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Implementation of a New Bank Erosion
Model in Delft3D

Parna Parsapour-Moghaddam1; Colin David Rennie, M.ASCE2; Jonathan Slaney3;
Frank Platzek4; Hamidreza Shirkhani, M.ASCE5; Elizabeth Jamieson6;

Erik Mosselman7; and Richard Measures8

Abstract: Bank erosion plays an important role in the hydro-morphodynamics and evolution of natural rivers. Therefore, it is essential to have
a reliable bank erosion model for accurate simulation of hydro-morphodynamic processes. We developed and successfully implemented a new,
feasible bank erosion model in Delft3D software. The developed model considers physical bank erosion processes to a greater extent than
previous models. Model performance was assessed by comparison with a previously reported experiment in a mobile-bed-and-bank laboratory
open-channel bend flume. The results from our developed model were compared with those from the standard Delft3D and angle of repose
bank erosion models. We showed that progressive lateral bank erosion as well as the corresponding hydro-morphodynamics of the channel
were better predicted by the developed bank erosion model. The results of this study provide insight into bank erosion prediction with Delft3D,
and they suggest that the developed model will improve the performance of the Delft3D model for short- and long-term hydro-morphodynamic
simulation of natural meandering rivers. DOI: 10.1061/JHEND8.HYENG-13206. © 2023 American Society of Civil Engineers.

Author keywords: Delft3D model; Bank erosion; Angle of repose; Hydro-morphodynamics; Meandering rivers.

Introduction

The morphodynamic evolution of natural streams is driven by
several hydrodynamic and sediment transport processes. Bank ero-
sion is one of these crucial processes and has significant implica-
tions for the evolution of meanders, the reshaping of banks, bank
retreat, fish habitat and the river ecosystem, sediment loading, and

water quality (Eaton et al. 2004; Nardi et al. 2013; Hagemann et al.
2018; Parsapour-Moghaddam et al. 2019; Rinaldi and Darby 2007;
Midgley et al. 2012). Bank erosion results from the interaction of
bank basal erosion and mass failure (Osman and Thorne 1988;
Mosselman 1998; Duan and Julien 2005; Rinaldi and Darby 2007).
Basal erosion includes lateral erosion and bed degradation due to
flow-induced forces, while mass failure corresponds to the failure
of unstable slopes at the bank (Darby et al. 2002; Rinaldi et al. 2008).

Numerical models have been widely used to simulate river
hydrodynamics (Shimizu et al. 1990; Olsen and Stokseth 1995;
Sinha et al. 2012; Parsapour-Moghaddam and Rennie 2017, 2018;
Yan et al. 2020; Bulat et al. 2019) and morphodynamic processes
(Khosronejad et al. 2007; Kasvi et al. 2015; Parsapour-Moghaddam
et al. 2019; Theol et al. 2020; Olsen 2021). In order to have a proper
understanding of river hydro-morphodynamics for river manage-
ment and restoration, it is important to appropriately simulate bank
erosion processes. Modeling of bank erosion processes has been
implemented with various approaches. The resulting models range
from simple ones that empirically estimate the bank retreat rate
based on hydrodynamic parameters (Wallick et al. 2006; Larsen
et al. 2006; Constantine et al. 2009; Klösch et al. 2010) to complex
mechanistic models that take into account fluvial erosion, mass
failure, and seepage stability (Chen and Duan 2006; Rinaldi and
Darby 2007; Rinaldi et al. 2008; Abderrezzak et al. 2016; Rousseau
et al. 2017).

Meander evolution models that link the migration rate of mean-
ders to flow conditions and channel and bank material character-
istics are well studied (Wallick et al. 2006; Larsen et al. 2006;
Constantine et al. 2009; Klösch et al. 2010). These models mainly
depend on calibration based on historical planform changes.
Mechanistic bank erosion models have been developed by other
scholars for particular types of bank materials or failure mecha-
nisms (Nagata et al. 2000; Darby et al. 2002). Chen and Duan
(2006) proposed an analytical model for width adjustment of
meandering rivers due to both basal erosion and bank collapse proc-
esses. They simplified the bank-collapse process for noncohesive
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materials and showed that the rate of bankline retreat is deter-
mined by lateral erosion rate, near-bank bed degradation rate,
sediment grain size, and the difference between flow depth and
bank height.

Stecca et al. (2017) analyzed the performance of various bank
erosion methods that could be applied in a fixed-mesh two-
dimensional hydro-morphodynamics model. They tested the bank
erosion methods using a one-dimensional (1D) reduced cross-
sectional hydrodynamic model under the assumption of longitudi-
nal morphodynamic equilibrium. Others have studied bank erosion
modules to be used in 2D depth-integrated models for the simula-
tion of meandering processes (Piégay et al. 2005; Duan and Julien
2005; Parker et al. 2011; Asahi et al. 2013; Harijanto 2018).
Abderrezzak et al. (2016) presented a simple bank-erosion module
for a 2D finite-element morphodynamic model. The numerical
model of the bank-erosion is based on tilting the elements whose
slope is steeper than the angle of repose of the bank material in
order to bring the elements slope to the angle of repose. The model
was examined via a cross section simulation of a flume experiment
with uniform bank material as well as a physical model with
groynes-induced bank failure. Other models have taken into account
complex erosion and mass failure processes and their interactions.
Rousseau et al. (2017) studied the capability of a geotechnical
model coupled with a Telemac-Mascaret model (Hervouet 2007)
to predict bank retreat in meandering rivers. Langendoen et al.
(2016) combined TELEMAC-2D and SISYPHE (Villaret et al.
2013) models of the Telemac-Mascaret river morphodynamics suite
with bank erosion modules based on the conservational channel
evolution and pollutant transport system (CONCEPTS) computer
model (Langendoen and Simon 2008). Lai et al. (2015) developed
a river morphodynamic model by combining the sediment and river
hydraulics–2D (SRH-2D) computer model (Lai 2010) with the bank
stability and toe erosion model (BSTEM), which is physics-based
(Simon et al. 2011). Some of the previously developed models are
based on a moving-boundary–fitted coordinate system to simulate
the bankline shifting caused by bank erosion (Mosselman 1998;
Nagata et al. 2000; Darby et al. 2002).

Most of the widely used hydro-morphodynamic models employ
simplified bank erosion modules, and remain fairly limited in sim-
ulation of the physical processes involved in bank erosion (Rinaldi
et al. 2008; Langendoen et al. 2016; Williams et al. 2016; Stecca
et al. 2017). Delft3D-Flow is one of the most widely used hydro-
dynamic models for river flow simulation (Williams et al. 2013;
Kasvi et al. 2015; Javernick et al. 2016). To simulate lateral bank
erosion the current version of Delft3D employs a simple scheme
that transfers an erosion flux from the near-bank wet cell to the
adjacent dry-bank cells (Van der Wegen et al. 2008; Deltares
2020). Rinaldi et al. (2008) made one of the first attempts to couple
the Delft3D hydrodynamic model to a comprehensive riverbank
dynamic model considering pore water and hydrostatic confining
pressures. However, the results were limited to the particular sedi-
mentary and morphological conditions of the study area and there-
fore cannot be widely employed. In addition, such an approach is
computationally expensive.

Spruyt et al. (2011) and Jagers et al. (2011) proposed a new
approach based on a local immersed-boundary technique for shift-
ing banklines as separate moving objects on a fixed grid. They
implemented their method in the existing framework of Delft3D.
Using the open-source hydrodynamic model Delft3D as a frame-
work, Canestrelli et al. (2016) proposed a hybrid cut-cell and ghost-
cell method for continuity and momentum equations.Williams et al.
(2016) used Delft3D to set up a depth-averaged model to predict
the morphodynamics of a braided river reach. They conducted
analyses to assess the sensitivity of the model to different factors,

including two bank erosion modules; Standard Delft3D and angle
of repose. Previous attempts to implement bank erosion models in
Delft3D were limited in terms of generality, efficient computational
cost, feasibility of integration in Delft3D source code, and consid-
eration of long-term river morphodynamics of an entire channel.
Another limitation of past efforts in bank erosion development
was that performance was assessed using a reduced cross-sectional
model. In this way, the complex interaction between bank failure
and sediment transport may not have been considered.

We developed, implemented, and tested an improved bank
erosion module in Delft3D. Our bank erosion algorithm follows
one of the bank erosion models tested in Stecca et al. (2017). To
evaluate its performance we compared the outcomes of the model
with the results of experimental work by Jamieson et al. (2013).
Our developed model was applied to the entire experimental
channel to consider the interaction between the mass failure and
hydro-morphodynamics of the whole channel. We show that the
developed model better predicts outer bank erosion than does the
Standard Delft3D model and a model based solely on the angle of
repose. In the following section, we elaborate on our experimental
study based on which the numerical model was developed and
evaluated. We explain the methodology employed in this research
and follow with results and outcomes, which we then discuss and
draw conclusions from.

Model Assessment: Data and Case Study

In order to examine the capability of the implemented bank erosion
methods, we subject different bank erosion models, including the
proposed model, to experimental testing. Jamieson et al. (2013)
conducted laboratory flume experiments in a 135° sand-bed-and-
bank channel bend in order to study flow field dynamics and bank
erosion in the presence of stream barbs. They employed acoustic
Doppler velocimeters (ADVs) to collect spatially dense high-
frequency velocity data when the bed conditions had static bathy-
metry (equilibrium). Bed elevation was measured using a laser
altimeter.

As shown in Fig. 1, the flume was 1.0 m wide and had a center-
line length of 18.5 m, with a 12.19-m long approach section
followed by a 135° bend section, with a constant radius of curvature
of 1.5 m (at the channel centerline) and a straight 2.44-m long
exit section. Within the 1-m wide flume, an initial trapezoidal sand
channel was set with a bottom width of 0.26 m, a top width of
0.80 m, a center depth 0.148 m, and a bank angle (θ) of 29°
[Fig. 1(a)]. The outer bank floodplain had a width of 0.15 m. The
bed material was sand with a median (d50) diameter of 1.1 mm and
with 98% of particles between 0.6 and 1.8 mm. The initial bed
slope was set at 0.0007 and the flow rate was 0.021 m3=s for
the bankfull flow conditions.

Experiments were performed with clear-water scour conditions
where flow in the approach section was near the threshold of
particle motion; negligible movement of sand grains was observed.
Therefore, Jamieson et al. (2013) attributed the erosion and sedi-
mentation in the bend to flow dynamics within the bend alone.
They considered a base case run without barbs on the bank (defined
as Run TR3), which represented erosion and sedimentation
processes due to flow hydrodynamics and bank characteristics.
Flow in Run TR3 remained at bankfull without overbank flow,
but the outer bank floodplain eroded laterally until an equilibrium
condition was achieved. The flume-averaged velocity (Q=A) and
corresponding Froude number in the approach section were
0.267 m=s and 0.21, respectively. We used the TR3 run to evaluate
the performance of the bank erosion models.

© ASCE 04023038-2 J. Hydraul. Eng.
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Methodology

Bank Erosion Models

Bank erosion is a result of the combination of fluvial erosion due to
flowing water and mass failure by gravity due to bank instabilities.
Here we introduce a method that represents these processes through
a combination of physics-based and empirical algorithms, which
are not computationally expensive and are implemented relatively
straightforwardly in the existing Delft3D code. In the developed
model, we employed a scheme presented in Stecca et al. (2017)
in which the bank erosion algorithm is broken down into two major
steps: (1) slope estimation to identify the bank; and (2) estimation
of bank erosion fluxes. Bank erosion models employ different
approaches to identify the bank and to estimate the bank erosion
flux. Next we discuss the three bank erosion models that we used in
this study.

Standard Delft3D
In the Delft3D standard bank erosion model (Van der Wegen et al.
2008; Deltares 2020), only dry points adjacent to wet cells can be
considered for bank erosion. That is, no bank slope condition is

considered. The bank erosion model redistributes the erosion
volume in the wet cell to the adjacent dry cells. This is determined
by a user-defined percentage parameter (ThetSD) that distributes
the specified percentage of the erosion in the wet cell to the adjacent
dry cells. Once the dry cell gets wet, the standard bank erosion
model may not work effectively since the local bed shear stresses
can be too low to initiate particle motion due to fluvial erosion.
Thus, the process stops and there is no more lateral erosion. This
shows that there is no consideration of actual bed erosion processes
such as fluvial erosion and mass failure in the estimation of the
bank erosion. Hereafter, we refer to this method as the standard
model.

Angle of Repose
Williams et al. (2016) proposed a repose scheme for bank erosion
simulation and implemented the scheme in the Delft3D model. The
repose scheme considers a slope failure process to occur when the
bank slope exceeds a specified repose angle. The slope is calculated
at cell boundaries, and when it exceeds the specified angle of
repose, the bed material is transported to the toe cell toward the
downslope direction. The bank slope after mass failure is assumed
to reach the repose angle, and the flux of lateral bank erosion

Fig. 1. (a) Plan and bankfull flow cross-sectional views (looking downstream) of channel (adapted from Jamieson et al. 2013); (b) bed topography
data; and (c) mesh grids developed in Delft3D. Dashed lines in (a) marking 90° and 135° in the bend and 17.2 m (1.48 m downstream of the bend exit)
are used for further analysis in Fig. 5.

© ASCE 04023038-3 J. Hydraul. Eng.
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depends only on slope exceedance from the angle of repose. The
slope at cell boundaries may vary again due to the longitudinal bed-
load transport. Hereafter, we refer to this method as the angle of
repose model.

Developed
Following Stecca et al. (2017), we developed a new bank erosion
model to be implemented in the Delft3D code. Stecca et al. (2017)
tested different bank erosion algorithms with a 1D cross-sectional
model. Here we developed a model to be implemented in the source
code of Delft3D. For the bank identification step, we estimated the
slope at cell boundaries. Since Delft3D uses curvilinear grids, we
estimated different slopes along different directions for each cell to
ensure that the grid cell orientation would not restrict bank iden-
tification. Fig. 2 is a schematic of morphological grid cells in
Delft3D and the directions along which the slopes are estimated.
The slope for each cell, which is considered for bank erosion
(the top), is measured with respect to each of the neighboring cells
(the toe) in both m and n directions

Sm ¼ ðztop − ztoeÞ
Δm

ð1Þ

Sn ¼
ðztop − ztoeÞ

Δn
ð2Þ

where z = bed level; and Δm and Δn = grid size in the m and n
directions, respectively. The net slope is calculated as follows:

Snet ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2m þ S2n

q
ð3Þ

The lateral erosion of the bank is considered for the cells along
them and n directions for which the estimated net slope exceeds the
user-defined angle of repose: Snet > Srepose.

As described in Stecca et al. (2017), we estimate the bank ero-
sion rate at the top cell (qbank) as proportional to the longitudinal
bedload transport rate of the toe cell (qtoe):

qbank ¼ αqtoe ð4Þ

where α = dimensionless coefficient. The range of α is defined to
be 0 < α ≤ 0.1, assuming that the sediment flux due to bank ero-
sion is around 10 times smaller than the fluvial transport flux
(Nicholas 2013; Stecca et al. 2017). The bedload transport rate
at the toe ðqtoeÞ is the bedload obtained from the total bedload
transport formula applied at the toe cell. Delft3D offers a number
of standard sediment transport formulations for noncohesive sedi-
ment (Deltares 2020). Eq. (4), for the x and y directions can be
written as

ðqbankÞx ¼ αðqtoeÞy ð5Þ

ðqbankÞy ¼ αðqtoeÞx ð6Þ

The estimated bank erosion fluxes are then considered for
updating the bed level at the bank and the toe cells.

It should be noted that, contrary to the angle of repose scheme,
this approach estimates the flux of lateral bank erosion as a function
of bank erosion at the toe cell and not just based on slope exceed-
ance from the critical slope. This helps to have a more generic bank
erosion model that is based on sediment transport processes in the
entire reach rather than a specific cross section.

A major limitation of the standard bank erosion module of
Delft3D is that only dry cells adjacent to wet cells are considered
for bank erosion; once they get wet, lateral erosion is impeded.
However, in the developed method all cells, including the wet cells
on the bank, can be considered for bank erosion, given that their
slopes are above the user-defined threshold.

The hydro-morphodynamic and bedload transport model
employed in this study is discussed in following sections.

Development of the Delft3D Models

We built three Delft3D models using the three aforementioned bank
erosion modules: (1) standard Delft3D, (2) angle of repose, and
(3) developed. Our developed model was successfully developed,
implemented, and compiled in the source code of Delft3D. It
should be noted that the standard bank erosion model is the default
built-in feature of Delft3D. Williams et al. (2016) developed the

Fig. 2. Morphological grids and control volume. Slopes are estimated in various directions.
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angle of repose model in Delft3D; we developed and implemented
the developed model in Delft3D as well. We applied these models
to the experimental case study to evaluate the performance of each
bank erosion module. All three bank erosion models were carefully
calibrated individually. The calibration parameters in the bank ero-
sion module included the ThetSD parameter ðThetSD ¼ 1Þ for the
standard Delft3D model and the angle of repose slope equivalent
parameter (Srepose ¼ 0.35) for both the developed and the angle of
repose models. The dimensionless α in the proposed bank erosion
module was also considered a calibration parameter (α ¼ 0.1),
calibrated based on sensitivity analysis within the range of values
suggested in the literature (Nicholas 2013; Stecca et al. 2017).
Through an iterative process, we minimized the differences
between channel bed elevations obtained by the developed model
and those from the experimental test.

In the following sections, we describe the hydrodynamic and
morphodynamic models used identically for three models. The
hydrodynamic model was calibrated (roughness and background
horizontal eddy viscosity) using the standard Delft3D bank erosion
module, and then applied with the same hydrodynamic parameter
values in the calibration of the other two modules.

Hydrodynamic Model

We considered 3D hydrodynamic modeling of the experimental
domain using the Delft3D modeling package (Delft3D-FLOW
version 4.01.01). Delft3D is a freely available open-source code
developed by Deltares that employs a rectilinear or a curvilinear
grid for hydrodynamic modeling. The Delft3D hydrodynamic
model solves the 3D Navier-Stokes equations for incompressible
flow. We assumed the shallow-water condition where the vertical
momentum equation is reduced to the hydrostatic pressure
assumption. We applied Reynolds averaging to the 3D Navier-
Stokes equations. Delft3D employs various turbulence closure
models to solve the Reynolds Averaged Navier-Stokes (RANS)
equations. The Delft3D-Flow code applies a mixed finite-difference/
finite-volume method. In the vertical direction, we employed a
σ-coordinate system in which five vertical layers were bounded
by the planes that follow the free surface and the bottom topo-
graphy. The average cell area in the horizontal direction was
2 × 10−3 m2 with finer grid cells near the banks. For more details
on 3D hydrodynamic modeling, readers are referred to Deltares
(2020).

The initial bed topography [Fig. 1(b)] was developed to replicate
the initial bed levels in the flume with the same slope as the flume
(0.0007). As Fig. 1(c) shows, the horizontal grids were generated
based on an orthogonal curvilinear grid covering the model
domain. The average grid size in the cross-stream direction was
4 cm with the finest grid size of 1 cm near the banks along the
entire channel. The grid size in the streamwise direction varied
along the channel. The mesh had 430 × 26 cells, with average cell
areas in the approach channel, the bend section, and the down-
stream straight section of 20, 10, and 30 cm2, respectively.

In the vertical direction, five layers were used regardless of depth
(σ-coordinate) with nonuniform distribution of the layers in the
depth. Layer thicknesses were equivalent to 2%, 8%, 20%,
30%, and 40% of the depth. A mesh-independence analysis was
conducted to ensure that the hydrodynamic model was mesh res-
olution–independent. The mesh was further refined to ensure that
there were no significant changes in the hydrodynamic results. The
mean absolute difference and mean absolute relative difference
were used to measure the changes in velocity and water level
obtained from the two meshes. Because the velocity near the banks
might be very small, even a small change could result in significant
relative differences. Therefore, the centerline of the channel was
used for velocity comparison while the water levels were compared
on all grid cells. The results of the mesh-independence tests for the
three meshes are presented in Table 1, where each row represents
the results of the mesh-independence test compared with the results
of the coarser mesh. The mesh with 430 × 26 cells was selected
since, for both water level and velocity, the mean relative
differences relative to the finer mesh (430 × 33 cells) were not
significant (<1%).

The developed grids were also examined to ensure mesh quality
in terms of aspect ratio (<2) and orthogonality (deviations < 0.05).
The 3D k-ε turbulence model was used to consider 3D turbulent
mixing. The hydrodynamic model was calibrated using Manning
roughness (n ¼ 0.011) and background horizontal eddy viscosity
(ν ¼ 0.01 m2=s). A flume discharge of 21 L=s was applied at the
upstream boundary of the domain, and the downstream water level
was set as the bankfull flow condition like that in the experimental
setup. Bed shear stress was estimated based on the flow velocity
just above the bed.

Morphodynamic Model

The study flume contained noncohesive (sand) bed materials.
The morphodynamic Delft3D model is capable of simulating the
bedload for noncohesive sediments using a number of standard
noncohesive sediment transport formulations. We assumed a homo-
geneous sediment with one sediment fraction (d50 ¼ 1.1 mm) for
the sediment transport estimation. Sediment transport in the exper-
imental work was governed by the bedload transport induced by the
streamwise and transverse secondary flows. In order to simulate the
bedload transport, we employed Van Rijn equations. They provided
the bedload rate magnitude and direction. The bedload transport
rate is estimated as

qb ¼ 0.006ρswsd50M0.5M0.7
e ð7Þ

where ρs = sediment density; ws = fall velocity; M = sediment
mobility number; and Me = excess sediment mobility number.
The sediment mobility and excess sediment mobility numbers
are defined as

M ¼ v2eff
ðs − 1Þgd50

ð8Þ

Table 1. Statistics of velocity comparison for mesh-independence test

No. of cells
in mesh

Velocity Water level

Mean relative absolute
difference (%)

Mean absolute
difference (m=s)

Mean relative absolute
difference (%)

Mean absolute
difference (m)

430 × 15 — — — —
430 × 26 1.3 3.9 × 10−3 0.35 6.1 × 10−3
430 × 33 0.8 2.7 × 10−3 0.11 5.3 × 10−3
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Me ¼
ðveff − vcrÞ2
ðs − 1Þgd50

ð9Þ

where vcr = critical depth-averaged velocity for initiation of motion
based on the Shields curve; and veff = magnitude of an equivalent
depth-averaged velocity based on the logarithmic velocity profile
assumption computed in the bottom computational layer. The
projection of the sediment transport intensity is computed in the
direction of the near-bed flow.

In order to account for the transverse bed slope effect, an
additional bedload transport vector is calculated perpendicular to
the main bedload transport

q 0
b ¼ β

ffiffiffiffiffiffiffiffiffiffiffiffiffi
τ cr=τb

p
STqb ð10Þ

where τ cr and τb = critical and near-bed shear stress, respectively;
ST = bed slope in the direction normal to the bedload transport
vector; and β = user-defined coefficient set to 1.5. The computed
bedload transport due to the transverse bed slope is then added to
the bedload transport estimated in Eq. (7).

Results

In this section, we evaluate the performance of the three bank ero-
sion models: (1) standard, (2) angle of repose, and (3) developed.
In addition to the first two models, which were already embedded
in Delft3D, we implemented our proposed model in the Delft3D
source code. We developed 3D hydro-morphodynamic models that
employ the three bank erosion models to simulate the abovemen-
tioned experimental work.

To ensure that the hydrodynamic model was calibrated appro-
priately, predicted bed shear stress was compared with observed
bed shear stress . The local shear velocity (U�) and the bed shear
stress (τ0 ¼ ρU2�) in the primary channel approach section were
estimated from the vertical profile of velocity near the center of
the 11.5-m cross section, which was sufficiently downstream of
the flume entrance to ensure that the flow was fully developed
while ensuring that there was no bend influence upstream of the
bend. The shear velocity and bed shear stress during the experiment
were 0.156 m=s and 0.244 N=m2; those obtained from the model
were 0.158 m=s and 0.250 N=m2.

Due to the complex nonlinear interactions between hydrody-
namic and morphological processes, bank erosion processes can
affect hydrodynamic and fluvial transport in the entire reach.
Therefore, to assess the performance of the standard, angle of
repose, and developed bank erosion models, we applied them to
the entire reach rather than a single cross section. After reaching
bathymetric equilibrium, we compared the simulated bed level
changes and velocity fields with the results of the experimental
work in Jamieson et al. (2013). The capabilities of the bank erosion
models were evaluated on their ability to simulate the bank erosion
observed in the experimental work as well as the velocity field
induced by changes in the bed level.

Fig. 3 shows the simulated cumulative erosion and deposition
for the experimental work as well as all three numerical models.
The results from the experimental study [Fig. 3(a)] show scour
along the outer bank with maximum erosion occurring downstream
of the bend exit at Cross section 135° [see Fig. 1(a)]. Due to trans-
portation of the eroded material from the outer bank toward
the inner bank, deposition occurred in the center of the channel,
particularly downstream of the bend exit. As Fig. 3(b) shows, the
developed model reproduced the extent of the bank erosion in the
outer bank and the maximum erosion downstream of the bend exit.

Moreover, although less than that observed in the experiment,
our model predicted deposition in the center of the channel. The
standard Delft3D bank erosion model did not erode the full width
of the outer bank floodplain; it was not able to reproduce the bank
erosion in the outer bank because the lateral erosion stopped as
soon as the dry cell became wet [Fig. 3(c)]. The angle of repose
model did simulate bank erosion at the outer bank downstream
of the bend exit [Fig. 3(d)], but it caused considerable erosion
at the inner bank and upstream of the bend as well as corresponding
deposition in the center of the channel toward the inner bend, none
of which were observed during the experimental study. This unre-
alistic prediction of the erosion at both the inner bank and upstream
of the bend could be attributed to the angle of repose algorithm,
where the slope exceedance resulted in bank erosion regardless
of the hydrodynamic and morphodynamic conditions.

Fig. 4 shows the differences in bed level obtained by all three
models with respect to the measured bed level, and Table 2 shows
the mean absolute error (MAE) and the root-mean-square error
(RMSE) of the bed level simulation obtained from each model
relative to the experimental results. In addition, Table 2 provides
the bias of the differences between model results and measurements
for both erosion and deposition. Our developed model had the least
difference overall and well predicted the outer bank erosion, par-
ticularly downstream of the bend exit—the location of maximum
erosion (difference≈ 0). On the other hand, the standard Delft3D
model did not predict the bank erosion along the outer bank. Both
models underestimated the deposition in the center of the channel.
Finally, the angle of repose model had the largest overall bed eleva-
tion differences, particularly along the inner bank.

Fig. 5 shows in detail the resulting bed level from the three
models at Cross sections 90°, 135°, and 1.48 m downstream of
the bend exit [section locations are shown in Fig. 1(a)]. The down-
stream section was selected as it was the location of greatest overall
scour, so it best represented the ability of each model to predict
recession of the outer bank. The maximum observed erosion
and deposition depths in the 90°-, 135°-, and 1.48-m cross sections
are provided in Table 3 and compared with those obtained from the
models. As can be seen, the results indicate satisfactory perfor-
mance for our developed model. It should be noted that prediction
of the magnitude of maximum erosion and deposition in the cross
section was not sufficient to assess model performance; the location
of the observed erosion and deposition was of essential importance.
For instance, as Figs. 3 and 4 show, the developed model outper-
formed the other models in predicting the maximum erosion along
the outer bank, which is critical for an appropriate bank erosion
simulation.

As Fig. 5 shows, although the standard bank erosion model well
predicted the thalweg elevation at the downstream section, it did not
permit near-bank erosion in the outer bank. Therefore, instead of
lateral erosion, the model caused a steep scour hole along the outer
bank side slope. The angle of repose model induced erosion in
both banks throughout the bend. Deposition of this additionally
recruited sediment resulted in better prediction of the observed
mid-channel deposition in the bend, but ultimately resulted in ex-
cess recession of both banks. On the other hand, by the downstream
section the developed model best predicted the erosion pattern at
the outer bank and reasonably predicted the bed level changes
throughout the section observed during the experiment. Overall,
the results in Figs. 3–5 and Table 2 show that the Delft3D model
with our developed module outperformed the other methods.
In addition, the results indicate that it is essential to evaluate the
performance of bank erosion models when they are applied to
the entire channel.
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Hydrodynamic and morphodynamic river processes are strongly
coupled. That is, any change in river morphodynamics results in
changes in river hydrodynamics and vice versa. We investigated
the effect of bank erosion processes on streamwise and cross-
stream velocities in the channel against experimental observations.
The velocity magnitude and the secondary velocities are presented
for two cross sections in the channel: 90° and 135° in Figs. 6 and 7,
respectively. The experimental observations [Figs. 6(d) and 7(d)]
indicate the characteristic helical flow patterns in the bend.
Figs. 6(a) and 7(a) clearly show that the hydrodynamic results

obtained by the angle of repose model showed that it reproduced
neither the magnitude and distribution of the velocity in the cross
section nor the secondary velocities. The standard Delft3D model
[Figs. 6(b) and 7(b)] reproduced the secondary flow patterns, but
could not replicate the magnitude and distribution of flow velocity
in the cross section mainly due to the inability of the model to
predict the erosion in the outer bank. As can be seen in Figs. 6(c)
and 7(c), our developed model managed to adequately reproduce
the measured velocity magnitude and secondary flow pattern in the
cross section.

Fig. 3. Bed level changes obtained from (a) experimental work; (b) developed bank erosion model; (c) standard Delft3D model; and (d) angle of
repose model. Negative and positive values indicate erosion and deposition, respectively.
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Discussion

In general, development of a holistic bank erosion model that works
efficiently in all cases is a challenging task. The standard Delft3D
model employs a simple bank erosion model in which the erosion
flux is transferred to the adjacent dry cell. It may not work effec-
tively once the dry cell gets wet and no more lateral erosion occurs.
Thus, it may not be able to simulate the lateral progression of
natural rivers. There have been some attempts to properly simulate
lateral erosion in the Delft3D code (e.g., Jagers et al. 2011; Spruyt
et al. 2011; Canestrelli et al. 2016; Williams et al. 2016).
A special version of the bank erosion model has been developed that
does simulate large lateral movements of riverbanks (e.g., Spruyt
et al. 2011). However, it has not been implemented in standard
Delft3D because it only works well in relatively simple, single-
thread configurations. Another difficulty in simulating riverbank
erosion is updating the new bankline planforms either by regridding
or applying immersed boundary techniques (Canestrelli et al.
2016), which require substantial effort to be implemented in the
Delft3D code. Thus, the challenge is to develop a bank erosion
model that can realistically simulate lateral erosion and can be
implemented in the Delft3D source code with manageable effort.
Furthermore, the performance of bank erosion models should be
evaluated against the entire channel rather than just single cross
sections. We attempted to develop a bank erosion method that could
be efficiently embedded in the source code of Delft3D with con-
sideration of natural bank erosion processes. Our developed bank
erosion code identifies banks and estimates bank erosion fluxes
according to Stecca et al. (2017). Its computational cost was com-
pared with that of the standard Delft3D model. Using the same

computer, the computational time for different simulations did
not change significantly. The developed model’s running time
was ∼18.5 h whereas the running time of the standard Delft3D
model was ∼18 h.

The performance of our developed model in Delft3D was
evaluated against experimental measurements from Jamieson et al.
(2013). In addition, it was compared with the Deflt3D standard
model and the angle of repose model previously implemented in
Delft3D (Williams et al. 2016). We applied the three bank erosion
models to the entire experimental channel to ensure that the inter-
action of the hydrodynamics and morphodynamics in it were con-
sidered. The extent and magnitude of the bank scour as well as the
hydrodynamics of the channel were examined.

The results show that the estimation of bank erosion flux based
only on slope exceedance above a specified angle of repose cannot
sufficiently simulate bank erosion processes. They indicate that the
angle of repose model leads to unrealistic mass failure in locations
where no bank erosion takes place, such as along the inner bank
and at side slope transitions (i.e., where the bed and side slope meet
and at the top of the side slope). Since this method bases the erosion
flux estimation on the exceedance of the bank slope above the
repose angle, bank erosion can happen even in the dry areas without
any bedload transport (Figs. 3 and 4). This is in agreement with
the findings of Stecca et al. (2017) that bank identification and flux
estimation are equally crucial. In our developed model, slope ex-
ceedance is a required but not sufficient condition for bank erosion
to take place.

The angle of repose model better matched the physical (exper-
imental) model bed elevation in the channel thalweg at both 90° and
135° when compared with the standard and developed models.
However, as noted previously, it caused excessive bank erosion
on both sides of the channel, including along the inner bank, where
neither the measurements nor the other two models showed any. It
may be that the angle of repose model increased mid-channel bed
elevation due to the deposition of the extra sediments transported
laterally from the inner bank wall. This emphasizes the fundamen-
tal problem with the angle of repose model—it will cause bank
erosion with or without fluvial forcing, so the modeler is required
to choose an angle of repose that is intermediary, meaning slightly

Fig. 4. Bed level differences obtained from experimental results relative to (a) standard Delft3D; (b) developed; and (c) angle of repose bank erosion
models.

Table 2. Comparison of error statistics of bed level computation from each
model

Bank erosion model MAE (m) RMSE (m) Bias error (m)

Developed 0.010 0.014 0.002
Standard 0.013 0.016 0.011
Angle of repose model 0.020 0.026 0.004

© ASCE 04023038-8 J. Hydraul. Eng.

 J. Hydraul. Eng., 2023, 149(10): 04023038 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
07

/2
8/

23
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



greater than the true angle of repose of the sediment but less than
what is needed if fluvial erosion is also present.

The results of this study indicate that the standard Delft3D bank
erosion module can cause deep scouring near the dry bed rather
than in progressive lateral bank erosion. The reasoning for this
is as follows. When an erosion flux computed between a wet cell
and an adjacent dry cell causes that dry cell to become wet, this cell
usually has a small water depth, with limited flow velocity. As a
result, the shear stress in it is too small to further erode and no
further erosion of neighboring dry cells occurs. Thus, instead of
progressive lateral erosion, a steep hole is generated in the cell that
experiences higher shear stress. This is not the case for the devel-
oped model since the dry cells that become wet can continue to
erode due to bank erosion if their slope is above the repose angle
and if the toe cell experiences bedload transport.

Overall, the developed bank erosion model yielded better
predictions than the other two bank erosion models. Nonetheless,
some discrepancies remain between predicted and observed bed
morphology. This is to be expected, given the complexity and
typical accuracy of sediment transport prediction, particularly in
complex flow fields. Importantly, the developed bank erosion
model reliably predicted the pattern of erosion and sedimentation.

The results show that not only was bank erosion better predicted
in the developed model; secondary flow and streamwise velocity
were in better agreement with the measurements compared with
those in the angle of repose model and the standard model. This
was due to the dependence of both streamwise and transverse velo-
city on the geometry of the channel, which could change due to
bank erosion. On the other hand, velocity distribution and variation
in a bend can affect erosion processes and bank scour. For instance,
bank erosion in channel bends may cause sharper bends with
stronger secondary currents, which in turn may cause different ero-
sion rates. Therefore, an effective bank erosion module is required
to not only simulate bank erosion but also accurately predict the
hydrodynamics of natural rivers. The results from this study show
that the developed model was effective in simulating bank scour
along the outer bank and in reproducing the velocity profiles
obtained from experimental measurements.

Our developed bank erosion model should provide some in-
sights into bank erosion processes and help improve understanding
of the natural migration of meandering rivers. Further studies are
needed to examine the performance of the model against field tests
where multiple fractions of sediment size may be available and
more complex channels with more irregular planform geometry

Table 3. Comparison of maximum erosion and deposition

Experiment/model

Maximum deposition (m) Maximum erosion (m)

90° cross section 135° cross section
1.48 m downstream

of bend exit 90° cross section 135° cross section
1.48 m downstream

of bend exit

Measurements 0.031 0.047 0.048 0.047 0.063 0.063
Developed 0.025 0.034 0.041 0.03 0.058 0.061
Standard 0.029 0.031 0.053 0.057 0.068 0.077
Angle of repose 0.029 0.05 0.07 0.055 0.055 0.087

(a)

(c)

(b)

Fig. 5. Comparison of bed levels at three cross sections: (a) 90°; (b) 135°; and (c) 1.48 m downstream (d=s) of bend exit. See Fig. 1 for cross section
locations.
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may be present. Future studies may also consider other geotechni-
cal and physical processes pertinent to bank erosion, such as pore
water pressure in the estimation of bank erosion flux. In addition,
the magnitude and direction of bedload transport can be affected by
grid resolution. We used relatively fine horizontal and vertical grid
resolutions; however, detailed analyses will provide insights into
the impact of grid resolution on the simulated morphodyna-
mics of the channel. Moreover, we used the hydrostatic pressure
assumption, which may simplify the modeling of secondary flow.
However, Parsapour-Moghaddam and Rennie (2017) showed that
the 3D hydrostatic Delft3D model can simulate secondary flow in a
river bend.

Conclusion

A new bank erosion model was implemented in Delft3D to better
predict progressive lateral bank erosion in natural meandering riv-
ers. Its performance was evaluated against an experimental study of
bank erosion in a channel with a sharp bend. The results confirmed
that our developed model reasonably reproduces lateral bank
erosion as well as the corresponding hydro-morphodynamics in
the channel. Moreover, the results were compared with those from
the Delft3D standard model and the angle of repose model previ-
ously available in the literature. The comparison confirmed the
superior performance of the developed model over the other mod-
els. The advantages of the developed model are (1) consideration of
physical sediment transport compared with the standard Delft3D

model; (2) efficient computational cost and straightforward imple-
mentation in the Delft3D source code; (3) estimation of bank
erosion flux based not just on the exceedance slope but also on
bedload transport according to Stecca et al. (2017); and (4) consid-
eration of the complex interaction between bank failure and
hydro-morphodynamics in the model evaluation.
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