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ABSTRACT

River systems worldwide are undergoing severe ecological and morphological degradation due to prolonged anthropogenic in-
terventions, such as channelization and dam construction, which disrupt sediment continuity and natural flow regimes. In re-
sponse, river re-naturalization projects have emerged as essential strategies to restore the dynamics of fluvial systems. However,
these actions frequently encounter unintended morphodynamic consequences, including sediment erosion and deposition, al-
tered flow patterns, and disrupted channel stability, which pose significant challenges to achieving ecological, navigational,
and flood management objectives. This study addresses the critical challenges associated with secondary channel re-opening,
a common practice in re-naturalization projects, focusing specifically on lowland river systems. By employing a combination of
numerical modeling and theoretical analysis, we investigate how key design parameters, such as localized levee lowering, influ-
ence the equilibrium of a river reach. The research highlights how an inappropriate project design can amplify sedimentation
in the primary channel branch, reducing navigability, increasing maintenance costs, and offsetting ecological gains. To support
management authorities and project designers, this work emphasizes the need for a multidisciplinary framework that incorpo-
rates long-term morphodynamic projections alongside ecological restoration goals. The findings provide insights into balancing
environmental sustainability with operational functionality, offering guidance for improving the resilience and success of future

re-naturalization efforts worldwide.

1 | Introduction

Globally, numerous rivers are currently in degraded conditions,
exhibiting significant deterioration in both morphological and
ecological aspects (Surian et al. 2009; Rinaldi et al. 2013). In
highly anthropized regions, water quality has diminished, pri-
marily due to the influx of fertilizers from agricultural activities,
and wastewater from industrial and urban sources (Malmqvist

and Rundle 2002; Vaughn 2010; Arthington et al. 2010).
Additionally, the continuity of water flow and sediment trans-
port is frequently disrupted by infrastructures, such as dams for
hydropower and water intakes, which block the natural path-
ways of sediments and biota (Collas et al. 2018).

Historically, river channelization has been implemented to con-
trol natural river development and lateral migration, expand
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land use, improve navigability and reduce flood risks (Simons
et al. 2001). In recent years, there has been an emergence of
river re-naturalization initiatives aiming to restore more natural
river patterns and enhance ecosystem resilience. Common strat-
egies in these projects include channel widening, reconstruct-
ing former channel shapes, and reconnecting the main channel
with older side channels (Formann et al. 2007, Habersack and
Piégay 2007; Poppe et al. 2016; Le et al. 2018). Such efforts have
also been proposed for the Po River in northern Italy, a region
heavily modified by human activities, with extensive agricul-
ture and dense urban and industrial developments. Over the last
century, the Po River was extensively channelized to manage its
course and enhance navigability, often at the cost of isolating
secondary channels through levee construction (Doriano and
Sandra 1995; Marchetti 2002; Lanzoni et al. 2015; Rinaldi 2021).

Recent proposals aim to partially re-open these secondary
channels, creating new morphological configurations that
essentially consist of a bifurcation followed by a confluence.
The re-opening of old cutoff channels aims at the recovery of
the ecological corridor represented by the river bed and the
natural perifluvial zone. This zone consists of remarkable
bio-diverse habitats (gravel/sand beds, vegetated islands, sand
banks, riparian vegetation, oxbow lakes, floodplain ponds)
that are important for achieving the EU Biodiversity Strategy
to 2030 (European Commission 2023). On the other hand, the
re-designed bifurcation-confluence systems should ensure
the maintaining of efficient flood risk protection and secure
navigability conditions. The partial re-opening of secondary
channels must then cope with two main aims, which can be
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in contrast with each other: enhancing biodiversity through
re-establishing different habitats and ensuring hydraulic ef-
ficiency of the main river course. Indeed, bifurcation-conflu-
ence river units can lead to deposition/erosion processes also
in the main channel, as extensively studied in idealized config-
urations (Bolla Pittaluga et al. 2003, 2015; Redolfi et al. 2019;
Ragno et al. 2021; Durante et al. 2024). Typically, sedimen-
tation occurs predominantly in the river branch with lower
transport capacity, which can ultimately result in a complete
avulsion favoring a single branch to dominate.

The present study considers a meandering river reach with
a shorter, narrower cut-off channel that bypasses the longer
meander bend. This configuration is quite common in the
lowland portion of the Po River, as shown in Figure 1. Some
insights into the potential evolution of this highly asymmetri-
cal system can be obtained from simplified one-dimensional
models in which the morphodynamics of bifurcations/con-
fluences are parametrized through a physics-based two-
cell model (Redolfi et al. 2019; Ragno et al. 2021; Durante
et al. 2024). These models indicate that when the length dif-
ferential between the main and secondary channel branches
is sufficiently high the only possible solution is the one with
the shorter branch becoming dominant. Despite providing
clear and fast outcomes, this type of one-dimensional model
assumes a simplified description of the two-dimensional flow
and sediment exchange at the two-cell node (Bolla Pittaluga
et al. 2003; Tkeda et al. 1981) and, therefore, provides approxi-
mate information in settings where lateral sediment transport
is fully three-dimensional. Moreover, the re-opening of a side

Example of the re-opening of an old cut-off channel adjacent to a meandering reach of the Po River, Italy, near Gussola, (Cremona,

Italy) (44" 58'N, 10" 21'E). The re-activation of the secondary channel (depicted in violet) has been done by lowering the levee (denoted with a orange

line) separating the main river bed from the old reach. This lowering allows part of the main river discharge to flow through the secondary channel.

Flow is from left to right (Source: Google Earth). [Color figure can be viewed at wileyonlinelibrary.com]
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channel through the localized lowering of the levee that sepa-
rates it from the main river course usually produces a residual
step at the entrance of this channel that could hinder sediment
entering there. This would result in most sediments remain-
ing in the main channel, potentially causing significant depo-
sition in it.

This study systematically addresses the challenges associated
with the re-opening of old cutoff channels through both reduced-
complexity methods and comprehensive numerical simulations
to deepen the understanding of the relevant morphodynamic
processes. The paper is organized as follows. Section 2 provides
a description of the system geometry (Section 2.1), and of the
adopted one-dimensional (Section 2.2) and two-dimensional
(Section 2.3) modeling approaches. The outcomes of both meth-
ods are reported in Section 3 with reference to two distinct con-
figurations, characterized by different lengths of the main and
secondary channels. Section 4, provides a comprehensive view
of the potential impacts and dynamics of re-opening secondary
channels in heavily modified rivers. Finally, Section 5 summa-
rizes the conclusions of the research.

2 | Material and Methods

This study systematically addresses the design of levee lower-
ing for the reactivation of secondary channel branches adjacent
to the main course of the Po River. The reactivation is made
through a side weir connecting the main channel with the inlet
of the secondary channel (Figure 2). The height and length of
this weir play a fundamental role in determining the amount
of water and sediment diverted from the main channel into the
secondary channel. This section first describes the system geom-
etry, then presents the one-dimensional and two-dimensional
formulations of the problem and, finally, delineates the design
of the numerical simulations.

2.1 | System Geometry

The idealized framework used to analyze the effects of re-
opening old cut-off channels consists of a meandering reach
composed of three bends (denoted by suffixes as a, b, ¢, and d
in Figure 2a), schematically reproducing the Po river stretch
reported in Figure 1. The main channel is assumed to have
a constant width B, =200m and an initially constant slope
S =2x107* (Figure 2b). The channel axis curvature has been
approximated using the classical sine-generated curve (Leopold
et al. 1964):

0 = 6, sin(4s), (1

where 6 is the angle formed by the tangent to the channel axis
with the valley direction, 6, is a parameter controlling the me-
ander amplitude, s is the curvilinear longitudinal coordinate
following the channel axis, and A = 2z / L, is the intrinsic wave
number of the meander. From this angular relationship, the cur-
vature C of the meander axis is derived as:

C(s)= — % 2

The secondary channel to be re-opened has a constant width
B, and a length L. It bifurcates from the main channel near the
inflection point following the first meander bend apex (i.e., be-
tween s, and s,), and rejoins the main channel in correspondence
of the inflection point located after the second bend apex (i.e.,
between s, and s,, Figure 2a). The initial slope of the secondary
channel is determined by the elevation of the main channel at
the bifurcation and confluence points. Both channel beds are
assumed to be composed of uniform fine sediment with grain
size d; = 0.5mm, while the channel banks are considered to be
unerodible.

A weir is used to control the diverted flow (Figure 2b). This
weir has a length equal to the width of the secondary chan-
nel (i.e., B,), a top elevation hy, and a height d with respect
to the initial elevation of the main channel bed #,. The height
of the weir and the width of the secondary channel are cru-
cial for the morphodynamic response of the bifurcation-
confluence system. Two dimensionless design parameters are
thus introduced, which relate the weir characteristics to the
pre-intervention main channel geometry. They are the branch
width ratio r,, and the dimensionless inlet step parameter, d,
defined as:

B,
r.= 3 d=—, 3)

where D, represents the uniform flow depth of the main channel.

The morphodynamic equilibrium of the system depends also on
the formative water and sediment discharges, Q, and Q,, flowing
in the main channel. These discharges roughly correspond to
those occurring at the stage for which the unvegetated sandy bars
forming on the active portion of the river bed start to the flooded
(Lanzoni et al. 2015). In the case of the Po river reach considered
here, located approximately 40 km upstream of that investigated
by (Lanzoni et al. 2015), the formative water discharge has been
estimated to be approximately Q, = 1500m3/s. The correspond-
ing solid discharge at capacity, computed using the Engelund
and Hansen (1967) total load formula, is Q,, = 0.158m3/s. This
value is consistent with that obtained from turbidity measure-
ments at the gauge station of Polesine Parmense (PR), located
about 12km upstream of the locality shown in Figure 1. Note
also that the value of the flow discharge corresponds to the
threshold above which the side channel begin to be flooded in
proposed design. The uniform flow depth associated with these
formative conditions is D, = 5.6m. This estimate has been ob-
tained by using the value of the Gauckler-Strickler coefficient
typically used in the modeling of the considered Po River reach,
kg =30m'/3/s.

Using these data, the width-to-depth ratio (8,) and Shields pa-
rameter (J,) controlling the morphodynamics of main channel
result:

B 2
f,=——=1738, 9 9a

a

2D, - 22D2ds (o =)/

=1.358, (4

where y, = ksDtll/ % is the Chezy resistance coefficient, while p
and p, are the water and sediment density, respectively.
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FIGURE2 | (a)Planform view of the investigated river system. The banks and the axis of the main meandering channel are represented by black

and red lines, respectively, while the secondary channel banks are depicted in blue. Inset maps illustrate the two-dimensional numerical grid at both
the bifurcation and the confluence. (b) Longitudinal distribution of the mean bed elevation (orange line) and free-surface elevation (blue line) of the
main channel in the initial equilibrium condition. The shaded gray region represents the extent of impermeable levees, while the vertical dashed
lines indicate the locations of the bifurcation and confluence. The side weir at the bifurcation is depicted in orange. [Color figure can be viewed at

wileyonlinelibrary.com|

Even though the dimensionless parameters (4) are also im-
portant for bifurcation-confluence dynamics (Bolla Pittaluga
et al. 2003; Durante et al. 2024), in the present analysis they
have been kept fixed and equal to the values characterizing the
considered Po River reach. Conversely, the values of the branch
width ratio and the inlet step parameters (3) have been varied to
evaluate the effects of the reactivation of the secondary chan-
nel and provide information about the proper choice of the weir
geometry.

2.2 | One-Dimensional Modeling

In a one-dimensional framework, the equilibrium bed profile of
the meander bend illustrated in Figure 2 is computed consider-
ing the diversion of both water and sediment at the inlet of the
cutoff channel, and reintegrating these quantities at the down-
stream confluence of the two branches. The cutoff channel is
simply treated as a water and sediment bypass. The free surface
and bed profiles within it are not computed, thereby neglecting
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potential feedback mechanisms affecting the main meander
course.

Under equilibrium conditions, provided that the boundary con-
ditions, as well as the channel banks, do not vary in time, the
one-dimensional equations ensuring the conservation of water,
sediment, and the variation of momentum within a movable
bed channel take the form (see, e.g., Seminara et al. 2024):

4 _

s = T (52)
dQ
dSs = +qy, (5b)
dh | Q*d 1\ _ Q?
ds gAds (A> T 2AR, o)

where Q and Q, are the water and sediment discharges flow-
ing through the channel, q; and g, represent the lateral liquid
and solid flow discharge per unit length which possibly leaves
(minus sign) or enters (plus sign) the channel, & is the water sur-
face elevation, A is the cross-sectional area, Ry, is the correspond-
ing hydraulic radius, g is the gravitational acceleration, and y is
the Chezy resistance coefficient. Assuming that the channel has
a constant width B much larger than the mean flow depth D,
the hydraulic radius can be approximated as R, ~ D. Moreover,
the area becomes A = BD. The momentum equation can then
be rewritten as:

dx
== =],
s Q)
where # is the specific energy (i.e., per unit fluid weight), and J
is the specific energy loss per unit length, defined as:

Q Q

H=h+——, =—.
2gB2D? 72B2D3

™

At each cross-section, the local flow depth D is determined as
that ensuring the sediment discharge at capacity corresponding
to that section.

The equilibrium configuration of the channel bed is obtained
by solving the three ordinary differential Equations (5a), (5b),
and (6), complemented with suitable boundary conditions and
auxiliary relationships for g, and q;.

A constant flow discharge Q, is imposed at the upstream bound-
ary. The associated solid discharge Q,, is assumed to be in
equilibrium with the flow discharge. Given the fine character
of the sediment, Q,, is computed using the total load formula
by Engelund and Hansen (1967). Moreover, Equation (6), is in-
tegrated numerically imposing the following condition at the
downstream boundary:

s = | W+ Q_ﬁ , ®
=% 2gB2D?
s=55

where h and D are the uniform flow values corresponding to Q,.

The estimate of flow discharge diverted over side weirs has
been extensively studied in the hydraulic literature (e.g., Paris
et al. 2012; Michelazzo et al. 2016). Since head losses can be
taken almost as negligible in lateral diversions, it is reasonable
to assume that the specific energy of the flow at the weir remains
constant (De Marchi 1934). Consequently, the flow discharge di-
verted laterally per unit length can be expressed as follows:

3/2
qr =¢g \/ZgDuf s

where ¢, is the lateral discharge coefficient, set here at 0.4, and
Dy, represents the water depth above the weir. This latter quan-
tity can be determined as the difference between the local free-
surface elevation h and the weir elevation hy;:

5; <S8y, ©

Dy, = h— hW' (10)

Accordingly, the total diverted flow discharge Q, reads:
Sy

ch/qLdS' (11)

51

This discharge is subsequently linearly reintroduced down-
stream at the junction with the secondary channel, i.e.,
fors; <s<s,

Q.
=

c

q. = 83588y 12)

The modeling of the solid discharge diverted through the weir
needs particular attention. Indeed, bedload is prevented from
being diverted into the cutoff channel when the weir elevation
hy, exceeds the local elevation of the main channel #. Thus, it is
reasonable to assume that only the portion of the suspended load
within the water column above the weir is diverted into the cut-
off channel (Slingerland and Smith 1998).

Assuming, as a first approximation, that the average concentra-
tion C = Q,/Q is in equilibrium with the local flow condition,
the vertical distribution can be approximated using the classi-
cal Rouse profile. Considering the value of the Shield stress in
front of the weir, depth-averaged concentration C is then com-
puted as (see, e.g., Bolla Pittaluga and Seminara 2003, Seminara
et al. 2024):

1 z
Ca (1 _é’) ga
dag,
L{a/[ 7 O—QJ : a3

o

C=

where c, is the near-bed concentration, { =z / D is the vertical co-
ordinate z normalized with the local flow depth D, ¢, is the ref-
erence height typically set at 0.05, and Z = w, / ku, is the Rouse
number, with k the von Karman constant and u, the shear velocity.

Only a portion the suspended sediment flowing in the main
channel contributes to the sediment discharge entering the sec-
ondary channel, as illustrated in Figure 3a. To account for this,
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ment concentration ¢;(z) within the water column. The sketch highlights the portion of sediment potentially diverted into the cut-off channel through

the side weir. (b) Relative depth-averaged concentration C as a function of relative elevation ry, above the weir crest, shown for various Rouse numbers

Z. Each curve represents a different sediment transport condition governed by the value of Z. [Color figure can be viewed at wileyonlinelibrary.com]

we introduce the relative above-weir water depth ry,, defined as
the ratio of the flow depth over the weir, Dy, = h — hy, to the
main channel depth, D = h — , namely:

Dy,

= 14)

Iy =

Note that this definition allows for the inclusion of cases where
the initial weir elevation changes due to sediment deposition.
Based on the relative weir depth, the depth-averaged concentra-
tion of suspended sediment diverted into the secondary chan-
nel through the weir can be computed as a percentage of the
mean concentration in the main channel. This percentage coin-
cides the relative depth-averaged concentration, C, defined as:

1Ja-0 ¢ 1*
~ de (1 - Ca) /rW [ ¢ (1*Ca)] dg
C=—== (15)
C (1 e rW) /1 ¢,

The values are presented in Figure 3b for different values of the
relative above-weir water depth. It clearly appears that c ap-
proaches 0 as ry, approaches 0 (i.e., Dy, = 0). Conversely, higher
values of relative above-weir depth imply that a greater fraction
of suspended sediment is diverted in the secondary channel.
Moreover, this fraction will increase for finer sediments (i.e.,
lower values of Z), and decrease for coarser sediments (i.e.,
higher values of Z) that tend to be transported closer to the bed.

Eventually, the diverted solid discharge per unit length (gq,;) is
computed as:

(16)

9, =CCq;, s <s<s,
This relation holds until the weir elevation is above the elevation
of the main channel bed. Conversely, when the weir is below the
bed elevation, bedload is diverted into the secondary channel
in addition to suspended load, and the diverted solid discharge
needs to be computed as:

de =41 a7)

where Q and Q, are the flow and sediment discharge, respec-
tively, computed in the cross-section of the main channel imme-
diately upstream of the bifurcation.

Analogously to the total diverted flow discharge Q,, the total di-
verted sediment discharge Q,, is calculated as:

Sy

Qscz/qsLds'

1

(18)

The sediment discharge transported by the secondary channel
is reintroduced at the downstream confluence with the main
channel using the linear relation:

e
B

c

gy = S3 <s< Sy- (19)

>

The system of ordinary differential Equations (5a), (5b), and (6)
is solved numerically starting from the downstream boundary
(s = s5). Here, h is determined based on Equation (8), taking into
account that, under equilibrium conditions, the solid and liquid
discharges must be equal to the upstream inputs (i.e., Q; = Q,

and Qg = Q).

Noteworthy, as the computation arrives at the confluence,
the lateral liquid and solid discharges are not known a priori.
Consequently, an iterative procedure is employed to determine
the appropriate combination of Q, and Qg (and, accordingly,
Q. and Q). The iterative process continues until the continuity
constraints

Qa = Qb + Qc’ Qsa = st + Qsc’ (20)

are satisfied at both the bifurcation and the confluence.
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The use of an iterative solution procedure is necessary due to the
feedbacks between the flow field and the dynamics of the main
channel bed. These feedbacks affect the free-surface elevation
and the bed profile in the main channel reach between the bi-
furcation and the confluence (reach b in Figure 2a), as it will be
discussed in detail below.

2.3 | Two-Dimensional Modeling

Although the one-dimensional approach introduced above can
provide significant insights into the overall morphodynamic
evolution of the meander-loop system investigated here, it gives
only a rough description of the processes taking place at the bi-
furcation and at the confluence.

These localized phenomena and their evolution in time and
space have thus been addressed through a systematic series
of numerical simulations conducted using the numerical code
Delft3D-Flow Flexible Mesh (https://www.deltares.nl/en/
software-and-data/products/delft3d-fm-suite/modules/d-flow-
flexible-mesh). This software is capable of performing multi-
dimensional hydrodynamic simulations under non-stationary
conditions, including also the bed evolution due to sediment
transport, erosion, and deposition. The two-dimensional par-
tial differential equations for the continuity and momentum of
the liquid phase, and the conservation equation for the solid
phase, are discretized using an implicit finite volume solver
applied to a staggered, flexibly shaped grid. The boundary con-
ditions associated to these equations are the water discharge
and the corresponding equilibrium sediment discharge at the
upstream section of the main channel, and a fixed free-surface
elevation for uniform flow at the downstream section. In ad-
dition, given the fine character of the sediment composing the
bed (d, = 0.5mm), the sediment transport intensity is again es-
timated using the total load formula proposed by Engelund and
Hansen (1967).

The unstructured grid is designed to ensure an accurate rep-
resentation of the localized processes under investigation. A
minimum of 10 computational cells are thus employed in the
transversal direction, maintaining a balance between resolu-
tion and computational cost. Secondary flow computation is ac-
tivated in the model to accurately represent the flow structure
along the meander bends and near the secondary channel inlet
and outlet. Although the bifurcation-confluence areas present
some three-dimensional features (Slingerland and Smith 1998;
Michelazzo et al. 2016; De Ruijsscher et al. 2020; Lin et al. 2025),
the two-dimensional approach adopted here effectively captures
the overall morphodynamic trends near these areas, as well as
the flow and sediment partitioning throughout the main and
secondary branches. The presence of the weir at the inlet is mod-
eled as a localized lowering of the main channel lateral levee,
with the height based on the parameter d. To preserve the initial
planform, the riverbed is treated as non-erodible in the cells cor-
responding to the side weir.

The morphodynamic equilibrium of both the main and second-
ary channel beds is analyzed by considering the same formative
water and sediment discharges presented in Section 2.1 and,

consequently, using the same values of the parameters g, and
9, appearing in relations (4). Conversely, the elevation of the
side weir used to control the diverted flow, the width of the sec-
ondary channel and its length as compared to that of the main
channel are varied by modifying the dimensionless parameters
d and r, defined by the relations (3), and the parameters y; and
A, defined as (Durante et al. 2024):

L,S L
s YL

Ay . 1)

=L_b’

where L, represents the length of the main channel branch from
the bifurcation to the subsequent confluence, and L, denotes the
length of the cut-off channel. The numerical configurations in-
vestigated by varying the parameters A, y;, r,, and d are sum-
marized in Table 1.

It is worthwhile to note that in one-dimensional modeling, the
equilibrium configuration is determined by directly solving a
system of ordinary differential equations. Conversely, in two-
dimensional modeling, the morphodynamic evolution toward
equilibrium is obtained through a time-marching approach. This
approach involves solving a system of partial differential equa-
tions comprising the two-dimensional shallow water continu-
ity and momentum equations, along with the two-dimensional

TABLE1 | Characteristicdimensionlessparametersrepresentative of
the numerical simulations conducted to determine the morphodynamic
equilibrium of the main meander channel—secondary channel system
illustrated in Figure 2.

ID Ay 7L r, d

Run 00 0.13 0.62 0.75 0.50
Run 01 0.13 0.62 0.75 0.75
Run 02 0.13 0.62 0.75 0.25
Run 03 0.13 0.62 0.75 0.00
Run 04 0.13 0.62 0.6 0.75
Run 05 0.13 0.62 0.6 0.5
Run 06 0.13 0.62 0.6 0.25
Run 07 0.13 0.62 0.4 0.75
Run 08 0.13 0.62 0.4 0.5
Run 09 0.13 0.62 0.4 0.25
Run 10 0.13 0.62 0.2 0.75
Run 11 0.13 0.62 0.2 0.5
Run 12 0.13 0.62 0.2 0.25
Run 13 0.16 0.82 0.4 0.25
Run 14 0.16 0.82 0.4 0.5
Run 15 0.16 0.82 0.4 0.75

Note: Runs 00-12 refer to geometric configurations schematizing the
bifurcation-confluence system of the Po River near Gussola, shown in Figure 1.
Runs 13-14 correspond to the schematization of another bifurcation-confluence
system of the Po River, near Boretto (Reggio Emilia, Italy).

River Research and Applications, 2025


https://www.deltares.nl/en/software-and-data/products/delft3d-fm-suite/modules/d-flow-flexible-mesh
https://www.deltares.nl/en/software-and-data/products/delft3d-fm-suite/modules/d-flow-flexible-mesh
https://www.deltares.nl/en/software-and-data/products/delft3d-fm-suite/modules/d-flow-flexible-mesh

Exner equation governing bed evolution. Each simulation, in-
cluding that providing the pre-diversion bed topography used as
the initial condition for all the others, was run for a time inter-
val large enough (approximately 2years) to ensure that a quasi-
equilibrium configuration is reached in which time variations in
the riverbed are minimal.

3 | Results

The framework detailed in the preceding sections enables a
comprehensive investigation into the influence of various lateral
weir configurations on the equilibrium state of the meander cut-
off loop configuration shown in Figure 2. The analysis employs
both one-dimensional simplified methods and two-dimensional
numerical simulations. While the two-dimensional simulations
provide a more nuanced and accurate representation of the gov-
erning physical processes, their application is constrained by
computational costs. In contrast, the one-dimensional analysis
facilitates faster computations, enabling the assessment of equi-
librium across a broader range of configurations.

Figure 4 shows the equilibrium profiles of the various main
channel reaches resulting from the one-dimensional simulation.
Specifically, Figure 4a shows the results of a configuration with a
pronounced levee lowering (3 =0.5) and a quite wide secondary
channel (r,=0.75), while Figure 4b depicts an higher and nar-
rower side weir (3 =0.75 and r,=0.4). In both cases, lowering the
weir enables a portion of the flow to be diverted into the cut-off
channel, triggering downstream deposition in the b-reach of the
main channel. This deposition results from the imbalance be-
tween the diverted flow discharge and the diverted sediment dis-
charge. The majority of sediment remains in the main channel,
while the diminished flow velocity downstream of the bifurcation
reduces sediment transport capacity. The new bed equilibrium is
achieved by increasing the local bed slope in the b-reach, as well
as the free-surface elevation after the lateral diversion. The com-
bined effects of sediment deposition and increased free-surface
elevation near the lateral weir enhances flow and sediment diver-
sion into the cut-off channel, as particularly visible in Figure 4a.

Although the one-dimensional framework offers computational
efficiency, it oversimplifies the problem near the bifurcation
and confluence areas, as well as feedback mechanisms from

the cut-off channel. Two-dimensional simulations help to partly
overcome these limitations, offering a detailed representation of
localized phenomena characteristic of meandering rivers, such
as curvature-induced secondary flows and point bar formation.

The same configurations illustrated in Figure 4 were reproduced
under the two-dimensional framework (Figure 5). Particularly,
the cross-sectionally averaged equilibrium bed profiles along
the main channel (Figure 5a,c) and the secondary channel
(Figure 5b,d) exhibit morphological patterns consistent with
those obtained from the one-dimensional simulations. Sediment
deposition invariably prevails in the bend of the main channel
included between the bifurcation and the subsequent conflu-
ence (b-reach in Figure 2a), causing an overall accretion of the
bed. This accretion becomes more limited as the weir elevation
increases and the secondary channel is narrowed (Figure 5a,b).

Nevertheless, the two-dimensional results also highlight the lo-
calized erosion at the side weir and, more importantly, at the
confluence. Moreover, differently from the one-dimensional
framework, the equilibrium bed topography in the cut-off chan-
nel is now resolved. Figure 5b,d show the cross-sectionally
averaged equilibrium profiles computed along the cut-off chan-
nel. Both the investigated configurations are characterized by
strong erosion immediately downstream of the weir, primarily
due to flow acceleration in that region. Under subcritical flow
conditions, the weir acts as a submerged obstacle (Figure 5b).
Conversely, a hydraulic jump forms when the critical flow depth
is reached over the weir, due to its elevation increase coupled
with the contemporary narrowing of the secondary channel
(Figure 5d). In this latter case, the diverted water and sediment
discharges reduce to such an extent that they cause the drown-
ing of the end portion of the secondary channel leading to sedi-
ment accumulation. As a result, a pronounced bed step develops
at the confluence with the main channel, further emphasizing
the dominance of the main channel in the bifurcation system.

A general overview of the spatial variations of the equilibrium
bed topography obtained with the two-dimensional approach
is shown in Figure 6a-c in terms of bed elevation changes
relative to the initial flat sloping bed. The results refer to the
same equilibrium represented in Figure 5a,b consequent to a
levee lowering of approximately half the main channel flow
depth (8 =0.5), and a secondary channel width comparable to

a) ‘ ——Free-Surface Elevation - - Initial Bed Elevation —— Bed Elevation Side Weir - - - Confluence b)
4 Reach a Reach b ii Reach d 4 Reach a Reach b " Reach d
s ¥ 3 }
2 1 2 1
1 i 1 i
T o T T o T
—_ 1 —_ 1
i 1
I : S i {
[ 1 @© - "
o : B3 {
] i w

Longitudinal Coordinate [km]

FIGURE4 |

L 1]
16 2 25 3 35 4 45 5 55 6 65 7 75 8

0 05 1 15 2

25 3 35 4 45 5 55 6 65 7 75
Longitudinal Coordinate [km]

Equilibrium profiles of the various main channel reaches before (dashed lines) and after (continuous lines) cut-off channel re-opening,

resulting from the one-dimensional analysis. Parameters for (a) d=0.5and r, = 0.75, while for (b) d=0.75and r. = 0.40. The bed profile (orange) is

in equilibrium with the free-surface profile (blue). The gray region denotes impermeable levees. The horizontal yellow line represents the side weir

elevation after its lowering, while vertical dashed lines indicate the confluence location. [Color figure can be viewed at wileyonlinelibrary.com]

River Research and Applications, 2025


https://onlinelibrary.wiley.com/

a) l ——Free-Surface Elevation - - Initial Bed Elevation —— Bed Elevation Side Weir - - - Confluence ‘ C)

4 Reach a Reach b i Reach d 4( Reach a Reach b 1 Reach d
: } : "
2 | 2

Eo ] Eo

5-1 1 S -1

= i =

55 : s 5

[m] | [mm]
-4 ] -4
-5 -5
-6 -6

L
70 051152 253 354 455 556 657 758 859 951010511115

b) Longitudinal Coordinate [km]
E2 .
5" :
£2 |
o4 \7\-7-&";; _________________________________ 1
w 1
6o 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25
Cut-Off Channel Coordinate [km]
FIGURES5 |

Elevation [m]

u
70 051152 253 354 455 556 657 758 859 951010511 11.5
Longitudinal Coordinate [km] d)

0.75 1 1.25 15
Cut-Off Channel Coordinate [km]

Cross-sectionally averaged longitudinal equilibrium profiles along (a, ¢) the main channel and (b, d) the secondary channel after cut-

off re-opening, computed with the two-dimensional model. Parameters for (a, b) d=0.5and r. = 0.75(Run 00), and (c, d) d=0.75and 1, = 0.40 (Run
07). Free-surface and bed profiles are depicted with blue and orange lines, respectively. The gray region denotes impermeable levees. The horizontal

yellow line represents the side weir elevation after its lowering, while vertical dashed lines indicate the confluence location. [Color figure can be

viewed at wileyonlinelibrary.com]

that of the main channel (r, = 0.75). The opening of the side
channel initially induces intense sedimentation in the b-reach
of the main channel, as the diverted flow reduces the sedi-
ment transport capacity of this branch, resulting in sediment
accumulation of up to 3m.

The localized erosion downstream of the side weir is associated
with a flow acceleration due to the diversion. In addition, a re-
circulation cell forms on the inner side of the deflected flow, pro-
moting sediment accumulation (Figure 6b,d). The fixed-bank
constraint exacerbates these effects, as natural bank erosion
would typically adjust channel curvature. At the confluence,
flow re-entry from the secondary channel exhibits higher mo-
mentum compared to the approaching flow in the main chan-
nel. This causes a deep incision toward the right bank and
sediment accumulation along the left bank of the main channel
downstream of the confluence (Figure 6¢). Recirculation zones
with reduced velocities further contribute to localized sediment
deposition (Figure 6e). In general, the reduced velocities estab-
lished in the main channel bend near the confluence, relative to
those in the cut-off channel, highlight the increased dominance
of this shorter channel. This is in overall agreement with the
fixed-bed laboratory experiments by Lin et al. (2025).

The system's evolutionary trends have also been evaluated in
terms of average deposition within the branch b of the main
channel, A7, and the discharge asymmetry, AQ, defined as:

My — o
D

Qb_Qc

., AQ=
Q=5

A;/I\b = s (2 2)

a

where 7, — 17, is the average sediment deposition in the branch
b with respect to the initial configuration (,,). Note that, as
AQ approaches 1, the flow is entirely conveyed through the b-
reach of the main river course. For A@ > 0, this reach remains
dominant. Conversely, negative values of AQ indicate that the
narrower cut-off channel ¢ conveys the majority of the flow. At

the extreme of AQ approaching — 1, a complete avulsion occurs
toward the cut-off channel, leading to intense sedimentation
within the b-reach of the main river course.

The equilibrium conditions corresponding to each configura-
tion listed in Table 1 are summarized in Figure 7, which shows
the dimensionless metrics (22) plotted as a function of the di-
mensionless inlet parameter, d. The one-dimensional modeling
results are depicted with continuous lines, while the outcomes
of the two-dimensional simulations are represented with col-
ored circles. From Figure 7a, it is evident that the tendency of
the secondary cut-off channel to become dominant (A@ <0)
are more pronounced as the side weir is progressively lowered
(smaller 8) and widened (larger r,).

When no flow is diverted into the cut-off channel (E = 1), all the
discharge continues to flow in the main channel (Aa =1). As d
decreases, an increasing portion of the flow is diverted into the
secondary channel until, in some cases, the narrower cut-off chan-
nel becomes dominant (A@ < 0). This trend is observed across all
configurations. Increasing the secondary channel width leads to
this channel becoming dominant even for quite high values of d
(e.g. A@ < 0ford ~ 0.8 when r, =0.75).

The comparison between the discharge asymmetry resulting
from the two-dimensional and one-dimensional simulations,
although qualitatively similar, exhibits quantitative differences
that generally becomes more evident as d decreases, with the
one-dimensional model that tends to overestimate the diverted
flow discharge. On the other hand, the average deposition in the
b-reach of the main channel (quantified by A7,) resulting from
the one-dimensional model increases with the diverted flow
discharge, as shown in Figure 7b. In general, two-dimensional
results follow the same trend, but with reduced sediment depo-
sition that never exceeds 70 % of the upstream flow depth. These
differences are related to the higher increase of the free-surface
elevation at the side weir in the one-dimensional framework
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(Figure 4a). Finally, note that even with a quite narrow second-
ary channel (low r,) and a relatively high weir elevation (large
3), which results in a small diverted discharge, some sedimen-
tation still occurs in the main channel (A7, > 0, Figure 7b). The
bed aggradation caused by this deposition could potentially af-
fect local navigability.

The simulations corresponding to Runs 00-12, have been car-
ried out for a ratio of the secondary to the main channel length

v = 0.65 similar to that observed for a bifurcation-confluence
system on the Po River near Gussola (Italy) that has been re-
cently re-naturalized by lowering the side weir separating the
main channel from and old cutoff channel. The results indicate
that this partial re-opening should invariably produce sedimen-
tation in the main channel bend included between the bifur-
cation and the subsequent confluence. Indeed, the higher free
surface slope that establishes in the secondary channel (slope
advantage) triggers a positive feedback mechanism. Erosion in
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the cut-off channel leads to an increase in the diverted discharge
and, consequently, a reduction in the discharge flowing in the
b-reach of the main channel. This reduction, in turn, produces a
decline in sediment transport capacity and, hence, a progressive
sediment accumulation in the main channel.

The two-dimensional modeling approach also enables to
evaluate the influence of varying branch lengths on the sys-
tem equilibrium. Accordingly, a configuration characterized
by longer and more symmetric branches has been analyzed
(specifically, with A, = 0.16 and y; = 0.82), as illustrated in
Figure 8a. This configuration schematizes the conditions
characterizing another bifurcation-confluence system, lo-
cated in a reach of the Po River near Boretto (Reggio Emilia,
Ttaly).

Figure 8 displays the equilibrium condition for this configura-
tion, featuring a levee lowering of approximately half the flow
depth in the main channel (a =0.5) and a narrower secondary
channel (r, = 0.4). Compared to the more asymmetric configu-
ration shown in Figure 6, the opening of the secondary channel
induces minor sedimentation in the b-reach of the main chan-
nel. This result is due to the less pronounced slope advantage
associated with the similar length of the main and secondary
channel branches, ultimately leading to a weaker alteration of
the main channel bed. In the case of a reduced difference be-
tween the length of the main and secondary channel branches,
this attenuation of the morphodynamic impact on the main
channel bed is evident for all the considered values of the inlet
step parameter d.

Figure 9 summarizes the equilibrium conditions for configura-
tions with different degree of asymmetry of the main and sec-
ondary channel lengths and moderate secondary channel width
(r. =0.4). The comparison highlights how branch length asym-
metry influences the bifurcation-confluence system in terms of

the dimensionless average bed elevation change in the b-reach of
the main channel (A7,) and dimensionless discharge asymme-
try (AQ), as defined by relations 22.

In the more symmetric configuration (y; =0.82), both the diverted
discharge and the sedimentation in the b-reach are consistently
lower for all the inlet step ratios. Interestingly, unlike the more
asymmetric case (y; =0.62), where A7, and AQ display monotonic
trends with increasing d, the more symmetric configuration ex-
hibits a non-monotonic response. Specifically, the configuration
with d =0.25 results in the least alteration of the original bed of
the b-reach. In this scenario, the cut-off channel receives more sed-
iment than it can transport, leading to significant bed aggradation.
The deposited sediment ultimately submerges the side weir, main-
taining a residual water depth of approximately 2m.

4 | Discussion

Recent re-naturalization proposals have focused on partially
restoring the natural viability of rivers by re-opening former
secondary channels. However, these interventions inevitably
alter river equilibrium, potentially triggering undesirable mor-
phodynamic responses. In particular, the re-establishment of
morphological configurations involving bifurcation-conflu-
ence loops has been associated with deposition processes, as
extensively documented in the literature (Ragno et al. 2021;
Durante et al. 2024).

A distinct feature of the current study is the control of the up-
stream bifurcation through an artificial weir. The presence of
this weir is not accounted for in the standard assumptions of
classical bifurcation theories, rendering them inapplicable. An
alternative model framework is thus introduced in this study
to address the equilibrium conditions of these bifurcation-
loop configurations often encountered in engineering practice
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(Figure 1). The proposed approach allows for a systematic ex-
ploration of the effects of various lateral weir configurations on
the morphodynamic equilibrium of a simplified meander cut-
off loop, mimicking the geometry of real cut-off re-openings al-
ready carried out or planned on the Po River.

The one-dimensional approach presented in Section 2.2 allows
for quick simulations, letting to explore rapidly the parameter
space and, hence, determine equilibrium conditions across
a broad spectrum of configurations. Key trends in the flow

partitioning (A@) at the upstream bifurcation can then be iden-
tified, depending on two relevant dimensionless parameters.
The first, d, quantifies the elevation of the side weir used to con-
trol the diverted flow compared to the flow depth in the main
channel, while the second, r,, accounts for the secondary chan-
nel width compared to that of the main channel. A reduction
in d results in a larger portion of the flow being diverted into
the narrower cut-off channel. Similarly, an increase in r, leads
to enhanced flow diversion, thereby amplifying the tendency of
dominate of the cut-off channel (Figure 7).
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Unlike classical bifurcation models based on a two-cell treat-
ment of sediment partition at the bifurcation (e.g., Bolla Pittaluga
et al. 2003), in the present study flow discharge asymmetry is
not mirrored by a corresponding sediment discharge asym-
metry. This is essentially due to the impediment posed by the
side weir in diverting bedload and suspended sediment into the
secondary channel. Consequently, the equilibrium in the main
channel is reached by increasing the bed slope in the reach in-
cluded between the bifurcation and the subsequent confluence.
This slope increment allows the main channel to accommodate
the surplus of sediment within it to compensate for the reduced
transport capacity caused by the diversion of part of the water
discharge. This adjustment, in turn, elevates the free-surface
level at the bifurcation, further intensifying flow diversion into
the cut-off channel. As a result, the diverted discharge deviates
significantly from predictions based on either fixed bed condi-
tions, as observed in laboratory experiments (Paris et al. 2012;
Lin et al. 2025), or two-cell bifurcation models.

The present analysis has been conducted considering a uniform
fine sand, a sediment typical of the Po river reaches that have
been, or are planned to be, subject to secondary channels re-
opening. In this context the total load predictor of Engelund
and Hansen (1967) and the Rouse sediment concentration
profiles provide reliable estimates of the intensity of sediment
transport in the main and secondary channels, and on the
amount of sediment overpassing the side weir. Nevertheless, in
the presence of a sediment mixture containing a non-negligible
fraction of coarse sediment the bedload can hardly overcome
the weir. Consequently, a lower portion of total load is capable
of being diverted by the weir, thus exacerbating the morphody-
namic effects determined by a surplus of sediment in the main
channel as compared to a decreased transport capacity.

The one-dimensional model inevitably embeds some limita-
tions due to its inherent simplifications. First of all, it treat the

secondary channel simply as a water and sediment bypass and,
hence, it does not describe the feedbacks between the second-
ary channel bed morphology and the main channel bed equilib-
rium. Explicitly modeling the cut-off channel morphodynamic
equilibrium would impose a constraint on the free-surface ele-
vation at the side weir, eventually resulting in a lower free sur-
face on the weir. This lowering, in turn, limits the increase in
water surface slope within the b-reach of the main channel as a
mechanism to accommodate the surplus of sediment due to the
diversion. Additionally, the upstream portion of the cut-off chan-
nel might drown, thereby possibly invalidating the assumption
of a constant lateral discharge coefficient used to compute the
diverted discharge. This underscores the need for further stud-
ies aimed at refining the estimation of this coefficient across a
range of morphologies and configurations, in order to fully cap-
ture the feedback mechanisms within a one-dimensional mod-
eling framework.

Even though the one-dimensional model effectively repro-
duces the overarching trends of the investigated system,
providing reliable preliminary insights, its simplified nature
precludes consideration of the analysis of localized patterns
which are commonly observed at both bifurcations and con-
fluences (Paris et al. 2012; Kistner and Hoitink 2020; De
Ruijsscher et al. 2020; Ragno et al. 2021; Lin et al. 2025). To ad-
dress these aspects, two-dimensional, depth-averaged numer-
ical simulations, incorporating curvature-induced secondary
flows, have been conducted. In general, two-dimensional sim-
ulations offer a more detailed representation of flow partition-
ing at the bifurcation, capturing feedback effects associated
with the flow and sediment distribution in the cut-off channel.

In particular, the two-dimensional modeling framework al-
lows for the incorporation of planform geometry effects on the
system equilibrium. Beyond the width of the cut-off channel,
the relative lengths of the bifurcating branches play a critical
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role in determining this equilibrium (Salter et al. 2018; Redolfi
et al. 2019; Ragno et al. 2021; Barile et al. 2023; Durante
et al. 2024). Theoretical models have shown the existence of
threshold conditions beyond which the system consistently
evolves toward a configuration dominated by the shorter
branch (Durante 2025). However, in the case examined here,
the equilibrium outcome is non-trivial due to the presence of
a side weir that controls the inflow into the secondary, shorter
branch.

Results of present two-dimensional simulations show that,
even in the presence of a side weir, bifurcation-confluence
loop systems with highly asymmetrical branch lengths (e.g.,
y. =0.62) will ultimately experience avulsion toward the
shorter path, although delayed, due to the slope advantage
in the shorter branch. In contrast, configurations with more
moderate asymmetry (e.g., y; = 0.82) do not exhibit a clear
monotonic trend with decreasing weir height, d. This behavior
arises from the combined influence of sediment diversion at
the upstream bifurcation and the comparatively lower momen-
tum of the cut-off channel flow entering in the main channel
at the confluence, which promotes sediment deposition in the
secondary channel.

Both the one-dimensional and the two-dimensional results in-
dicate minimal overall morphological variations in the main
channel reach downstream of the confluence, except for local
erosion at the point of reconnection. This outcome is not un-
expected, as the total discharge recovers its un-diverted value
due to continuity constraints, consistent with the constant
discharge requirement imposed at the downstream boundary.
Nevertheless, in natural settings, both the channel planform
and the bed topography outside of the main channel reach in-
cluded between the bifurcation and the confluence can affect
the morphodynamic equilibrium of adjacent meander bends,
depending on the sub- super-resonant character of the morpho-
dynamic regime (Zolezzi and Seminara 2001). Some insights
can be drawn from observations of natural bend cut-offs in me-
andering rivers, where the initial slope advantage provided by
the shorter path is eventually equilibrated across the reaches
upstream and downstream of the considered meander as the
new equilibrium is reached (Viero et al. 2018; Van Denderen
et al. 2018).

The present findings highlight the morphological processes in-
duced by the re-opening of a cut-off channel. Notably, deposition
in the main channel is observed even under relatively modest
diverted discharges. This depositional tendency can also be in-
terpreted with reference to the main channel-cutoff system as
a whole. The reactivation of the secondary channel can be con-
ceptualized as a virtual overall widening of the main channel
section, where deposition takes place due to a reduction in main
velocity and, hence, a decrease in transport capacity.

Nevertheless, the investigated intervention leading to an
increased diverted flow unequivocally reactivates fluvial
processes, including bedload transport and bank erosion.
Furthermore, this phenomenon may promote the rejuvenation of
both aquatic and riparian habitats along the floodplain, thereby
contributing to the formation of thermal refuge areas during the
summer period (Eschbach et al. 2018; Chardon et al. 2025).

5 | Conclusions

This study has explored the complex interplay of hydrody-
namic, sediment transport, and morphological processes
associated with the re-opening of secondary channels in me-
andering rivers forming a bifurcation-confluence looping
system. While such interventions hold promise for restoring
natural flow dynamics and ecological functions, they also in-
duce significant alterations in flow and sediment dynamics,
necessitating thorough evaluation to prevent unintended al-
terations of the main river.

These re-opening projects can be conceptualized as localized up-
stream lateral diversions and downstream rejoining of flow and
sediment. The bed equilibrium of these bifurcation-confluence
loops has been first analyzed using a one-dimensional approach.
The sediment deposition expected in the main channel has been
evaluated by calculating the diversion of flow and sediment at
the secondary channel inlet, and reintegrating them at the down-
stream confluence of the main and secondary channels. As ex-
pected, wider secondary channels (larger r,) and lower side weir
elevations (smaller 3) result in increased discharge diversion and,
consequently, more pronounced sediment deposition in the main
channel reach located between the bifurcation and the confluence.

These outcomes have been subsequently validated through
two-dimensional (i.e., depth-averaged) numerical simulations,
which provided a more comprehensive understanding of the
localized mechanisms governing lateral diversion and conflu-
ence dynamics. However, these simulations also underscored
the critical influence of main and secondary branch lengths in
determining nontrivial equilibrium configurations.

Overall, the present findings indicate that re-activating old cut-
off channels invariably induces sediment deposition in the main
channel due to the reduced sediment transport capacity resulting
from the diversion. Configurations with wider secondary channel
(i.e., larger width ratio r,) and lower weir elevations (i.e., smaller
d) exhibit the most significant depositional impacts, highlighting
the need of a trade-off between restoring flow connectivity and
mitigating sedimentation in the main channel, which could in-
fluence local navigability, as well as bank stability.

Finally, even in the presence of a side weir, bifurcation-confluence
loop systems with highly asymmetrical branch lengths can ul-
timately experience avulsion toward the shorter path, although
delayed, due to the slope advantage in the shorter branch. In con-
trast, configurations with relatively moderate asymmetry do not
exhibit a clear monotonic trend with decreasing weir height.
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