and 6
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5. CONCLUSION

A 2-D (depth-averaged) numerical model, simulating water flow, sediment transport and
bed evolution was developed. The model implements the split-operator approach,
allowing separate treatment of the troublesome advection terms. The advection step was
solved using the improved algorithm for the characteristic method allowing trajectories
to extend through multiple computational cells. The incorporated sediment model
employs the active-layer concept. The sediment mixture was divided into size-classes.
Since the simulation results show good agreement with the measurements, and the
continuity equation error was negligible, the presented model is suitable for application
in natural watercourses.
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PABAHCKHU MOJAEJ TPAHCIIOPTA HAHOCA 'Y
AJTYBUJAJIHUM BOAOTOLIMUMA

Pezume: Osaj pao npedcmaesma pazeoj u karubpayujy paganckoz mMooena mpaHcnopma
Hanoca u oegopmayuje KOpuma y anysujairHum 6000MOyuUMd, Koju KOpUCmu KOHYenm

| JOURNAL OF FACULTY OF CIVIL ENGINEERING (2014) |



40 FOOVMHA TPABEBUHCKOI ®AKYNTETA CYBOTULIA

MeRhyHapoaHa KoHdepeHUmMja
CaBpemeHa gocturiHyha y rpafjeBuHapctBy 24.-25. anpun 2014. Cy6otuua, CPBUJA

AKMUGHO2 CIOja U OUCKPEMHUX SPAHYIOMEMPUjCKUX unmepgand. Mewasuna Hanoca ce
Moldenuuie npeko u3abpaunoe (Heoepanuueroz) 6poja OUCKPEMHUX SPAHYIOMEMPUjCKUX
UHMEPBALA, NPU HeMY Ce HAHOCHU MAMepUujail jeOHo2 08aK602 UHMEPEAId, V 3A6UCHOCTIU
00 JIOKATHUX XUOPAYIUUKUX YCI08A, MOJCE Kpemamu y 6u0y CYCHEeHO08AHO2 ULU VHEHO2
Hanoca (umu nHa oba Hmawuna). Jeowauune mpancnopma HAHOCA OCpedrbeHe no OyOouHu
moxa cy oame y Opmo2OHAIHOM KPUBOIUHUJCKOM KOOPOUHAMMHOM CUCTIEMY, HAKOH Yeed
Cy pewasane NPUMEHOM Memooe pa3loMBEHUX KOPAKA, KOja Oaje 08a pauyHCcKa KopaKka
(aogexmusnu u ougysuonu). Taunocm passujeroe Hymepuuxoe modena je npoyerbend
Kopucmehu meperba cnposedena Ha Oeonuyu pexe [lynaé y noepanuynoj obracmu
usmehy Mahapcke u Cpbuje. Ynopelhusarem mepeHux u cpauynamux 6peoHoCmu
HAHOCHUX B8EIUNUHA YCMAHOB/bEHA je NOY30AHOCH PA36UJEeHOS HYMEPUUKO2 MOoOed.

Kwyune peuu: Hymepuuxu mooen, jeOHauure mpaHcnopma HaHocd, MepeHcKa Mepersd
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