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ARTICLE INFO ABSTRACT
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To maintain a navigable channel and improve high-flow conveyance, engineers have recently proposed con-
structing longitudinal training walls as an alternative to the traditional transverse groynes. However, previous
work has shown that the system of parallel channels created by a longitudinal training wall might be unstable in

R?;’er bérs rivers with alternate bars. Many questions remain unanswered, particularly whether a stable system can be
Bifurcation . obtained by carefully designing the bifurcation point. This work analyses the stability of the bifurcating system
Channel stability . o . . . I i

Delft3D created by a thin longitudinal wall in sand-bed rivers with alternate bars or point bars. The methodology in-

cludes performing 102 numerical tests using the Delft3D code to reproduce an idealized low-land river, either
straight or meandering. The results show that the system of parallel channels separated by a training wall may
indeed become unstable. An important factor is found to be the location of the bifurcation point with respect to a
neighboring bar or point bar. The same trends are observed for both constant and variable discharge, in straight
and meandering channels. The results suggest that cyclic growth and decline of the bifurcating channels may
arise as inherent system behavior, without the need of any additional external forcing. We explain this from
changes in the relationship between sediment transport ratio and discharge ratio as the bifurcation evolves. This
cyclic behavior can be regarded as a form of system stability and can be obtained by carefully placing the starting

point of the longitudinal training wall, and thus the bifurcation point, near the top of a bar.

1. Background and objective

Lowland rivers have been trained for centuries with transverse
groynes to prevent bank erosion and to improve and maintain a na-
vigable channel. Longitudinal training walls are less commonly applied,
but they can serve the same purposes.

In the Netherlands, series of transverse groynes have been built to
prevent ice jams during the winter and improve channel navigability by
channel narrowing (Fig. 1a). The large-scale narrowing of the Rhine
branches, along with bend cutoffs and sediment mining, triggered a
morphological response of incision at rates up to over 2 cm/year. Apart
from draining riparian habitats in floodplains and undermining hy-
draulic structures, this incision also deteriorated the conditions for
navigation. To mitigate these effects, groynes in the river Waal near Tiel
were replaced by longitudinal training walls in the years 2013-2015, as
a pilot for testing this alternative approach to river training (Fig. 1b).
The main idea was to provide a narrow and, hence, deep main channel
during low flows, while allowing more water to flow in the secondary

channel behind the training wall at higher discharges in order to reduce
main channel erosion and to lower the water levels during floods.
Furthermore, the presence of the secondary channel was expected to
improve the ecological conditions of the river. Finally, the fairway
would no longer be spoiled by the shallow ridges that develop in re-
sponse to the formation of local scour holes at groyne heads.

Another pertinent example is the Quang Ngai irrigation system in
central Vietnam which was built in the period 1985-1997 in the fra-
mework of the Thach Nham project. It comprises two main intakes
upstream and many small free inlets further downstream along both
sides of the Tra Khuc River. During the dry season the main low-flow
stream sways inside the main channel changing location every year
(Fig. 2). This creates the need to guarantee water flow to the intakes
without hindering the water conveyance during the rainy season. Two
solutions are proposed to solve the problem. The first one is to move the
intakes to other locations where the main stream is more stable. The
second solution proposes constructing longitudinal training walls along
the river banks in the reach with the intakes. This solution is expected
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Fig. 1. (a) Classical transverse groynes versus
(b) longitudinal training wall in the Waal
River near Tiel. Source: Rijkswaterstaat.

Fig. 2. Tra Khuc River (Vietnam). The small
branch on the right might become the main
low-flow stream in the future (photograph
Le Thai Binh).

to be more easily accepted by the local community, since it would not
change the old channel system and the land use along the river.
Therefore, longitudinal training walls appear as a promising solution to
clear the entrances of water inlets and intakes along the Tra Khuc River.

A longitudinal training wall divides a river in two parallel channels,
usually having different widths, with an upstream bifurcation. As river
bifurcations are often unstable, the question arises whether the two-
channel system will be stable and, in case of instability, which channel
would silt up. The pattern of steady bars in the river can be assumed to be
a major factor for this stability, because bars influence the sediment dis-
tribution between the two channels (De Heer and Mosselman, 2004;
Redolfi et al., 2016; Le et al., 2018). We address this question in the
present research by carrying out a long series of numerical tests using the
Delft3D code, considering that this code has already proven to be suc-
cessful in simulating the morphological development of this type of sys-
tems (Le et al., 2018). The objective is to assess the stability of the
channels on either side of a longitudinal training wall in single-thread
sand-bed rivers with steady or slowly migrating alternate bars or point
bars. Several cases are considered: different locations of the bifurcation
point with respect to a bar or point bar, different channel widths, constant
and variable discharges, as well as straight and sinuous channels.

(a) Han”River, Vietnam
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2. Theoretical background
2.1. Stability of bifurcations and bars

Bifurcation stability depends on the flow and sediment transport in
the upper reaches of the branches below the bifurcation. If more sedi-
ment enters the branch than the flow can transport, the branch will
experience sedimentation. If less sediment enters, the bed of the branch
will erode. If the amount of sediment entering each branch is exactly
equal to the transport capacity of the flow, the bifurcation is in equi-
librium. This equilibrium is stable if it is restored after a small pertur-
bation, e.g. if occasional erosion in a branch generates sediment over-
loading, producing counteracting sedimentation. It is unstable if the
small perturbation grows further, for instance if occasional erosion in a
branch generates a shortage of sediment entering this branch, giving
rise to further erosion.

The stability of a bifurcation is therefore governed by the interplay
between the distributions of water and sediment between the two
branches. These distributions depend on the structure of flow and se-
diment transport in the area immediately upstream of the bifurcation.
Most alluvial rivers have wavy channel beds due to the presence of bars
(Fig. 3). This makes the structure of flow and sediment transport
Fig. 3. Examples of bars in low-land rivers.
(a) Han River in Danang, Vietnam. © Google

Earth, 2015. (b) Cauca River, Colombia
(photograph Erik Mosselman).

(b) Cauca River, Colombia
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BZMRT = Bertoldi et al (2009), MM = Van der Mark & Mosselman (2013)

complex. Bars are associated with lateral flow redistribution, transverse
bed slopes and helical flow that alter the sediment transport direction
(Struiksma et al., 1985). These features affect the distribution of sedi-
ment at bifurcations (Bertoldi and Tubino, 2007). The presence of a bar,
and in particular a steady bar (Redolfi et al., 2016; Le et al., 2018),
might therefore lead to the silting up and closure of one of the two
parallel channels divided by the longitudinal wall.

Bars develop due to either morphodynamic instability occurring at
sufficiently large width-to-depth ratios or morphodynamic forcing, or
both. The bars that arise from morphodynamic instability are called
“free bars”. These bars are typically periodic and can migrate in
downstream or in upstream direction (Zolezzi and Seminara, 2001;
Zolezzi et al., 2005; Mosselman et al., 2006). The linear stability ana-
lyses carried out since the 1970s show that a flat alluvial bed may
develop into a pattern of alternate or multiple bars (unstable bed),
depending on the flow width-to-depth ratio and other morphodynamic

114

parameters (e.g., Hansen, 1967; Callander, 1969; Engelund, 1970;
Engelund and Skovgaard, 1973; Parker, 1976; Fredsge, 1978).
Zolezzi and Seminara (2001) showed that free bars migrate in down-
stream direction if the flow width-to-depth ratio is smaller than the
resonant one (sub-resonant conditions), and in upstream direction if it
is larger (super-resonant conditions). At resonant conditions free bars
present zero celerity. Notwithstanding the presence of simplifying as-
sumptions, such as a constant discharge, the results of these analyses
are successfully used as physics-based predictors of the alluvial channel
pattern (e.g. Parker, 1976; Lanzoni, 2000; Crosato and Mosselman,
2009).

“Morphodynamic forcing” is the result of permanent flow curvature
that arises from a local change of channel geometry, which can be
caused by a bend, a structure, and a local width change. Curved flow
results in outer-bend scour and inner-bend sediment deposition. Typical
“forced bars” are the point bars that become visible during low flows at
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the inner side of river bends.

Forcing can also fix the location of free bars (Struiksma et al., 1985;
Struiksma and Crosato, 1989). Such bars with zero celerity can give rise
to a more extensive pattern of periodic non-migrating sediment de-
posits. These deposits are called “hybrid bars” because they depend on
both forcing and morphodynamic instability (Duré et al., 2015). Recent
theoretical analyses show that steady bars may arise upstream of the
bifurcation point as a result of the perturbation generated by the start of
the longitudinal wall if the original channel exceeds the width-to-depth
ratio that allows for upstream morphodynamic influence, i.e. is at
super-resonant conditions (Redolfi et al., 2016).

Forced and hybrid bars are rather common in low-land rivers, since
natural channels are generally irregular, resulting in numerous forcings,
and this is why the presence of these bars is considered central in this
study.

2.2. Bifurcation stability analyses

Non-linear phase-plane stability analyses of one-dimensional bi-
furcation models by Flokstra (1985) and Wang et al. (1995) show how
sensitive bifurcations are to the distribution of sediment transport.
These analyses use simple hypothetical relationships in which the ratio
of sediment transports into the two branches is a function of the ratios
of discharges and widths of the two branches:

s
Q2 Q) \ B,
where Qs; and Qs are the sediment transport rates entering branch 1
and 2, respectively; Q; and Q. are the water discharges; B; and B, are
the channel widths; and k is a number that has to be determined em-
pirically. For low values of k, this relation is destabilizing, because a
higher discharge into one branch would generate a higher (stabilizing)
sediment input but an even higher (destabilizing) sediment throughput
due to the nonlinear relation between sediment transport capacity and
discharge. The stabilizing effect of the higher sediment input prevails
only if k is sufficiently large. Wang et al. (1995) found that bifurcations
are stable (both channels remain open) for k > 5/3 and unstable (one of
the channels silts up) for k < 5/3 if the sediment transport capacity is
computed with Engelund and Hansen's (1967) formula, which is valid
for sand-bed rivers.

In principle, 2D and 3D models can be used to calculate the dis-
tribution of sediment transport into the branches of a bifurcation. In 1D
models, however, the 2D and 3D details of flow and sediment transport
at the bifurcation are lost. Several researchers attempted to improve the
relationships for sediment transport distribution over bifurcated bran-
ches in 1D models by accounting in a parameterized way for various
mechanisms that may play a role (Fig. 4).

Bolla Pittaluga et al. (2003) extended Wang et al. (1995) formula by
incorporating transverse flows due to the redistribution of discharges
over the cross-section and by incorporating the effects of transverse bed
slope in the final reach of the upstream channel with normal width,
flow discharge and sediment transport rate equal to By, Qo and Qy,
respectively. The additions by Bolla Pittaluga et al. (2003) imply that
more sediment is transported towards the largest and deepest channel
downstream. They thus have a stabilizing effect. Indeed, Bolla Pittaluga
et al. (2003) found that for low values of the flow width-to-depth ratio
and large values of the Shields parameter of the flow, symmetrical bi-
furcation geometries are stable. As the width-to-depth ratio increases
(or the Shields number decreases) this configuration loses stability.
De Heer and Mosselman (2004) commented that the relationship of
Bolla Pittaluga et al. (2003) does not account for upstream asymme-
tries, such as the presence of bars. They expressed the expectation that
an extension with more mechanisms of sediment distribution would
reveal that bifurcations can be unstable under more conditions than
suggested by the analysis of Bolla Pittaluga et al. (2003). Such

@
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extensions were proposed subsequently by Kleinhans et al. (2008),
Bertoldi et al. (2009) and Van der Mark and Mosselman (2013).

Bertoldi et al. (2009) included the effect of migrating bars according
to relations by Colombini et al. (1987) for free alternate bars that occur
in long straight channels with uniform width. Bars arriving at the bi-
furcation feed the downstream branches alternatingly with a larger
amount of water and sediment. The time period of this feeding is set by
the ratio between bar length and migration speed. As a result, the bi-
furcation oscillates around an equilibrium or disappears due to closure
of one of the branches. The findings of Bertoldi et al. (2009) do not
hold, however, for the point-bars and hybrid steady bars that are en-
countered more generally in rivers than free bars.

Kleinhans et al. (2008) added the effects of helical flow in upstream
river bends to the sediment distribution relation of Bolla Pittaluga
et al. (2003) by modifying the direction of the sediment transport af-
fected by transverse slope. However, the transverse bed slope is still
calculated from the elevation difference between the bed levels in the
downstream branches, not from the topography of the upstream point-
bar that is formed in alluvial river bends.

Van der Mark and Mosselman (2013) proposed a relationship for the
effects of helical flow in which the streamline curvature generating this
helical flow is related to redistribution of the flow over the cross-section
rather than related to an upstream river bend. They tested their re-
lationship as well as other relationships against field data, concluding
that all relationships perform poorly and that reliable models of river
bifurcations should be at least two-dimensional. Systematic 2D nu-
merical simulations by Kleinhans et al. (2008) shed more light on the
effects of different sediment distribution mechanisms on bifurcation
stability. Unstable bifurcations can be nearly balanced if mechanisms
favoring the closure of one channel are compensated by mechanisms
favoring the closure of the other channel. Such nearly balanced bi-
furcations develop more slowly than unbalanced bifurcations. Fur-
thermore, the numerical simulations showed the sediment distribution
relationships to change as a bifurcation evolves. In this way an initially
unstable bifurcation may become stable in a strongly asymmetrical
configuration, without reaching full closure of the declining branch.

3. Numerical investigations
3.1. Model description

We analysed the results of a large number of 2D numerical simu-
lations reproducing the behavior of an idealized low-land river with
alternate bars or point bars which is divided into two parallel channels
by a thin longitudinal wall.

The Delft3D code solves the three-dimensional Reynolds equations
for incompressible fluid and shallow water with a finite-difference
scheme (Deltares, 2014). A variety of sediment transport formulas is
available to compute the sediment transport rate. Bed level changes are
derived by either applying the Exner principle (bed load or fast
adapting suspended load) or from a sediment balance equation in which
sediment deposition and entrainment rates are derived as a function of
suspended-solid concentrations and hydrodynamic parameters. The
models developed in the framework of this study were based on the
depth-averaged version of the basic equations (2D approach). Defina
(2003), Schuurman et al. (2013), Duré et al. (2015) and
Singh et al. (2017) demonstrated that this type of approach is able to
simulate bar processes with sufficient accuracy. The approach is also
supported by the experience of Le et al. (2018), who successfully re-
produced the long-term morphological developments of this type of
systems at the laboratory scale with a 2D model built using the Delft3D
code.

3.2. Model setup

We selected values of the hydraulic and morphological variables
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Table 1
Characteristics of the Waal River and numerical simulations in this study.

Parameters Notation Unit Waal River ~ Computational case
Hydrological characteristics
Average discharge Qs0% m®/s 1587 200
Minimum discharge Qmin m®/s 939 118
Maximum discharge Qmax mS3/s 4680 590
Discharge ratio Qumax/ Qumin 4.98 5.00
between Qqx and
Qumin
Discharge ratio Qmax/Qs005  — 2.95 2.95

between Qqx and
Q500

1D hydraulic and morphological characteristics at average discharge

River width By m 250 90
Normal depth h m 6.0 3.0
Longitudinal bed slope i - 10~* 107*
Chézy coefficient c m'?/s 43 43
Froude number Fr - 0.137 0.137
Shields parameter [Z] - 0.365 0.906
Median sediment grain D m 1.0x107% 2x107*
size
Relative density of A - 1.65 1.65

sediment
Transport law Engelund-Hansen (1967)
2D hydraulic and morphological characteristics at average discharge
Width-to-depth ratio B/h 42 30
Theoretical bar mode m - 1 1
(Crosato and
Mosselman, 2009)

and parameters that represent a “typical lowland river with alternate
bars or point bars”. Such variables and parameters were inspired by the
Waal River in the Netherlands (Fig. 1) and are listed in Table 1. The
computational case, however, is not a scaled version of the Waal River,
since the two systems differ, for instance in the value of the Shields
parameter.

Fig. 5 shows part of the numerical grids (45 km total length) for the
straight and the sinuous channel, the rectangular grid size being
15 x 45 m? (straight channel). In all models By = B; + B, where B is
the original river width, B, is the side (smaller) channel width and B is
the main (larger) channel width. Three width combinations are in-
vestigated, including the scenario in which B; = B,. In the curved
channel, the wavelength of the meanders along the straight line con-
necting their inflection points was chosen to be equal to the equilibrium
hybrid-bar wavelength (1350 m). The meander amplitude was equal to
100 m.

The hydrodynamic boundary conditions of the models consisted of
downstream water level and upstream discharge. These boundary
conditions were either constant (most scenarios), with a discharge of
200 m®/s, or variable. The discharge hydrograph adopted in the
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variable-discharge scenarios was inspired by the Waal River (Table 1).
The typical hydrological year is depicted in Fig. 6. The boundary con-
ditions for the sediment component were upstream balanced sediment
transport, which prevented the bed level from changing at the
boundary, and a downstream free sediment transport condition, which
allows undisturbed level changes up to the boundary. The banks were
kept fixed and treated as free-slip boundaries.

The morphodynamic conditions of the simulated system correspond
to a river channel with alternate bars. The theoretical mode m is the
integer representing the type of bars that form in the river channel; it
was here computed according to Crosato and Mosselman’s (2009)
theory. The value m = 1 (Table 1) refers to alternate bars. Applying the
linear theory, both the Waal River at average discharge and the com-
putational case result in super-resonant conditions, but very close to
resonance (Blondeaux and Seminara, 1985). In such a case, a finite flow
discontinuity near the upstream boundary leads to the formation of a
series of hybrid alternate bars (Struiksma and Crosato, 1989;
Mosselman et al., 2006). Such a discontinuity was obtained in the
straight channel simulations by placing a transverse thin dam ob-
structing 1/2 of the channel width at a distance of 900 m from the
upstream boundary, ten times the width of the channel By. The sinuous-
channel simulations did not need an external disturbance to obtain the
formation of point bars which spontaneously form at the inner side of
bends.

The longitudinal training wall was schematized as a thin, infinitely
high and deep, dam to ensure that the structure always divides the two
channels, even at the highest flow rates.

The bed roughness was represented by a constant Chézy coefficient
(value in Table 1) and the bed-load transport rate was computed by
means of the Engelund-Hansen (1967) formula, valid for sand bed rivers.
The bed slope effect on sediment transport direction was taken into
account in all simulations (Mosselman and Le, 2016). Two formulations
were considered: Bagnold's (1966) (default in Delft3D) and Koch and
Flokstra's (1981). Koch and Flokstra's formulation was adopted solely
for the sensitivity analysis meant to study the effects of transverse bed
slope on bifurcation stability, since it allows having a stronger vs.
smaller effect of transverse bed slope on sediment transport direction by
changing the value of one or more coefficients. The influence of the
spiral flow in curved reaches was accounted for according to the for-
mulation of Struiksma et al. (1985).

In Delft3D, the drying of wet cells is imposed based on a threshold
water depth. Cells that become dry are removed from the hydro-mor-
phological computational domain and remain dry. They may become
wet again by bank erosion, but this is not considered in our computa-
tions. In our simulation this threshold water depth was 10 cm (default
in Delft3D).

The time step of the flow computations was 0.5 min to ensure nu-
merical stability and accuracy, as evaluated by the criterion that the

T Fig. 5. Numerical grid and longitudinal training wall for
B;:B; = 1:5. (a) Straight channel models. (b) Sinuous channel
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6800

T T T — T — T
— 200 | ‘ } B,=90m Ez 75m } |
) ) I O IR [ SES N N B L
= @ = S S E e ===
100 + I { [ } I { H[ l 0 N S S— — | — — | — -
| | ‘ , B/ =15m Longitudinal training wall
5200 5400 5600 5800 6000 6200 6400 6600
400 T T T T T T
(b) | Meander wavelength = 1350 m
300 [~ B,=90m .
. ¥
E20r J
> Base line- &x=—= - —-—- L~ — — Ly - =
100 | . i
B,=15m z
| I I | I —— Longitudinal training wall
5200 5400 5600 5800 6000 6200 6400 6600
X (m)

116

6800



T.B. Le et al.

600

Advances in Water Resources 113 (2018) 112-125

Fig. 6. Discharge hydrograph used in the variable-discharge
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Courant number is smaller than 10.

The morphological developments in all simulations with constant
discharge were accelerated by using a morphological acceleration
factor (MF) equal to 10, after having checked that this does not affect
the results in a way that is relevant for the scope of the study. This
approach is also justified because previous studies in river channels
with similarly small Froude numbers (e.g. Crosato et al., 2011; Duré
et al., 2015) showed that it hardly affects the development of the 2D
bed topography in a river with hybrid bars. For the simulations with
variable discharge, we did not accelerate the computations (MF = 1).
As a result, the running times were 10 years for all constant discharge
scenarios (with MF = 10) and 100 years for the variable discharge
scenarios (with MF = 1). This means that we computationally cover
100 years in all cases. The computational time proved to be long en-
ough to reach a new morphodynamic equilibrium, characterized by
negligible temporal changes of the average bed elevation of the parallel
channels (see Chapter 4). Table 2 summarizes the numerical parameters
used in the simulations.

3.3. Model runs

The investigation comprises 102 different model runs. These are
meant to study the effects on bifurcation stability of: longitudinal wall
starting point (Runs Wy); width ratio (Runs Wy, W; and W,); and
variable discharge (Runs V,, V; and Vs, with different width ratios). The
investigation includes a sensitivity analysis to assess the effects on bi-
furcation stability of the deviation of bed load direction due to trans-
verse bed slope (Runs A). In addition, four runs are carried out to study
bifurcation stability in a sinuous channel (Runs S). These are especially
meant to investigate whether accounting for the effects of spiral flow on
bed load direction may result in different morphological trends, since
spiral flow deviates bed load transport in opposite direction compared
to transverse bed slope (Struiksma et al., 1985; Kleinhans et al., 2008;
Ottevanger, 2013). The performed simulations are listed in Table 3.

All scenarios included a reference case without longitudinal wall,
but with a transverse wall to generate the initial bed topography with
alternate hybrid bars. This bed topography is then the starting condi-
tion of all the other runs. To study the influence of bars on the stability
of the bifurcation created by the start of the longitudinal wall, several
starting locations were identified with respect to a selected steady bar

Table 2
Values of numerical parameters used in the simulations.

Parameters Notation Unit Value

Size of computational domain LXB mxm 45,000 x 90

Rectangular size of grid cell - mxm 45x15

Number of grid cells MXN - 1000 x 6

Time step t s 30

Simulation time T year 100

Running time and Trun & MF - 10, MF = 10 (constant

morphological factor discharge)

100, MF = 1 (variable
discharge)

300

(Fig. 7). These locations are numbered from 1 to 18 (Location 18 cor-
responds to Location 1 with respect to the next bar). The effects of the
starting location were then analysed for different width ratios, namely:
B;: B, =1:5 (W,) - base-case scenario; 1:2 (W;) and 1:1 (W) (see
Table 3).

4. Results
4.1. Effects of starting location

The 18 simulations reproducing the long-term morphological de-
velopments of the base-case scenario (Wy runs with B;: B, = 1:5 and
constant discharge) differ solely in the starting location of the long-
itudinal wall. The results show that if the training wall starts in the
upstream part of a steady bar, i.e. at Locations 3-7, the side channel
silts up (Fig. 8b). Instead, if the training wall starts in the downstream
part of the bar, i.e. at Locations 11-17, the side channel deepens and it
is the main channel that silts up. In this case, the side channel even-
tually conveys almost all the water discharge (Fig. 8d).

A different morphodynamic behavior is observed if the training wall
starts near the bar top, at Locations 8-10. In this case, the results show a
dynamic balance in which the side channel experiences cycles of ero-
sion and sedimentation and remains open (Fig. 8c). Every cycle com-
prises three steps (Fig. 9): 1) rise of side-channel bed; 2) bar formation
near the upstream end of the side channel and side-channel bed erosion;
3) upstream bar erosion and return to the initial state. These cycles
repeat continuously during the 100 years covered by the computations.
The first cycle is illustrated in Fig. 9.

The simulated systems were slightly super-resonant at average flow.
In this case, the perturbation caused by the starting of the longitudinal
wall might affect the shape of the steady bars upstream (Redolfi et al.,
2016). However, the obtained results do not always show upstream
influence of the bifurcation point. Indeed, when the training wall starts
in the upstream part (Fig. 8b) or near the bar top (Fig. 8c), upstream
bars do not show any changes compared to the reference case (Fig. 8a).
When the training wall starts in the downstream part, a bar deformation
extends to a distance upstream of about 3 bar wavelengths (Fig. 8d).
Independently from the bifurcation point, no bars formed upstream of
the transverse forcing dam that was placed to generate the series of
hybrid bars downstream (not in the figures).

Fig. 10a shows the temporal variations of the proportion of total
discharge that flows in the side channel, Q;/Qy, in some representative
cases. If Q;/Qp = 0 all the discharge is conveyed by the main channel. If
Q1/Qp = 1 all the discharge is conveyed by the side channel. The fastest
developments pertain to the cases in which the side channel becomes
increasingly deep.

Fig. 10b shows the variations of sediment transport ratio versus
discharge ratio during the computations, the initial discharge ratio Q;/
Q. being about 1/8. This figure shows also theoretical sediment
transport ratios as a function of Q;/Q, for B;: B, = 1:5 (base-case sce-
nario), computed using Eq. 1 (Wang et al., 1995). In the logarithmic-
scale graph, the values of the exponent k are represented by the slope of
the straight lines. According to Wang et al., the bifurcation is stable
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Table 3
Overview of the simulations in this study.

Run Scenarios Starting Width ratio* Initial bed Descriptions
location BB, level

Constant discharge (55 simulations)

Reference case with constant discharge No wall Flat bed Reference run to obtain hybrid steady bars with constant discharge and
Bagnold's (1966) formulation
W,  Width ratio 0 (base-case 1-18 1:5 Hybrid bars W runs study the effects of different width ratios and starting point of the longitudinal
constant discharge) wall with respect to a hybrid bar
W, Width ratio 1 1-18 1:2 Hybrid bars
W,  Width ratio 2 1-18 1:1 Hybrid bars
Variable discharge (10 simulations)
Reference case with variable discharge No wall Flat bed Reference run to obtain hybrid steady bars with variable discharge and Bagnold (1966)
formulation
Vo Width ratio 0 (base-case 4,10, 17 1:5 Hybrid bars V runs study the effects of starting location considering that hybrid bars are expected to
variable discharge) change due to discharge variation. Three width ratios are considered.
Vv, Width ratio 1 4,10, 17 1:2 Hybrid bars
V, Width ratio 2 4,10, 17 1:1 Hybrid bars
Sensitivity analysis (33 simulations)
Reference case with constant discharge No wall Flat bed Reference runs to obtain hybrid steady bars with constant discharge and Koch and

Flokstra (1981) formulation.
One run per value of Ag,
A Sensitivity analysis 4,17 1:5 Hybrid bars A runs study slope effects of transverse slope on bed load direction.
Two locations for each value of Ay,
Sinuous river (4 simulations)
Reference case with constant discharge No wall Flat bed Reference run to obtain point bars inside bends
S Sinuous planform 4,10, 17 1:5 Hybrid bars S runs study the effects of spiral flow on a sinuous river with constant discharge

* B; = side channel width and B, = main channel width.
** Agn is a parameter in Koch and Flokstra (1981) formulation (see Section 4.4).
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(both channels remain open) for k > 5/3 and unstable (one of the
channels silts up) for k < 5/3 in case sediment transport capacity is
governed by the formula of Engelund and Hansen (1967). This is the
transport formula adopted in the simulations. The application of Wang
et al.’s theory implies deriving the constant value of k by calibration.
For the performed numerical tests, this would lead to the selection of a
value of k within the instability conditions for most cases. For location
10, however, the numerical results show that the system assumes a
dynamic balance in which it alternates between a stable bifurcation,
with a slope, k, in Fig. 10b that is steeper than 5/3, and an unstable
bifurcation, with a slope that is less than 5/3. Temporal variations thus
allow a limit cycle that is not a possible solution in the theoretical
analysis of Wang et al. (1995) that uses a constant value of k. This
suggests that an oscillating distribution of discharges can arise as in-
herent system behavior, not necessarily imposed by the alternating
arrival of migrating bars from upstream as in Hirose et al. (2003) and
Bertoldi and Tubino (2007) because in our system we do not have
migrating bars at the longitudinal wall starting location. This behaviour
can be theoretically described only when allowing for temporal varia-
tions of k in Wang et al. (1995) formula (Eq. (1)).

4.2. Effects of altering the width ratio between side and main channel

The results of the long-term morphological simulations show that
altering the width ratio does not change the final result. The trends are
the same as in the base-case scenario (Fig. 11): if the training wall starts
in the upstream part of a hybrid bar the side channel silts up (Fig. 11a),
instead, if the training wall starts in the downstream part of the same
bar the side channel deepens and the main channel aggrades (Fig. 11c).
If the training wall starts near the bar top, both channels remain open
(Fig. 11b).

Fig. 12 shows the temporal variations of the proportion of total
discharge that flows in the side channel (Q;/Qp) for various width ra-
tios. If the training wall starts in the upstream part of a bar, the side
channel silts up completely (Q;/Qp = 0, dash-dot lines) as seen in the
previous section. This happens for all considered width ratios, except
for B;: B, = 1:1 (side and main channel having equal width) where the
process is slower (red line) and does not result in complete closure of
one of the channels. If the training wall starts in the downstream part of
a bar, the side channel eventually conveys most water discharge (dash

lines). It conveys 100% of the water (main-channel closure) only for B;:
B, = 1:5 (black line), whereas the main channel remains open for the
larger width ratios (B;: B, = 1:2 and B;j: B, = 1:1). However, also in
these cases the side channel still conveys the major part of the dis-
charge, with Q;/Qp > 0.95. In the new equilibrium, bars are not ob-
servable in the deeper channel, whereas some low-amplitude bars are
present in the silting-up channel. They are the remains of bars that
formed during the transition period.

When the training wall starts near the bar top, both channels remain
open (continuous lines). The larger the width ratio, the more water
flows through the side channel. These results suggest that enlarging the
width ratio increases the stability of the bifurcation.

In general, the evolution with constant discharge is relatively fast.
When it does not reach a dynamic balance, it reaches the dominant
configuration in which one of the parallel channels silts up within the
first 14 years.

4.3. Effects of variable discharge

A set of runs was carried out to study the effects of variable dis-
charge on bifurcation stability, considering that flow variations can
influence the bar location and geometry as well as the sediment dis-
tribution between the two channels. As in the previous set of runs, three
different width ratios were considered: B;: B, = 1:5 (base-case sce-
nario), B;: B, = 1:2, and B;: B, = 1:1. The following three starting lo-
cations were analysed: 4 (upstream of bar top), 10 (bar top), and 17
(downstream of bar top), see Fig. 7.

The reference case with variable flow started with a flat bed. The
bars that formed after 100 years can be recognized from Fig. 13,
showing their evolution during the tenth year due to discharge varia-
tions. Bars tend to disappear at peak discharge (Q = 590 m®/s), when
the width-to-depth ratio is the minimum (B/h = 15). At peak discharge
low-amplitude migrating bars are observable in the straight reach with
the exception of a forced bar near the transverse wall and a strongly
damped hybrid bar further downstream at the opposite side. Bars start
to reform after the peak discharge since small-amplitude bars are al-
ready visible at the end of the flood wave, at a discharge of
Q = 267 m®/s, when the width-to-depth ratio has increased to B/
h = 25. It can be observed that the small migrating bars are gradually
suppressed by a series of longer hybrid bars forming downstream of the
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Fig. 10. Temporal variations of discharge and sediment re-
distribution at the bifurcation. (a) Temporal variation of the
ratio between the discharge entering the side channel and the
total discharge Q;/Qop. (b) Sediment distribution Qg/Qs
versus discharge distribution Q;/Q» between side and main
channel. Locations 4 and 6 lead to side channel silt up (in
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transverse wall. After the period characterized by the average discharge
(Q = 200 m®/s), the small migrating bars are still present and with
larger amplitude. They are further suppressed in the low-discharge
period (Q = 151 m3/s). The results show that the bar wave length in-
creases whereas the bar amplitude decreases with the discharge. This is
valid for both hybrid and free migrating bars. Table 4 presents bar
development under variable discharge.

The analysis of bar evolution shows that, influenced by the forcing
offered by the transverse wall, the first bar on the right side is the most
stable one and the second bar on the right side has some variations in
shape due to variable discharge. In order to observe clear effects of the
variable discharge, the starting locations of the training wall refer to the
second bar on the right side. Starting the longitudinal wall near one of
the most downstream and variable bars could lead to different con-
clusions.

The results of the simulations with the longitudinal wall starting
from the bed topography at the end of the tenth year of the reference
case show bed evolution trends that are similar to the cases with con-
stant discharge (Fig. 14): if the training wall starts in the upstream part
of a steady bar the side channel silts up (Fig. 14.a), whereas if the
training wall starts in the downstream part of the same bar the side
channel deepens (Fig. 14.c). However, if the training wall starts near
the bar top, the evolution is similar to the case in which the wall starts

in the upstream part of the bar.

Fig. 14 shows the water depth at the end of the 100th year at low
flow for different width ratios. It might give the impression that one of
the parallel channels always silts up completely but that is not true,
since the plots refer to the final bed configuration at low flow condition.
Fig. 15 shows the temporal evolution of the ratio of side-channel dis-
charge to total discharge (Q;/Qp). During the first 30 years, both
channels remain open. From the 31st year on, both channels remain
open during high flow, whereas one of the channels closes during low
flow. The parallel-channel system does not find a dynamic equilibrium
as occurs with a constant discharge if the training wall starts at Location
10 which is located at 2.2 km from the transverse wall (Fig. 13, dash
line). The conveyance of the silting channel slowly diminishes with
time to reach a constant value after 70 years. This could be explained by
the longitudinal variation of the reference bar shape due to variable
discharge (Fig. 13): the location of the initial bar-top is situated in the
upstream part of a bar during average to moderate discharge and in a
pool at the highest discharge, but for a relatively short duration.

4.4. Sensitivity analysis on the effects of transverse bed slope

A sensitivity analysis was carried out to assess the dependence of
bifurcation stability on transverse bed slope, by increasing and

Location 4 (upstream) | Location 10 (bar top) | Location 17 (downstream)
‘= B;B,=1/5 — BB,=1/5 |- - B:B,=1/5
B,;:B,=1/2 B,;:B,=1/2 B;B,=1/2
B;:B,=1/1 — B;B,=1/1 —= = BiB;=1/1

Fig. 12. Temporal evolution of the ratio between the dis-
charge entering the side channel and the total discharge Q;/
Qo for different width ratios. The dash-dot lines correspond to
the cases in which the training wall starts at the upstream

>
>

Side channel conveys more water

location, the continuous lines to the bar top location, and the
dash lines to the downstream location. (For interpretation of
the references to color in the text, the reader is referred to the
web version of this article.)
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Table 4
Bar development under variable discharge.
Q (m®/s) Period B/h Hybrid bars Free migrating bars
Amplitude (m) Wavelength (m) Amplitude (m) Wavelength (m)
590 Peak discharge 15 0.5 2200 0.3-1.5 1000-2000
267 End of flood wave 25 0.6-0.8 2000-2100 0.3-2.0 800-1400
200 Average discharge 30 0.9-1.2 1800-1900 0.5-2.5 600-1200
151 Low discharge 36 1.4-1.8 1600-1700 0.8-2.5 600-1400
5 4 3 2 1 O0m Fig. 14. Results of variable discharge runs for different width
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Fig. 15. Evolution of discharge ratio for B;:B; = 1:1.
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decreasing its effects on sediment transport direction. This was ob-
tained in the model by applying Koch and Flokstra's (1981) formula-
tion, extended for the effect of bedforms, according to which the
function f(6) is calculated as:

Csh

1= As"eBSh(%) @)

where Ay, Bg, and Cg, are calibration coefficients, 6 represents the
Shields parameter, D is sediment size and h is the normal depth. Among
the three parameters, Ay, is the most sensitive one. Increasing the value
of Ag, decreases the effects of transverse slope on sediment transport
direction (Schuurman et al., 2013). The value of Ay, normally falls in
the range 0.5-1.5 and this is the range of values used for the sensitivity
analysis, whereas the values of the other calibration coefficients are
kept constant: By, = 0.5 and Cg, = 0.3 (Talmon et al., 1995).

The numerical simulations show that, starting from a flat bed, dif-
ferent values of Ay, resulted in different bar characteristics. Analysing
the values in Table 5, we can observe that the bar wavelength increases
if the bed slope effects increase (decreasing Agy), whereas the opposite
trend can be observed for the bar amplitude (stronger bed slope effects
result in smaller amplitudes). Based on the equilibrium state, two lo-
cations for the starting point of the longitudinal training wall were
selected: Location 4 in the upstream part of a bar and Location 17 in the
downstream part. The results show that varying the effect of bed slope
did not change the final configuration of the bifurcating channels. A
training wall starting at Location 4 always resulted in side channel silt-
up whereas a training wall starting at Location 17 always resulted in
side channel erosion. However, stronger bed slope effects resulted in
slower morphological evolution (Table 5), which is probably due to the

Table 5
Bar development with different magnitude of bed slope effects.

00

smaller bar amplitude resulting in more equal sediment distribution
between the channels.

4.5. Sinuous planform

In this section, the numerical simulations represent a sinuous
channel with constant discharge of 200 m®/s. In the reference case
without longitudinal wall, point bars naturally formed near the inner
bank of bends (Fig. 16.a). The longitudinal training wall was set only
after the point bars were fully-formed. Three locations for its starting
point were selected: Location 4, in the upstream part of a point bar,
Location 10 near the bar top and Location 17, in its downstream part.
The obtained final configurations are shown in Fig. 16. The results are
similar to the ones obtained with a straight channel (Fig. 8), indicating
that the curvature of the channel and the presence of a relatively strong
spiral flow (Ottevanger, 2013) do not change the unstable character of
the bifurcation created by a longitudinal training wall. The results in-
dicate that the effects of the spiral flow are less important for the se-
diment transport direction and the sediment distribution between side
and main channel than the main flow deviation and the bed slope
caused by the presence of the point bar, at least in the cases examined.

5. Discussion

In the previous sections, attention was paid to rather schematized
and idealized examples. For more realistic applications a few aspects
should be considered.

Cell drying was obtained numerically in a rather straightforward
way, depending on an assigned critical local water depth. We believe

4 Bed slope Bar Bar Duration of morphological evolution (days)
sh effects amplitude (m) | wavelength (m) | Location 4 (Upstream)* | Location 17 (Downstream)**
0.5 A 0.95 1280 7130 3520
0.6 1.22 1350 6490 3070
0.7 1.82 1290 5760 2910
0.8 1.95 1200 5240 2840
0.9 2.03 1180 4630 2750
1.0 2.08 1175 3860 2630
1.1 2.15 1170 3810 2540
1.2 2.22 1165 3720 2420
1.3 2.25 1160 3660 2370
1.4 2.33 1140 3590 2360
1.5 2.27 1130 3570 2340

* Side channel silt-up
** Side channel erosion

122



. Le et al.

Reft
400 (a) elerence

Advances in Water Resources 113 (2018) 112-125

Fig. 16. Sinuous channel simulations: water depth at the
constant discharge of 200 m®/s after 100 years. (a) Reference
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that the areas that become completely dry under constant discharge in
the numerical simulations would still convey some water in reality. The
experimental study carried out by Le et al. (2018) supports this, because
aggrading channels were never found to silt up completely.

All tests were carried out with sediment transported as bed load.
The results might be different in presence of substantial amounts of
suspended load. This remains open for further research.

Keeping a constant value of the bed roughness, represented in the
models by the Chézy coefficient, may have altered the dynamics of the
system. The bed roughness should be a function of water depth, be-
coming gradually higher in the aggrading channel and lower in the
deepening one. Similarly the bed roughness should vary with the dis-
charge.

The numerical grid used in the computations contains six cells in the
cross-section. Because two-dimensional aspects of water flow and se-
diment transport are important for bifurcation studies, we also per-
formed other computational tests (not shown here) with 18 cells. The
results of the finer grid confirmed the morphological developments
obtained with the coarser grid. For this reason, we decided to use the
coarser grid, which allowed for the computation of many different
scenarios (in total 102 model runs).

An important issue in morphodynamic modelling is the use of a
morphological factor (MF) which accelerates the bed development and
decreases the computational time. In this study, we applied MF = 10,
but only for the cases with constant discharge, after having checked
that it does not affect the results in a relevant way. To check this, we
performed a computation using MF = 1 (no morphological accelera-
tion) and obtained after 10 years results that did not differ, when
plotted, in an observable way from the results of one year using
MF = 10. For variable discharge, we represented the yearly hydrograph
in a schematic way and performed the computation without any mor-
phological acceleration. In this way we could distinguish the yearly
effects of the variable discharge.

In computations with a constant discharge, the time corresponding
to the morphological developments is merely theoretical. Using a
morphological acceleration factor larger than 1 (after having checked
that it does not affect the results) therefore does not affect the
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interpretation of the results, since the link with time is not clear
anyway. With variable discharge, especially if a yearly hydrograph is
used, applying a morphological acceleration factor larger than 1 creates
an unclear distortion of time and hampers the interpretations of time
developments. For this reason, we discourage the use of morphological
acceleration in computations with variable discharge.

Redolfi et al. (2016) investigated the stability of a symmetrical bi-
furcation under steady flow conditions, disregarding the presence of
alternate bars in the main channel. This symmetrical configuration
becomes unstable if the original (not yet bifurcated) channel is at super-
resonant conditions, because due to morphodynamics influence, a
steady alternate bar forms just upstream of the bifurcation point. This
bar tends to unbalance the flow and sediment partition between the
bifurcating channels.

In the unsteady flow computations performed here, the width-to-
depth ratio falls below the critical value for bar formation during peak
flows and for this reason bars tend to disappear (Fig. 13). At the end of
the flood wave hybrid bars are incipient and short migrating bars are
present. Hybrid bars are fully developed after the low-flow period, al-
though some bar irregularities are present due to the interactions with
remains of free bars. The conditions at average discharge, occurring
after the flood wave, are close to resonance and at the lowest discharge
the systems is super-resonant. According to Zolezzi and
Seminara (2001), upstream morphodynamic influence may occur only
at the lowest flow rates. However, we do not observe any steady bar
interfering with hybrid bars near the bifurcation at the end of the low-
flow period. This is a sign of possible hybrid-bar dominance. As a
consequence, we can conclude that upstream morphodynamic influence
does not affect bifurcation stability at the conditions considered in this
study.

Hypothetically, if super-resonant conditions were present for a
longer period, i.e. also at higher discharges, a steady bar might develop
near the bifurcation. In this case, the stability of the channel system
would be determined by the competition between the steady bar at the
node and the hybrid bars in the channel. Further investigations are
needed to show at which conditions one of the two would prevail.



T.B. Le et al.

6. Conclusions and recommendations

This work addresses the stability of the system of two parallel
channels separated by a longitudinal training wall. The effects of hybrid
(steady) alternate bars near the bifurcation point on their morpholo-
gical evolution have been investigated by means of a 2D numerical
model developed using the Delft3D code.

The results of the numerical simulations show that the two-channel
system with a training wall along one side of the river tends to become
unstable, with the silting up of either the narrower side channel or the
wider main channel. These results are valid for both straight and sin-
uous channels, with either constant or variable discharge. The results of
the numerical simulations show three final scenarios, depending on the
starting location of the longitudinal walls. In the first scenario, the
training wall starts in the upstream part of a bar. In this case, all water
flow eventually concentrates in the main channel and, as a result, the
side channel gradually silts up. In the second scenario, the training wall
starts in the downstream part of a bar. In this case, all water is even-
tually conveyed by the side channel and as a result the main channel
gradually silts up. If the training wall starts in a limited area near the
bar top, both channels reach a dynamic balance and remain open.
However, this third scenario only occurs for constant discharge, since
discharge variability results in the silting up of one channel in this case
too. This is caused by the elongation and shortening of the bars that
result from the discharge variations.

Changing the widths of the parallel channels did not change the
trends observed in the base-case scenario. The most stable system is
obtained if the longitudinal wall subdivides the river in two equally-
wide parallel channels. In this case, the morphological process appears
much slower than in the other cases and the channel characterized by
bed level rise does not appear to silt up completely.

This study shows that, in rivers with hybrid bars, the position of the
upstream end of the training wall plays an important role in the mor-
phological development of the system. Our results indicate that the
upstream end of a training wall is best located near the top of a bar. This
can be readily understood from the physical processes at the bifurca-
tion. Bifurcation instability arises when the supply of sediment to a
branch deviates from the transport capacity immediately downstream.
Two factors play a role. First, this deviation between supply and
transport capacity is smallest in river sections without streamwise
gradients in flow field and bed topography, where lateral exchanges are
at a minimum. Such sections are found at bar tops and in bar troughs.
Second, deviations between sediment supply and transport capacity
produce faster morphological changes in deeper areas where sediment
transport is higher. Small deviations thus produce faster loss of stability
in bar troughs than at bar tops. That makes bar tops the most suitable
locations for the bifurcation. Yet, this does not guarantee stability in
natural rivers where hybrid and point bars continuously change in
length and position due to discharge variations (Claude et al., 2014),
which means that the location of the training wall relative to a bar
continuously changes with time. The upstream entrance of the side
channel might therefore require an appropriate bank-line configuration
or a control structure to enforce a favorable location since the first
hybrid bars near a forcing are the most stable ones.

Discharge variations and the arrival of free migrating bars may
produce cyclic growth and decay of bifurcated channels (Hirose et al.,
2003; Bertoldi and Tubino, 2007). Our findings suggest, however, that
such cycles may also arise spontaneously as inherent system behavior if
the development of bifurcated channels alters the relationship between
sediment transport ratio and discharge ratio, e.g. expressed as a change
in k (Eq. (1)).

The simulated systems were super-resonant, but close to resonant
conditions (Blondeaux and Seminara, 1985). In this case, steady bars
may form also upstream of the bifurcation, due to the flow perturbation
caused by the start of the longitudinal wall (Redolfi et al., 2016). The
obtained results, however, do not always show upstream influence of
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the bifurcation point, apart from a local bed deformation extending to a
distance upstream on the order of magnitude of 3 bar wave-lengths
(Fig. 8). No bars formed upstream of the transverse forcing wall that
was placed to generate a series of hybrid bars downstream.

In general, the evolution with constant discharge is faster than the
evolution with variable discharge. This is because with constant dis-
charge, location and size of the bar close to the bifurcation did not
change and transported sediment was permanently deviated in the
same way. With variable discharge, the bar tended to disappear during
peak flows and the deviation of sediment towards the silting up channel
was not always present. In our numerical simulations, when it does not
reach a dynamic balance, the final bed configuration is obtained within
the first 14 years. With variable discharges, the final configuration is
obtained after 70 years (Fig. 15). This result suggests that, in real rivers
with natural discharges, the morphological development after the
construction of a longitudinal training wall may last for a long time.

The bifurcation formed by a longitudinal training wall is inherently
unstable, but we found the condition at which the morphological
changes develop rather slowly, which makes the bifurcation manage-
able. As a result, we recommend designing longitudinal training walls
in such a way that the upstream starting point is located at the top of a
bar. The bar top location can be fixated by constructing a groyne or
structure upstream. If this is not possible, the optimal location of the
starting point could be obtained by carefully studying the variation in
bar length due to discharge variability. Channel maintenance is mini-
mized if the two channels have more or less the same width.
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