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Abstract

In last decades, the role of large wood (LW) in rivers was largely investigated due to the ecological importance
for river habitats, and due to the associated potential hazards to humans and infrastructures, resulting an
additional component of fluvial hydraulics. Despite recent research, knowledge of the dynamics of transported
wood elements is still incomplete, particularly in modelling the effect of secondary currents on the LW

dynamics.

The present PhD research aims to enhance the knowledge on the transport of LW in sharp river bends by
finding answers to the two main research questions: the identification of the main variables that influence the
phenomenon, and assessing the capability of 2D depth-averaged models in reproducing effects of secondary

currents on wood trajectories. A combined physical and numerical approach is used for this purpose.

Physical model tests were performed in order to investigate the influence of (i) LW element dimensions, (ii)
the approaching position of LW to the curve, and (iii) the initial orientation of LW, on the wood trajectories in
a sharp bend. The analysis of experiments was conducted by considering the trajectories of wood pieces along
the bend and providing statistical results. Moreover, experiments were analyzed by applying a mathematical
model in order to provide the drag coefficient for floating LW subjected to a helical flow. For the simulation
of secondary current effects, the 2D depth-averaged model “Iber-Wood” was enhanced and tested by

simulating two experimental setups and a river-scale case study.

The main results of the present work include the individuation of the main variables that influenced the LW
trajectories in sharp river bends, the calculation of drag coefficients for a floating LW, and the improvement
of the Iber-Wood model in simulating secondary current effects. In addition, two nondimensional coefficients
are provided: the coefficient of variation for expressing the trajectory deviation along a bend, and the

coefficient of similarity for expressing the similarity between two trajectories.

Laboratory experiments particularly highlighted the influence of the wood length which is the main variable
determining the trajectory of single wood pieces. Moreover, the approaching position of LW to the curve
determined the impact of the wood against the outer bank towards which the wood pieces are pushed by the
secondary current. The mathematical model defined for calculating the drag coefficient provides values
ranging between 0.3 and 1.2 dependent on the orientation of the wood pieces with respect to the flow direction.
Finally, the enhanced Iber-Wood model allowed to simulate the drift to which LW is subjected while

transported along a river bend due to the presence of the helical flow.
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Chapter 1

Introduction



1.1 Motivation

The perceptions of the presence of wood in river networks have changed significantly during the past years as
potential hazards to humans and infrastructures due to flooding hazards has been contrasted by the ecological
importance of river habitats. In fact, wood accumulations create storage areas for organic material and this
together with the decomposition of wood itself, provides habitat diversity and nutrients for invertebrates,
fishes, and other vertebrates (Benke & Wallace, 2003; Bilby, 2003; Gurnell et al., 2002). On the other hand,
the transport of large quantities of wood during floods may cause hazards for humans and infrastructures (De
Cicco et al., 2018). In addition, the anthropological intervention for favoring the transportation of wood,
especially during the Industrial Revolution in the 18" century, altered the river morphology, with negative
consequences on the natural river bed equilibrium and the aquatic ecosystems (Comiti, 2012). Figure 1.1 shows

some photographs of aspects related with the presence of wood in rivers.

The afforestation in most of the European catchments due to the abandonment of agricultural lands occurred
in the last decades and has resulted in a rising amount of in-channel wood in rivers (Comiti, 2012). For this
reason, several processes connected with the presence of wood in the river corridor were studied in order to
increase the knowledge and prevent hazards. Consequently, management strategies have been improved in
order to guarantee the safeguard of fluvial ecosystems and prevent hazards for human and infrastructures. In
particular, large surveys were carried out by European States for assessing the ecological integrity of the rivers
with respect to the “natural reference conditions” as requested by the Water Framework Directive (European

Commission 2000/60/EC, 2000).

Wood dynamics have been investigated in rivers of different size and morphology to improve the knowledge
of transport and deposition of wood pieces along river networks. Aspects of transported wood have been
extensively studied to characterize transport regimes mainly in straight river reaches as well as wood jam
formation processes, while studies related to the transport of wood through bended channels are rare. Field
surveys have shown how the presence of bends influence the transport of wood by recognizing wood jams
formed at the outer bank of the river (Abbe & Montgomery, 2003; Hickin, 1984). However, as wood pieces
are mobilized during floods, filed measurements are difficult to perform, so that only little data are available

on this matter. For this reason, the study of the transport of wood in bended rivers is still at its early stages.

The current research contributes to the knowledge on the transport of wood, in particular, focusing on bended
channels. The general aim is to derive a predictive model for the trajectories of floating wood considering the

effects of the secondary flows that typically develop in curved rivers.



Figure 1.1 Aspects of wood in rivers: importance for riverine ecosystems (a, picture from Google Images),
large accumulation at the Comelico Dam after the flood on 3 November 2018, Italy (b, picture from Italian

firefighters), and bridge failure by wood Oklahoma, USA, (c, picture from Bradley et al., 2005).



1.2 Objectives and Methodology
The current research has two main objectives:

e Carrying out rather unique series of laboratory experiments in a curved channel in order to highlight

the main variables that are influencing the transport of wood through river bends;

e The implementation of a numerical tool for simulating the transport of wood in presence of secondary
currents. The new tool was developed within the 2D hydrodynamic depth-averaged model, Iber-Wood

(Ruiz-Villanueva et al., 2014a).

The work is carried out by combining experimental and numerical models. The combination of all the different
approaches and methods is essential for the successful completion of the work. In order to achieve the first
research objective, an experimental campaign was carried out. In particular, experiments were designed to
study the influence of the main variables that usually control the transport of wood in rivers, i.e., wood
dimensions, wood orientation, and wood position in the river. The wood transport was reproduced in a double-
curved channel under a constant inflow. Cylindrical dowels with no branches and no roots were used to
reproduce wood pieces. In particular, four different dowels were considered, two dowel orientations, and three
dowel inlet points. Experimental results were analyzed qualitatively and statistically, moreover, they were
interpreted through a mathematical model in order to provide new values of drag coefficient that are still

lacking in the literature for floating wood pieces.

Due to the three-dimensionality of secondary current flows, 3D models are, strictly speaking, required to
properly simulate secondary currents in natural rivers. However, applying 3D models to natural river domains
is a very time and computational-consuming procedure (Baghlani, 2012; Lane et al., 1999; Song et al., 2012).
2D depth-averaged models can be enhanced to simulate the effect of the secondary currents on the mean flow,
that is to consider the additional stresses due to helical flows on the depth averaged velocity field, or to estimate
the surface or near bed velocities, with a good compromise between accuracy and feasibility (Baghlani, 2012;
Ghamry & Steffler, 2005; Nabi et al., 2016; Rinaldi et al., 2008; Vasquez et al., 2005). In the present research
a methodology for simulating the transport of wood along river bends is presented and implemented in the 2D
depth-averaged hydrodynamic model Iber (Bladé et al., 2014) in order to then simulate experimental tests

using the model Iber-Wood (Ruiz-Villanueva et al., 2014a), an existing module of Iber.

Research questions, aims and the methodology are summarized in Tab. 1.1.



Table 1.1 Summary of the main research questions, aims and methodology of the current research.

Research question

Aim

Methodology

Which are the main variables that
are determining the trajectory of
LW in a river bend

To highlight the main variables
that are influencing the transport
of wood through river bends.

Flume experiments with different
dowel dimensions, dowel inlet
point and initial dowel
orientation.

Which is the drag coefficient for
a transported floating LW?

To provide values of the drag
coefficient for a floating LW that
travels through a channel bend.

Definition of a mathematical
model for the transport of
floating LW and application of
the same to experimental results.

How can a 2D depth-averaged

model reproduce the effects of

secondary currents on the LW
transport?

To implement a numerical tool
for the simulation of transported
LW in presence of secondary
currents.

Implementation of secondary
currents effects on the 2D depth-
averaged model Iber-Wood; then
calibration and validation of the
model with experimental results.

Application of the implemented
model to a river-scale study case.




1.3 Thesis structure

The thesis is organized in six main chapters detailed below and schematized in Fig. 1.2:
» Literature review (chapter 2);
» Dynamics of large wood in sharp river bends (chapter 3);
» Two-dimensional modelling of wood transport in bended channels (chapter 4);
» Simulation of a case study (chapter 5);
» Conclusions and recommendations (chapter 6).

Chapter 2 is a review of the literature concerning the transport of wood in bended rivers and its implications
for the river system. It provides a comprehensive summary of the recent advances describing the wood
transport regimes, in particular along meanders. Moreover, the existing used methodologies for predict the
wood trajectories while transported by the flow are reviewed. Finally, a summary of the knowledge gaps is

given.

Chapter 3 presents experimental activity carried out in order to highlight the most importance variables
influencing floating wood trajectories in river bends. The experimental setup is described together with the

mathematical model used for analyzing experiments. Then, results are presented and discussed.

Chapter 4 reports the implementation of three methods for modelling the effects of secondary currents in an
existing 2D hydrodynamic depth-averaged model, Iber-Wood (Ruiz-Villanueva et al., 2014a), in particular for
reproducing the effects at the water surface. The model is tested comparing it with the experimental results in

order to measure the performances in reproducing the transport of wood in bends.

Chapter 5 presents the applicability of the enhanced version of Iber-Wood model to a river-scale geometry.
The new methodologies are tested in reproducing the flood event occurred on 19 June 1996 at the Versilia

River (Italy) in order to compare numerical large wood trajectories with available observations.

Lastly, chapter 6 summarizes the main findings of the work and proposes outlooks for future studies.
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Chapter 2

Literature review



Large wood (LW) is usually referred to wood pieces longer than 1 m with a diameter larger than 0.1 m that
are transported by the flow (Gregory et al., 2003). The study of instream LW has received increasing interest
among river scientists in the last decades, and LW is nowadays recognized as one of the crucial drivers of
fluvial ecosystems (Gurnell, 2013; Gurnell et al., 2002; Ruiz-Villanueva et al., 2020; Wohl et al., 2016, 2019).
However, the presence of instream wood is perceived by a large part of the population as mostly linked to

flood hazard or unsafe recreational use of rivers (De Cicco et al., 2018; Wohl et al., 2016).

The dynamics of LW in streams and rivers reflects complex landscape processes that differ by geographic
region, time interval, hydrologic regime, basin geology, channel form, network structure, forest composition,
disturbance processes, and human influence (Gregory et al., 2003). This is exasperated by the large spatial and

temporal variability of wood availability and transport process.

The entrainment of LW into rivers depends on a multitude of different processes (Benda et al., 2003). Natural
factors influence the wood entrainment in rivers such as flash flood events which typically affect small basins
of temperate climate regions (Comiti et al., 2006), or windstorms and wildfires that are the main factors in
coastal areas and wherever large forests exist (Benda et al., 2003), respectively. Another source is the mass

movement that may occur in rivers catchments (Benda et al., 2003).

Once entered in river networks, LW is transported by the flow, especially during floods. Long distances can
be travelled by wood elements until they are deposited or trapped by engineering structures (De Cicco et al.,
2018; Schalko et al., 2018; Wallerstein & Thorne, 1997). Since the transport of LW occurs mainly during
floods, corresponding field observations are rather limited as field measurements are difficult to execute during
flood situations, so that only little data are available on this matter (Iroumé et al., 2018). For this reason, a
complete understanding of instream wood dynamics (especially in terms of transport and deposition) is still

lacking.
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2.1 Factors influencing wood transport

The transportation of wood in rivers is commonly intermittent, with relatively long periods of stability between
episodes of movement (Kramer & Wohl, 2017). Factors influencing wood transport are manifold and
distinctive for each river basin (Comiti et al., 2006; Gurnell et al., 2002; Ruiz-Villanueva et al., 2016). The
first aspect to consider is the wood availability that is mainly influenced by forest types and stand as well as
by the predominant recruitment process (e.g., mass movements on valley sides, fluvial transport from upstream
reaches, or bank erosion). The recruited LW may be transported instantly once fallen into the river, or it may
be stored in the river corridor (Benda et al., 2003). For example, wood pieces tend to be stable when longer
than half their length is outside the channel because less of the piece is exposed to the flow (Lienkaemper &
Swanson, 1987). Moreover, the recruitment process determines the LW shape and consequently the mobility
of wood pieces, as the presence of branches and roots can anchor LW pieces to the bed, increasing drag and
thereby decreasing mobility (Abbe & Montgomery, 2003; Bocchiola et al., 2006; Braudrick & Grant, 2000).
Moreover, commonly root systems retain soil causing a strong increase of piece volume and mass (Benda et
al., 2003), and an increment of the LW area exposed to the flow, with a consequence in increasing the hydraulic
coefficients, drag coefficient (Cy), lift coefficient (C;), and coefficient of inertia (Cp;) (Shields & Alonso,
2012).

Instream wood characteristics are continuously changing in analogy to mineral sediment characteristics due to
processes associated with decay, collision, and abrasion. As a result, also the transport dynamics changes. The
size of wood pieces relative to channel size strongly influences the process of wood transport (Braudrick &
Grant, 2000; Lienkaemper & Swanson, 1987; Wohl, 2011). Ratios of average piece size to channel dimensions,
such as average piece length to channel width or average piece diameter to flow depth, may be used to
characterize the likelihood of wood mobility (Gurnell, 2003; Gurnell et al., 2002; Lienkaemper & Swanson,
1987). Most mobile pieces are shorter than bankfull width (Nakamura & Swanson, 1994), moreover, the

frequency of wood movement increases with increasing channel size (Nakamura & Swanson, 1994).

The flow regime, in terms of magnitude, frequency, and duration of flows, is one of the most important factors
influencing wood transport. Recent studies based on 1) video tracking of transported wood pieces (MacVicar
& Piégay, 2012), ii) monitoring of wood dynamics through repeated photography (Kramer & Wohl, 2014), iii)
wood tracking with radio frequency transmitters (Schenk et al., 2014), and iv) numerical modelling (Ruiz-
Villanueva et al., 2016), show that wood flux or wood discharge is higher during the rising limb of the
hydrograph and lower during the falling limb. This is valid when the main source is in-channel wood or wood
entrainment due to bank erosion, while in mountainous basins debris flow and landslides can inject huge
amounts of wood also during the falling limb of the hydrograph. Moreover, the recent history of high flows
influences mobilization and transport of wood (Wohl et al., 2019). For example, the first significant flood after
recruitment can play a disproportionally large role in wood dispersal relative to subsequent flows (Millington

& Sear, 2007).
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The importance of wood for the development of river morphology was highlighted by field observations
(Hickin, 1984; Nanson & Croke, 1992). The presence of floodplains strongly determine the fluvial transport
and bank erosion, as they reduce transport of wood and increase its storage, whereas in narrow valley reaches
wood tends to be transported downstream (Wyzga & Zawiejska, 2005). A strong relationship between wood
dispersal and bed morphology was highlighted in recent years by Bertoldi et al. (2013) and by Welber et al.
(2013). This relationship was pointed out in particular for braided channels, in which a small increases of water
depth is associated with a major widening of wet area so that, as a consequence, wood dispersion increases
and accumulations are smaller (Abbe & Montgomery, 2003). Welber et al. (2013) observed that wood
deposition patterns are determined by presence and form of sediment bars. At the bar scale, a large proportion
of wood is trapped at bar apex locations, while at reach scale, the first bars downstream of wood input points

store the majority of pieces, 30 + 50 % of the wood flux (Welber et al., 2013).

Finally, the presence of in-channel structures generates the entrapment of LW during flood events that may
cause hazards to people and infrastructures (Bradley et al., 2005; De Cicco et al., 2018, 2020; Schalko et al.,
2018; Schmocker & Hager, 2011, 2013). In fact, LW accumulations at in-channel structures directly reduce
the available area for the flow which in turn can cause a backwater rise (Schalko et al., 2018; Schmocker &
Hager, 2013), Moreover, large amounts of wood may represent a hazard to the stability of hydraulic structures
(Bradley et al., 2005). For these reasons, previous studies investigated the wood blockage probability (De
Cicco et al., 2020; Schmocker & Hager, 2011) in order to highlight the effect of the geometry of hydraulic
structures, i.e., the bridge deck geometry (Schmocker & Hager, 2011) and the number and shape of bridge
piers (De Cicco et al., 2020).

The main characteristics of factors influencing wood transport in rivers described above are classified in

Tab. 2.1.
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Table 2.1 Classification of the main factors influencing wood transport in rivers.

Classification Factors

o forest type
e recruitment process
Large wood characteristics e size: diameter and length
e shape: presence of roots and branches

e density

e flow hydrograph
Flow regime
e recent history of high flows

e channel size

e channel floodplain-connectivity
River morphology

e local flow width and depth

e presence of multithread reaches

e Dbridges geometry: number and shape of piers, and

In-channel structures decks geometry

e retention structures

The main factors controlling the transport of LW are the i) LW characteristics, ii) the flow regime, iii) the
river morphology, and iv) the presence of in-channel structures.
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2.2 Dynamics of transported wood

LW is mainly mobilized during floods, i.e., for conditions under which field measurements are difficult to
execute, so that only little data are available on this matter. Field observations (Abbe & Montgomery, 2003;
Hickin, 1984; Nanson & Croke, 1992; Nanson & Hickin, 1986) firstly provided information about the transport
of LW in river networks and introduced the concept of wood jams (Abbe & Montgomery, 2003), reporting
also the effects of long term storage of wood on locational river morphology (Hickin, 1984; Nanson & Croke,
1992). In addition, flume experiments and numerical modelling have contributed to a better understanding of
the processes that are not easily notable in the field, as the entrainment , the transport regimes, and the dynamics
of wood jams (Bertoldi et al., 2014; Bocchiola et al., 2006, 2008; Braudrick & Grant, 2000; Braudrick et al.,
1997; Meninno et al., 2020; Ruiz-Villanueva et al., 2016, 2020). Also, the interaction between LW and
engineering structures was investigated in the last decades for studying possible sources of risks for citizens
and infrastructures (De Cicco et al., 2018, 2020; Diehl, 1997; Schalko et al., 2018; Schmocker & Hager, 2011,
2013).

As reported by Diehl (1997), LW is mainly transported in the center of the river in straight reaches (see
Fig. 2.1b), occupying only a small fraction of the river width so that the velocity of the wood pieces
corresponds approximately to the average flow velocity at the free water surface. In river bends or meanders,
the presence of secondary currents induces wood elements to drift to the outer bank (see Fig. 2.1c¢). The typical
helical flow that develops in river bends requires a certain distance, from the beginning of the curve, before
reaching the equilibrium (a fully developed secondary current) and a certain distance to decay in the case that
the driving force suddenly vanishes (e.g., a bend followed by a straight reach). These distances, highlighted in
Fig. 2.1a, are called “generation length” and “relaxation length” (or “adaptation length”), respectively for the

generation and the decay of secondary currents (Kalkwijk & Booij, 1986).

Field-observations have shown that LW typically deposits on the outer downstream bank of channel bends or
meanders and influences the channel migration and the channel curvature (Abbe & Montgomery, 2003; Hickin,
1984). The obstruction of the flow by LW deposits leads to an increase in water depth upstream of bends which
decreases the flow velocities and promotes sediment deposition (Abbe & Montgomery, 2003). These effects
are of importance for river ecology as, for example, habitat conditions are altered and nutrients are provided
by wood decomposition (Bilby, 2003; Bocchiola, 2011). The element starting wood jam formation is known
as “key member”, the smaller pieces are known as “racked members”, and the pieces that occupy the interstitial
areas are generally called “loose members” (Abbe & Montgomery, 2003; Curran, 2010; Wallerstein & Thorne,
1997).
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Figure 2.1 Effect of secondary currents on LW. The top view (a) shows the sketch of a river bend in which
the generation and the relaxation (or adaptation) lengths are highlighted in red, while panels b and ¢ report

respectively the cross-sections of a straight reach and a river bend as described by Diehl (1997).

Instream wood moves downstream in a river as isolated single LW, without interacting with other wood pieces,
or as a mass of wood formed by a multitude of wood pieces (Braudrick et al., 1997; Diehl, 1997). Figure 2.2
reports results of the study conducted by Braudrick et al. (1997) that firstly investigated experimentally the
wood transport regimes in a straight channel with varying wood input rates (Qy0q4)- They defined three
possible conditions: uncongested transport, congested transport, and semi-congested transport. As a function

of the ratio between the volumetric wood input rate and the flow discharge (Qfow), the authors defined the
uncongested transport for Qypeq/Qriow < 0.015, in this first case wood pieces are rarely in contact with other
pieces. The congested transport was observed for Qyoq/@fiow = 0.07 + 0.2, in this case wood pieces move
as a single mass, and the semi-congested transport was observed for Qyooa/Qfiow = 0.015 + 0.06, the latter

defines the transition from uncongested to congested transport.
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Figure 2.2 Wood transport regimes. Two time-steps are reported for each transport regimes, to means the

initial time, while t; means a later time step. Source: Braudrick et al. (1997).

The complex interaction of multiple wood pieces among themselves and with the stream environment was in
the focus of Alonso (2004) who presented a model for describing the dynamics of a single cylindrical LW by
incorporating the effect of transient flow conditions, wood orientation, and interaction with the free surface
and the streambanks. Figure 2.3 shows the scheme of the forces acting on a piece of wood used by the author,

from which the driving force was expressed, in general, as Eq. 2-1.

Driving force = Wess + Fp + F + F; (2-1)

in which, forces were defined as:

*  The effective weight of the wood (Weys)

The effective weight of the wood is the weight force minus the buoyant force which is given by Eq. 2-2:

Weff =9 " Pwood " Lwood " Awood = 9 " Pw * Lwood * Asub (2-2)

in which, g is the gravitational acceleration, p,,,,q4 and p,, are the density of wood and water, respectively,
Lyooa 18 the wood length, A, ,,q is the area perpendicular to the length of the wood piece (A p0q =
(TL’ . D‘,Zvood)/ 4, where Dy,,,q is the wood diameter), and Ag,,is the submerged area of the wood piece
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perpendicular to the length of the wood piece. For a right-circular cylinder Ag,;, depends on the diameter

(Dywooa) and the wood draught (Yy004):

Agup = @{2 - cos~ 1 (1 - m—"“) —sin [2 - cos~ 1 (1 - Zyw—""d)]} (2-3)

Dwood Dwood

= The drag force (Fp)
1
Fp = 3 pw - Cp 'Af ’ (uw - uwood)2 (2-4)
in which Cj, is the hydrodynamic drag coefficient of wood in water, Ay is the projected area of the wood in the
flow direction, u,, and u,,,,4 are the velocities of water and wood. Considering the wood orientation and its

influence on the drag coefficient, if 0 is the inclination of the wood relative to the flow direction (see Fig. 2.3b),

the drag force will be:
Fp =Fpp+Fps (2-5)

which describes the normal and parallel components of the drag force, respectively. Equation (2-5) can be

written as:
Fp =5 Pw " Cp " (w = Uwooa)? - (bwooa * Ywooa * SN0 + Agyp - 05 6) (2-6)
= The lift force (F.)
F = % “PwCpLAf - (uy — uwood)z (2-7)
in which Cj, is the hydrodynamic lift coefficient of wood in water.
= The inertia force (F;)

Fr =pw Cy* Voup - (@ — Awooa) (2-8)

in which, Cy; is the hydrodynamic inertia coefficient, a,, and a,,,,4 are the accelerations of water and wood,

and Vg, is the submerged volume of the wood piece.
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Figure 2.3 Scheme of the forces acting on a piece of wood located in water stream (a) adopted by Alonso

(2004) and plan view of the piece lying oblique to the flow (b).

The role of inertia in driving the LW transport was in the focus of the study presented by Persi et al. (2019)
that added the effect of the Saffman lift force (Saffman, 1965) to the translation equation (i.e.,, Eq. 2-1), and

presented an original formulation for the computation of body rotation on the water surface based on the

calculus of the torque acting on the LW piece. The Saffman force or side force (F;) is equal to:

= 1 — P ———

Fs = 3 Pw " Cs 'Af ’ (uw - uwood)z (2-9)
in which Cs is the hydrodynamic side coefficient.

The planar rotation equation presented by Persi et al. (2019) was defined as:

SWwood __ 1, 7. (40w 8Wwood _
1508000 = § X F 2 Gy (dt ftect ) (2-10)

where, [ is the cylinder moment of inertia, " is the distance between the body center of mass and the application
point of each force F acting on the body, w,, and w,,,,q are the angular velocities for water and wood, and

C,; 1s the added inertia coefficient.

The use of Eq. 2-10 allows the computation of the torque with respect to the LW center of mass considering
the resistance term (second term on the right-hand side of Eq. 2-10) is named added inertia torque and presents
a formulation analogue to the one of the added mass force: the rate of change of the body angular velocity is
connected to the difference between the body and the flow angular accelerations, with a proportionality

coefficient Cy;.

The model proposed by Alonso (2004), as all the models of this type (Braudrick & Grant, 2000; Persi et al.,
2019), needs an accurate characterization of all the hydrodynamic forces. Especially the hydrodynamic
coefficients, i.e., Cp, C;, Cs and C,,, must be defined accordingly (Alonso, 2004). Different values for these

coefficients can be found in the literature (D’ Aoust & Millar, 2000; Gippel et al., 1996; Hygelund & Manga,
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2003; Shields & Alonso, 2012, Persi et al., 2019), for example, the drag coefficients vary between 0.3 and 9,
which may be associated with LW characteristics such as geometrical dimensions, bark roughness, presence
of branches or roots, the orientation with respect to the channel main axis and the flow field geometry. Gippel
et al. (1996) firstly provided values of drag coefficients for LW in lowland rivers from a series of experiments
in which the drag force was measured using a dynamometer. A similar approach was used by Shields & Alonso
(2012), who provided new values of Cp and C; by applying Alonso’s (2004) model in the analysis of their
flume experiments. The wood orientation with respect to the flow direction was highlighted as the main
parameter that influences the hydrodynamic coefficients. Both Gippel et al. (1996) and Shields & Alonso
(2012) derived the hydrodynamic coefficients by analyzing results of a series of flume experiments conducted
in straight channels, where wood pieces were mounted on a test stand in order to measure the horizontal and

vertical instantaneous forces acting perpendicularly to the piece.

Physical and numerical models are mainly used for studying the transport of wood in rivers as LW is
mainly mobilized during floods, i.e. for conditions under which field measurements are difficult to
execute.
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2.3  Numerical modelling of large wood in rivers

Unlike sediment transport, researchers have been working on modelling wood dynamics only recently by
providing numerical models for explicitly simulating wood transport at river reach-scale (Bertoldi & Ruiz-
Villanueva, 2017; Kang & Kimura, 2018; Mazzorana et al., 2011, 2018; Persi et al., 2018; Ruiz-Villanueva et
al., 2014a, 2020; Zischg et al., 2018). These models generally solve the Shallow Water Equations (SWE) for
modelling the water flow hydrodynamics; some of them use different equations for sediment transport
modelling; and others propose different approaches to solve the simulation of wood transport. However, only
a few fully couple wood transport to hydrodynamics (Kang & Kimura, 2018; Persi et al., 2018; Ruiz-
Villanueva et al., 2014a).

One of the first attempts to simulate wood transport in rivers was the model presented by Mazzorana et al.
(2011), who considered the whole process chain of LW recruitment, transport and deposition. They calculated
LW pathways for a given wood volume and computed the transport conditions using results from a 2D
hydrodynamic model. In this case, the flow forces applied on wood elements were considered in order to
calculate LW movements, but the influence of wood on the hydrodynamics was neglected. Similarly, Zischg
et al. (2018) presented a model for estimating the amount of LW volume at a specific point in a river system.
Although the influence of wood on the hydrodynamics was not specifically considered, a simplified approach

for considering the retention of LW by bridges was implemented.

The interaction between water flow, wood and morphodynamics was implemented in the more complex
models presented by Ruiz-Villanueva et al. (2014a), Persi et al. (2018), and Kang & Kimura (2018). These
three two-dimensional models proposed a coupled approach between a Eulerian model used for
hydrodynamics and a Lagrangian or discrete element model, for simulating the motion of individual pieces of
wood. Moreover, two different approaches were chosen, i.e., kinematic or dynamic method. In the kinematic
method, the wood velocity is calculated based on wood density, wood diameter, and water depth, e.g., in
floating condition the wood velocity is equal to flow velocity. In the kinematic method, the wood velocity is
calculated at each timestep starting from the equations for the wood movement. The latter method was
implemented in the models from Persi et al. (2018) and Kang & Kimura (2018), while both methods were

implemented in the Ruiz-Villanueva’s model (Ruiz-Villanueva et al., 2014a).

The model presented by Ruiz-Villanueva et al. (2014a), Iber-Wood, has been used to model the dynamics of
LW elements with and without roots and applied to actual rivers. Iber-Wood is based on the two-dimensional
model Iber (Bladé et al., 2014), in which the hydrodynamics is computed by solving the 2D Saint Venant or
SWE, with or without considering turbulence (using several turbulence models). The model uses the finite
volume method with a time explicit second order and non-oscillatory extension of Roe’s upwind scheme on
non-structured meshes (see Bladé et al., 2014 for details). Iber-Wood has been extensively applied to study a
varied set of aspects related to wood dynamics in rivers with different morphologies (e.g., Ruiz-Villanueva et

al., 2014b, 2016, 2017); for further details about Iber-Wood see Appendix C. Persi et al. (2018) proposed an
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original formulation for the computation of body rotation on the water surface based on the calculus of the
torque acting on the LW piece. In this case, the authors introduced the inertia effect in the planar rotation
equation. Moreover, Persi’s model differs from Iber-Wood also in the characterization of forces acting on the
wood, particularly with considering the presence of the Saffman force (Eq. 2-9). Finally, the model proposed
by Kang & Kimura (2018) is similar to Iber-Wood, while allows to a better characterization of the root

structure, and consequently simulates the root effects on the flow hydrodynamics.

The main characteristics of the numerical models described above are listed in Tab. 2.2.
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Table 2.2 Characteristics of the numerical models on wood transport.

References

Model effects

Mazzorana et al.

(2011)

Using the output hydraulic parameters of
numerical simulation into the force

balance equation for log movement

Ruiz-Villanueva

etal. (2014)

Force balance equation and additional drag
term implemented into the 2D Shallow
Water Equations (Finite Volume Method

with II order Roe scheme)

LW motion: both kinematic and dynamic

method

Interaction between logs and boundaries

and between logs

Simulation of roots effect

Persi et al.

(2018)

Force balance equation into the 2D
Shallow Water Equations (Finite Volume

Method with I order Roe scheme)
LW motion: dynamic method

Interaction between logs and boundaries

and between logs

Kang & Kimura
(2018)

Model
Software

dimension

2D Sobek

+

raster data ArcGIS Esri

2D Iber-Wood

2D ORSA2D

2D Nays2DH

Force balance equation into the 2D
Shallow Water Equations (Finite Volume
Method with II order TVD-MacCormack

scheme)
LW motion: dynamic method

Simulation of roots
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The numerical modelling of large wood in rivers has been attempted only recently, nevertheless the model
Iber-Wood is widely used for many research studies and engineering applications.
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24  Two-dimensional modelling of curvature driven secondary flows

At river bends the change in curvature induces an imbalance of the local pressure gradient and the centrifugal
force followed by the establishment of a secondary current, also called spiral flow or helical flow (Rozovskii,
1957). This mechanism, that occurs mainly in sharply river curves (curves which are characterized by a
curvature ratio less than 2, Blanckaert et al., 2013), results in a three-dimensional flow that induces a
redistribution of velocities (see Figs 2.4 and 2.5) and a deviation of boundary shear stress directions
(Blanckaert & De Vriend, 2003). Figure 2.4 shows results presented by Rozovskii (1957) in which the velocity
profile along a 180° curve is reported for a rectangular cross-sectional channel. In a constant curvature channel
(as in the case of Rozovskii’s experiment) the maximum velocities shifted from the inner bank to the outer
bank moving downstream along the curve, the change on the velocity field depends on the so called free-vortex
effect. Figure 2.5 shows the typical redistribution of velocities that occurred in a curved open channel flow. In
this case, the cross-sectional shape represents an additional source for secondary flows that is usually called
“topographic secondary flow”. The resulting local instantaneous velocity components are split into a turbulent
and a turbulence-averaged part, and the latter is split into a depth-averaged and a depth-varying part (see
Fig. 2.5):

Uy (t) = (Tyy) + Uy + 1y, (1) (=smn) (2-11)

where, s and n indicate respectively streamwise and transverse directions, t is time, the over bars indicate

turbulence-averaging, and the angle brackets indicate depth-averaging.
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Figure 2.4 Results of the Rozovskii’s experiment, the change in the velocity profile is showed along a 180°

curve, progressive numbers indicate the cross-section name. Source: Rozovskii (1957).
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Downstream velocity: v,

Transversal velocity:

Secondary circulation

zZ,(s,n)

Figure 2.5 Sketch of curved open-channel flow and decomposition of transversal velocity. Notation in figure
is different from the one used in the present work, v in figure is equivalent to u,,. Source: Blanckaert & De

Vriend (2003).

The simulation of secondary currents in natural rivers requires 3D models due to the three-dimensionality of
the helical flow. However, applying 3D models to natural river domains is a very time and computational-
consuming procedure (Baghlani, 2012; Lane et al., 1999; Song et al., 2012). On the other hand, using simpler
models (1D or 2D) information about secondary flows cannot be captured, for example in 2D depth-averaged
models the presence of the helicoidal secondary flow cannot be considered, having a zero depth-averaged
mean. However, 2D depth-averaged models can be enhanced to simulate the effect of the secondary currents
on the mean flow, that is to consider the additional stresses due to helical flows on the depth averaged velocity
field, or to estimate the surface or near bed velocities, with a good compromise between accuracy and
feasibility (Baghlani, 2012; Ghamry & Steffler, 2005; Nabi et al., 2016; Rinaldi et al., 2008; Vasquez et al.,
2005).

The depth-averaged momentum equations (SWE) obtained integrating three-dimensional momentum
equations (Reynolds Averaged Navier-Stokes equations: RANS) contain dispersion terms that are due to the
vertical non-uniformity of velocity. These terms are usually negligible in nearly straight reaches, but are of
great importance in bends, due to the formation of secondary currents (Baghlani, 2012). The definition of these
dispersion terms is not obvious, and in the past many researchers tried to evaluate them in various ways. For
example, Kalkwijk & Booij (1986) presented an adaptation of secondary currents to a two-dimensional model
which accounts for the convection of momentum of secondary currents in streamwise direction. This solution
has been applied in few recent works in which the effects of secondary currents on the main flow was
considered adding correction terms to the depth-averaged momentum equations (Baghlani, 2012; Nabi et al.,

2016; Rinaldi et al., 2008).

Kalkwijk & Booij (1986) also introduced the concept of “relaxation length” or “adaptation length” (highlighted

in Fig. 2.1a) that represents the decay of a fully developed secondary current. The latter concept is necessary
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in order to consider the streamwise lag-effect on the secondary current equilibrium. Thus, the intensity of the
secondary current, the measure of the magnitude of the component of the secondary current normal to the
depth-averaged flow, changes across the channel bend depending on the local radius of curvature of streamline,
water depth and streamwise velocity. Jagers (2003) presented a scalar transport model for the streamwise
adaptation of the vertical flow structure to curvature changes, in which the secondary current is advected by
the depth-averaged velocity. The equation proposed by Jagers (2003) allows the simulation of the secondary
flow intensity (/) as:

2

7]
E(h'1)+ax

(Ux-h-1)+%(Uy-h-1)=h-S (2-12)

in which, u and v are respectively the velocity components in streamwise and transverse direction, and S is

the source term of the secondary flow intensity, defined as:

S = ('F%DIUI (2-13)

where, Irp is the spiral flow intensity for a fully developed constant radius curve, defined as:

h-|U|
IFD = R_S (2-14)

and A is the adaptation length that can be computed using the formulation proposed by Kalkwijk & Boojj
(1986):

A= (2-15)

in which, k is the von Karman constant, and « is defined as:

.5

a=min(2;05) (2-16)

where, C is the Chezy coefficient.

Effects of secondary currents on the bedload sediment transport was studied numerically by Vasquez et al.
(2005) who included a correction for simulating the deviation of boundary shear stress directions. The authors
proposed to correct the surface and near-bed velocity vector directions applying the same deviation angle (§).

Figure 2.6 show their results, while § was defined as:

h
6 = arctan (A5 R_s) (2-17)
in which, Ry is the radius of curvature, and the As is a parameter defined as:

45=2(1-2) (2-18)
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2.5 Knowledge gaps

Transport of large wood in rivers is a very complex process that depends on several factors, as the wood
characteristics, the flow regime, the river morphology, and the presence on in-channel structures (see Tab. 2.1).
Only little field data are available on this matter as LW is mainly mobilized during floods, i.e., for conditions
under which field measurements are difficult to execute. However, numerous processes have been studied in

last decades, especially using physical and numerical models.

Physical and numerical modelling are powerful tools that allow studying flow, sediment, and vegetation
dynamics in a controlled environment and open new possibilities for understanding and disentangling the
complex linkages in the bio-geomorphological evolution of the fluvial system. Previous studies contributed to
the knowledge of how instream wood moves in river networks, to the better understanding of the forces exerted
by water on wood pieces and how they change with wood piece orientation. After analyzing the basic
mechanisms of wood transport, the next step is to explore the motion of LW in more complex hydraulic
conditions such as the presence of secondary flows or investigating the mutual interaction between sediments

and wood pieces during floods.

Many flume experiments and numerical models have been proposed, with different details depending on the
aim of the investigation. The choice of which model to use (physical or numerical) is dictated by the spatial
and temporal scales of the problem, as well as the research question. Both methodologies have been used for
investigating the role of different parameters applying simplifying hypotheses. Sometimes physical models are
the only way to provide data for calibrating a numerical model, so the two methodologies are developed

together.

The flume experiments for studying the transport of wood by the flow have been mainly carried out in straight
channels. The study of Meninno et al. (2020) represents an exception as these authors realized a series of flume
experiments in a mildly bended channel with a curvature ratio greater than 2. Thus, information on LW
transport in sharply bended curves, i.e., curves with a curvature ratio less than 2, is still lacking. Moreover,
most physical analysis did not focus on the dynamics of a floating wood piece. Also, the values of hydraulics
coefficients (Cp, Cs and C;) were investigated performing experiments in straight channels and mounting the
wood on a test stand in order to measure the horizontal and vertical instantaneous forces acting perpendicularly

to the wood piece. However, the dynamics of a floating object may be different.

The complex shape of natural trunks is often schematized with very simple elements such as cylindrical sticks.
However, in nature they may have stems and roots, especially when LW enters in the river corridor due to a
movement of mass. Thus, a better characterization in terms of stem/foliage distribution, roots structure, and

wood form may lead to a more accurate reproduction of the interaction with flow and sediments.

Finally, the two-dimensional modelling of curvature driven secondary flows was carried out in last years with

the main objective to simulate secondary current effects on the mean flow and on the bedload sediment
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transport. However, to date, there are no studies concerning the effects of secondary currents on transport of

floating LW.
The main remaining challenges identified in the literature review are summarized in Tab. 2.3.

Table 2.3 Main knowledge gaps.

Remaining challenges

Entrainment e quantification of recruitable wood flux

e live tracking of transported LW
e validation of numerical models on wood transport with field data
e tests on wood transport combined with morphodynamic processes

Transport, Deposition and e implementation of wood transport and sediment transport in

Remobilization _
numerical models

e dynamic investigation of transported wood in curved channels

e implementation of secondary current effects on wood trajectories in

numerical models

e tests on pier-to-pier accumulation

Entrapment

e tests on wood accumulation at bridges in a curved channel

e implementation of LW elements with complex shapes (considering
Wood Shape branches and roots) for computing the interactions between wood

pieces and the boundaries
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Chapter 3

Dynamics of large wood in sharp river bends
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3.1 Introduction

Large wood can be transported in rivers and streams as individual pieces or congested accumulations (jams)
(Braudrick et al., 1997). In both cases the corresponding trajectories depend on the wood physical
characteristics and the channel system (e.g., river morphology or presence of in-channel structures). In turn,
the presence of large quantities of LW strongly influences the hydraulic and morphodynamic characteristics

of the channel (Abbe & Montgomery, 2003; De Cicco et al., 2020; Hickin, 1984; Schalko et al., 2018).

The dynamics of transported LW in river corridors have been largely studied by researchers in the last decades
to increase knowledge of the numerous processes linked to the presence of wood in river networks, such as the
ecological role of wood in river ecosystems, the interaction between wood pieces and the riverbed or with in-
channel structures, and the aspects related to hydraulic risk (Abbe & Montgomery, 2003; Bocchiola et al.,
2006; Braudrick et al., 1997; De Cicco et al., 2018; Hickin, 1984 and others; see chapter 2). However, the

dynamics of LW in sharp river bends has not been studied yet.

In this section, experimental observations about LW dynamics in sharp bends are reported with the aim to
explore the role of several parameters on the LW trajectories such as the diameter and length of wood pieces,
their approaching position to the bend and their orientation with regard to the main channel axis. Subsequently,
a mathematical model is presented for describing the transport of floating LW derived by the Alonso’s model
(Alonso, 2004). In particular, this model was applied to laboratory experiments to provide new information

regarding the drag coefficient of floating LW.

The chapter is organized as follows: experiments are presented by describing the setup, the wooden dowel
characteristics, and the experimental protocol (section 3.2); the mathematical model defined for modelling the
transport of floating LW is presented in section 3.3, the experimental results are presented in section 3.4, and

the results are discussed in section 3.5. Conclusions are reported in section 3.6.

32



3.2 Experiments
3.2.1 Flume setup

Experiments were carried out in a double-bended channel in the laboratory of the Leichtweil3 Institute for
Hydraulic Engineering and Water Resources of the Technische Universitdt Braunschweig, Germany. Fig. 3.1
shows a picture and a sketch of the 26.26 m long channel that is masoned and plastered with a smooth concrete
layer. The channel had a rectangular cross-section (2.40 m wide and 0.4 m high) and a slope of 0.001 along
the centerline. Both bends alter the channel course for 65° and are characterized by a radius of 3.6 m (regarding
the centerline) resulting in a curvature ratio of 1.5. The first bend is a left bend and located 5.46 m downstream
of the inlet. The second bend is a right bend, located 4.85 m upstream of the channel outlet and connected to
the first one by a 7.74 m long straight section. We note that the rectangular channel cross-section used in the
study differs from the typical cross-sectional geometry of natural river bends. However, it was decided to use
this channel without further modifications due to the availability of high-resolution 3D velocity data from a
previous study (Zaid, 2017) which could be used to characterize the flow field in the bend and its effect on the
transport of floating LW through this bend.

Velocity measurements by Zaid (2017) were carried out using a down- and a side-looking Acoustic Doppler
Velocimeter (ADV) probe (Vectrino plus from Nortek) with a sampling frequency of 100 Hz, respectively.
The grid of the ADV-measurements by Zaid (2017) is indicated in Fig. 3.1b showing that vertical velocity
profiles were measured along nine cross-sections (CS1 —9). In each cross-section seven vertical profiles with
9 points along the vertical were measured. A detailed analysis of the velocity measurements can be found in
Zaid (2017). Moreover, since Zaid (2017) worked with a water depth of 0.1 m, the ratio of channel width to
flow depth of 24 allowed to safely neglect the effects of the bank shape on the channel hydraulics and on the

wood trajectories (expect for the thin boundary layer developing along the bank region).

The discharge to the channel was provided by water circuit of the hydraulic laboratory and regulated by a valve
installed at the inlet pipe. The water entered the channel through an inlet basin equipped with flow straighteners
and a weir at the downstream end of the channel was used to adjust the water level and water surface slope in
the channel. The discharge was measured by an electromagnetic flowmeter (Krohne OPTIFLUX 2300) with
an accuracy of £0.2% of the measured discharge. The water levels along the channel were monitored by three
point-gauges that were installed in the channel centerline 3.0 m, 13.4 m, and 23.7 m downstream of the channel
inlet section (see Fig. 1). A camcorder (model: Panasonic HC-V520) with a resolution of 1920 x 1080 p and
50 frames per second was placed with top view about 12 m above the flume to capture the movement of
wooden dowels through the first bend of the channel for which the 3D flow field was known by the previous
work of Zaid (2017).
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Figure 3.1 Picture (a) and sketch (b) of the experimental flume. In the picture (a) the flume centerline is
reported in green, and the blue arrow indicates the flow direction. The sketch (b) reports an illustration of the
measurement grid used for flow velocity measurements in the first bend modified from Zaid (2017), and the

definition of relevant cross-sections. Moreover, the wood inlet section and the point gauge locations are

reported.
3.2.2 Wooden dowels

Cylindrical wooden dowels were used to simulate in-channel wood, i.e., branches and roots were not
considered in this study. The dowels had a diameter of 0.04 m and 0.06 m and a length of 0.20 m and 0.40 m,
respectively, resulting in four different dowel geometries defined in Tab. 3.1. The dowel dimensions were
chosen with respect to the scale of the used flume to reproduce LW transportation in a large river (Gurnell et
al., 2002) and to guarantee floating condition. Twenty dowels of each type were manufactured using
commercial beech wood rods and the dowel extremities were marked with blue and red colored tape,
respectively, to facilitate the analysis of the dowel movements based on the camcorder recordings. Once the
dowels were manufactured, their density was determined by weighing the dry and wet dowels, respectively.
The mean dry density was 740 kg/m? for dowel types I and II, and 700 kg/m? for dowel types III and IV. For
the determination of the wet density, dowels were immersed in water until their weight was constant, Tab. 3.1
reports the ranges and mean wet density of the different dowels; in the following, when referring to the dowel
density (pyooq), We consider the mean wet density reported in Tab. 3.1. Only wet dowels were used for

experiments.

Table 3.1 Dowel characteristics.

Dowel Dyooa [cm] Lwooa [cm] Wet density [kg/m?] Mean[ll?;in(i?nsity
I 4 20 848 + 875 361
I 4 40 772 + 838 800
11 6 20 713 + 806 740
v 6 40 704 + 761 734

3.2.3 Experimental protocol

The experiments were carried out using the same hydraulic boundary conditions as Zaid (2017), i.e., a constant
discharge of 130 1/s, a water surface slope that in average was equal to the bed slope and a water depth of
0.10 m. Hence, the depth/width ratio was 0.04 and resembled the ratio for a large river (Gurnell et al., 2002)

and the Froude number resulted in 0.55.

The dowel-experiments were designed to investigate the influence of the (i) dowel diameter, (ii) dowel length,

(iii) inlet point, and (iv) initial orientation of the dowel on the transport trajectory through the first bend. Despite
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the channel had two bends, only the first one was considered in this study due to the available velocity
measurements. All dowels were inserted 3 m downstream of the inlet at three lateral positions (/; — I3; see
Fig. 3.1b) located in a distance of 0.25 m, 1.2 m, and 2.15 m to the left channel wall, respectively. For each
inlet position, the effect of the initial dowel orientation (parallel and perpendicular with respect to the channel
axis, respectively) on the dowel trajectory was investigated. The combination of dowel type, inlet point, and
initial dowel orientation resulted in a total of twenty-four investigated configurations; a summary of the twenty-
four experimental configurations is provided in Table B.1, Appendix B. For each configuration, twenty dowels

were manually released and their movement through the bend was recorded by the camcorder.
3.2.4 Evaluation of experiments

The dowel dynamics, trajectories and orientations were obtained from the analysis of every video frame
(timestep 0.02 s) using the software Tracker (Brown & Christian, 2011). The observed dowel trajectories are
reported and analyzed both, visually and statistically. In particular, the trajectories are displayed using top-
view plots with reference to the dowel center of mass. Moreover, a statistical analysis was provided through

the definition of a coefficient of variation (C,,), which was calculated as:

¢y, = (-1

g
u
where o and p are the standard deviation and the mean distance to the inner wall of the channel at each cross
section (CS1 — 9, see Fig. 3.1b), respectively.

In addition, two cross sections located 1.25 m upstream and 3 m downstream of the bend, respectively, (CSS
and CSE, see Fig. 3.1b) were defined as reference cross-sections to evaluate the travel time of the dowels
through the bend.
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3.3 A mathematical model for the transport of floating large wood

The mathematical model presented here was defined for studying the dynamics of isolated dowels along the

channel bend with the aim to observe how the drag area (Cp 4y, i.¢., drag coefficient, Cp, times the frontal area

of the dowel, Ay) varied along the bend.

Once the dowels were only partially submerged and always in motion, no interactions with the bottom of the

channel are considered, moreover, the apparent-mass force is considered negligible (Braudrick & Grant, 2000;

Haga et al., 2002; Alonso, 2004; Bocchiola et al., 2006). Thus, the driving force (ﬁ ) acting on a moving dowel

is given by:

where Wy is the effective weight of the dowel in the direction of motion (i.e., the difference between the

weight force and the buoyant force), F_D) is the drag force, and ?5 is the Saffman lift force (see Fig. 3.2). The
driving force can be further reduced considering that the slope of the channel is equal to 0.001, so the effective

weight becomes negligible. As a result, the linear momentum equation can be written as:
Fp + Fs =mg " Qwooa (3-3)

where mis the mass of the dowel and a,,,,4 1s the dowel acceleration vector. The drag force and the Saffman
lift force are defined as in Egs 2-6 and 2-9, respectively, and the side coefficient (Cs) is calculated using the

formulation presented by Persi et al. (2019):
6
Cs = 0.149 - cos (m ~166.19) + 0.173 (3-4)

Equation 3-3 was not used for modelling the dowel trajectory while it was applied at the nine cross-sections
defined along the channel bend (CS1 -9, see Fig. 3.1b) for observing the variation of CpAf along the bend.
As a result, Eq. 3-3 was applied nine times for each dowel-run. Every time the analysis was conducted
considering the streamwise (s) and transverse (7) directions which were oriented parallel to the water surface.
The water velocity was extracted from the flow field measurements (Zaid, 2017). The dowel velocity and
dowel acceleration were obtained from the analyses of the video footage using the software Tracker that also
provided the direction of motion of the dowel obtained from the positions of the dowels center of mass

measured at subsequent timesteps (frames). Accordingly, the frontal area As was calculated as:
Af = Agyp €080 + Yiooa * Lwooa * SING (3-5)

where Ag,,;, represents the submerged area (approximated as in Eq. 3.6), 0 is the angle of the piece relative to
flow, with 8 = 0° when the dowel is parallel to flow (Fig.3.2a), Vy,00q 1S the submerged diameter

(approximated as in Eq. 3-7), and L,,,,4 is the dowel length.
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Application of Eq. 3-3 in s- and n-directions provides the drag force components (Fp ¢, and Fp, ,,, respectively)

that allows to calculate the drag area from Eq. 2-6 as:

FD,52+FD,n2
CpAs =1 \ (3-8)
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Figure 3.2 Schematic representation of a floating LW dowel. The top view (a) shows the angle of the dowel
relative to the direction of motion of the dowel (6) and the acting forces on the LW piece: the drag force (Fp)
and the Saffman lift force (Fy). Cross-sectional views are presented for streamwise (b) and transverse (c)

directions, respectively.
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3.4  Results
3.4.1 Flow patterns

Table 3.2 reports the corresponding local water depths h at 0.10 m, 1.20 m and 2.30 m from the inner wall for
the cross-sections CS1, CS5 and CS9 as well as the superelevation 4h corresponding to the difference between
the water levels at the outer and inner bend in each cross-section. Zaid (2017) observed the highest super-

elevation at cross-section CS3, i.e., in the middle of the bend.

Table 3.2 Super-elevations characteristics for CS1, CS5 and CS9 (Zaid, 2017).

Distance from the inner wall [m]

0.1 1.2 2.3
CS1 9.12 9.73 10.06 0.94
CS5 E 7.88 9.72 10.16 8 228
= <
CS9 8.94 9.91 10.15 N 1.21

The data collected by Zaid (2017) were used to characterize the 3D velocity field in the first bend of the channel
for the used hydraulic boundary conditions. Figure 3.3 (created using the software Tecplot 360) visualizes the
velocity magnitude in a plane parallel to the bed located 7 cm above the bottom of the channel (Fig. 3.3a) and
within the cross-section CS5 (Fig. 3.3b). Figure 3.3a shows that the maximum velocity was observed at the
inner bank whereas lower velocities occurred at the outer bank and thus represent typical velocity patterns that
can be observed at the beginning of a bend with constant curvature. Due to higher bed slopes at the inner bend,
the so called free-vortex effect prevails while the transverse transport of longitudinal momentum, which tends
to decelerate the inner flow and accelerate the outer flow, prevails towards the exit of long bends (Rozovskii,
1957). Moreover, the typical helical motion, which is a characteristic of flows in bends can be identified in
Fig. 3.3b and shows transverse flow velocities directed towards the outer (inner) wall at the free surface
(channel bottom). The intensity of the transverse velocity in the middle of the bend (CS5) corresponded to 9%
of the stream-wise velocity. This is in agreement with Blanckaert & de Vriend (2004)who found in their
experiments that the magnitude of transverse velocities is typically 10% of the stream-wise velocity. In the
uppermost layers, from z=7 cm to z=9 cm, the velocities were substantially constant along the various
verticals, as the changes were in the range of 2+4%. Further details of the flow field can be found in Zaid

(2017)and in Appendix A.
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Figure 3.3 2D flow field. The velocity magnitude is reported for the 7 cm horizontal plane (a) and for the

cross-section CS35 (b), V-Mag is the velocity magnitude expressed in cm s™! (reproduced from Zaid, 2017).
3.4.2 Dowel trajectories

Figure 3.4 shows the trajectories for the different dowel types released from inlet position /; in parallel
orientation to the flow (twenty dowels for each experimental configuration). The general behavior of the
dowels is similar for the four experimental configurations. After their release, the dowels tended to move
slightly away from the left bank before entering the bend. Then, their trajectories progressively moved towards
the channel-center without reaching the outer wall, so no collisions of the dowels with the outer wall were
observed for this inlet point. For these experimental configurations, the average travel time was lowest for
dowel type 1 (11.8 s) and longest for dowel type IV (13.7 s). Dowel types II and III showed comparable travel
times (12.5 s and 12.1 s, respectively) which were between the travel times for dowel types I and I'V. For the
sake of brevity, here and in the following, only some of the twenty-four experimental configurations will be

displayed below; the results for the other configurations can be found in Appendix B.

Moreover, Fig. 3.4 provides a comparison between dowel trajectories and flow streamlines that reveals that
the experimental dowel trajectories follow the streamlines at the beginning of the bend but deviate from the
streamlines while moving further downstream. This means that the change in curvature ratio of the dowel
trajectories is greater than the corresponding change of the streamlines. This evidence was observed in all the
experimental configurations performed from /; and />, while for I3 the dowels were also following the flow
streamlines at the beginning of the bend but due to the collisions with the outer wall the deviation of dowel

trajectories from the streamlines was less pronounced.
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Figure 3.4 Trajectories of experiments in the case of inlet point /; and initial dowel orientation parallel to the
flow. The results for the four dowels are presented, dowel type I (a), dowel type II (b), dowel type III (c), and
dowel type IV (d). T,,, is the average travel time between cross-sections CSS and CSE; ‘coll. Dowels’ are
the number (and percentage) of dowels colliding with the outer wall. The flow streamlines are referred to the

water surface, defined from the velocity measurements.

The variation of C,, along the bend for the four experimental configurations presented in Fig. 3.4 is shown in
Fig. 3.5. The similar behavior of dowel trajectories was confirmed by observing the variation of C,, along the
bend. An analysis of variance (anova) confirmed the statistically similitude between dowel types I — IV, while
a difference was observed for dowel type 1. For dowel types I and II the C,, progressively decrease moving
downstream, contrarily, for dowel type Il it was almost constant, and for dowel type IV it was increasing

along the bend.
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Figure 3.5 Variation of C;, moving downstream into the channel bend for the experimental configurations

that considered the inlet point /; and the initial dowel orientation parallel to the flow.

Figure 3.6 visualizes the effect of the initial position and orientation on the trajectories exemplarily for dowel
type 1. The two considered initial orientations of the dowels are reported in the subplots for /;, 1> and I3
(Figs 3.6a, 3.6b and 3.6c, respectively). The dowels inserted from /; (Fig. 3.6a) with a parallel orientation are
located closer the inner wall and show a larger coefficient of variation than the ones inserted with a
perpendicular orientation. This was confirmed by a C,, of 0.14 calculated at CS9 for the parallel initial
orientation, while for the perpendicular orientation C,, was 0.12. On the contrary, the dowels released from />
(Fig. 3.6b) showed an opposite behavior as the trajectories of the dowels inserted parallel are further away
from the inner wall than the ones inserted perpendicularly, but again the coefficient of variation is greater for
the first case, 0.09 at CS9 for initial parallel orientation, and 0.07 for dowels inserted perpendicularly. Finally,
for the dowels inserted from /3 (Fig. 3.6c) no differences can be observed between the two cases which can be

explained by the collisions of dowels with the outer wall.
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Figure 3.6 Trajectories of experiments with dowel type I. The two considered initial orientations (parallel or

perpendicular) of the dowel are reported in each subplot for /;, 1> and /3 (a, b and c, respectively).
3.4.3 Mathematical model

Results of the mathematical model for the twenty-four configurations are shown in Fig. 3.7, in which the
variation of the drag area Cp Ay (Eq. 3-8) is presented as a function of the angle of the dowel relative to the
motion direction, 8. Results are presented using boxplots; in particular, the 90° rotation of the dowel was
divided in six ranges of 15° each. The calculated median values of CpA; were almost constant, around
0.005 m?, independent of @, thus it can be hypothesized that the pressure distribution around the dowels was
nearly constant and not dependent on 8. Moreover, the figure shows outliers for all the defined ranges of 6.
These values came from a small percentage of the total number of data, i.c., less than 5%, and could be
associated with an overestimation of the dowel velocity by the tracking software. Although the videotape
analysis was conducted setting the frame timestep according to the camcorder sampling frequency, the dowels
were not clearly visible in some frames, and this might have led to some overestimation of the kinematic

variables (i.e., velocity and acceleration).
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Figure 3.7 Variation of the drag area Cp Ay with the angle 6. Results refer to the twenty-four experimental

configurations. The central red mark indicates the median value, while the bottom and the top whiskers

indicate the 25% and 75™ percentiles, respectively. Moreover, red stars represent outliers whose number is

Results of Fig. 3.7 indicate that the drag coefficient decreased with increasing angle 6 as Ay increased at the
same time (as defined by Eq. 3-8). The variation of the frontal area, As, and of the calculated drag coefficient,
Cp, are reported in Fig. 3.8 as a function of 8. The Cp median value ranges between 1.2 for 0° < 6 < 15° and
0.4 for 75° < 8 < 90°. This means that a 90° dowel rotation globally induces a decrease of 65% in the drag
coefficient. In particular, Cp was mostly halved passing from 0° to 45°, i.e., the mean value reduced 48%
between 0° < 6 < 15° and 30° < 8 < 45° (for which Cp = 0.6). Then, the drag coefficient slowly decreases
up to 8 = 90° with a reduction of 50% with respect to the range 30° < 6 < 45°. In addition, the best-fit
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polynomial curve calculated for the Cj, results (in a least-squares sense) is shown in Fig. 3.8b:

Cp = 1.7053 — 5.2040-1072- 0 + 7.4088-10"*- 92 — 3.7139-107¢ - 93
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Figure 3.8 Variations of calculated frontal areas (A5) and drag coefficients (Cp) with 6 are reported in panels
a and b, respectively. The black line (panel b) represents the best-fit curve considering the median values of
boxplots. The central red mark indicates the median value, while the bottom and the top whiskers indicate
the 25™ and 75" percentiles, respectively. Moreover, red stars represent outliers whose number is indicated

by “out.”, while n is the number of samples for each group.

The effect of the initial dowel orientation on the model results is shown in Fig. 3.9. A difference was observed
for the two considered initial orientation of the dowels, as for the configurations in which the initial orientation
was parallel (Fig. 3.9a) the median value of the drag area was increasing with 8, while for the perpendicular
orientation (Fig. 3.9b) this variation was not observed. Anyway, in both cases (i.e., parallel and perpendicular,

Figs 3.9a and 3.9b respectively) the product Cp A ranged between 0.003 m? and 0.005 m?.
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Figure 3.9 Variation of the drag area (CpAy) with the angle 6 for the two considered dowel initial

orientation: parallel (a) and perpendicular (b). The central red mark indicates the median value, while the
bottom and the top whiskers indicate the 25™ and 75" percentiles, respectively. Moreover, red stars represent

outliers.
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3.5 Discussion

The experimental setup chosen for the presented series of laboratory experiments was designed to investigate
the transport of floating LW in river bends. The hydraulic conditions, previously studied by Zaid (2017),
reproduced the classical helical flow that is established in sharply river bend (Blanckaert and de Vriend, 2004).
Cylindrical wooden dowels were used to simulate LW as defoliated and cylindrical trunks, although in nature
wood pieces usually present roots and branches (Benda et al., 2003) is common to use cylindrical dowels for
laboratory experiments (Bocchiola et al., 2006; Braudrick et al., 1997; Gippel et al., 1996; Haga et al., 2002;
Shields & Alonso, 2012). Moreover, cylindrical LW are recruited by extreme natural events as windstorm and

wildfire that typically induce the loss of branches and roots (Benda and Sias, 2003).

The experimental dowel trajectories agree with the description provided by Diehl (1997), LW tends to drift
towards the outer wall of the channel while moving downstream. Two main reasons can be identified to explain
this observation, the presence of the helical flow and the dowel inertia. The helical flow induces a drift of the
dowels as it moves at the surface from the inner side to the outer side of the channel bend. In addition, the own
inertia of the dowel concurs to increase the dowel drift. The hydraulic conditions and the dowel dimensions
drive the observed dynamics as the linear momentum equation of the dowel (Eq. 3-3) depends on the flow

field velocities.

The dowel length (and the corresponding volume) was the main parameter that controlled the drift especially
for the dowels inserted parallel to the main flow direction. This is confirmed by Fig. 3.10a, in which the relative
distance from the inner wall (distance, d, to channel width, B) at CS5 is plotted as a function of the relative
dowel volume (dowel volume, Vg, to the volume of dowel type IV, V) for the configurations with /; as
starting point and initial parallel dowel orientation. It appears that the dowels of type IV were following a
wider trajectory and that the dowels of type II were more distant to the wall than the dowels of type III despite
having similar volumes (503 cm?® for dowel type II and 565 cm® for dowel type III). This can be associated
with the greater length of dowel type II which is in agreement with findings of Ruiz-Villanueva et al. (2016)
who detected the LW length as the main parameter controlling the LW transport in single-thread channels. In
fact, the lateral drift increased with the size of the dowel. This is confirmed by results of the mathematical
model shown in Fig. 3.10b that, for the same experimental configurations considered in Fig. 3.10a, provides
lower values of the drag area for dowel type I and higher values for dowel type IV. While, dowel type II and
III results are in between of dowel type I and dowel type IV, in particular, the resulting Cp Ay is higher for

dowel type II.
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Figure 3.10 Relative distance from the inner wall at CS5 (a) and corresponding values of drag area (b) for
the four dowel types. The figure reports results of the four experimental configurations that considered /; and
the dowel initial orientation parallel to the flow direction. The relative distance from the inner wall is
reported as a function of the dowel relative volume, calculated as the ratio between the dowel volume and the
volume of dowel type IV. In boxplots (b) the central red mark indicates the median value, while the bottom
and the top whiskers indicate the 25 and 75" percentiles, respectively. Moreover, red stars represent

outliers.

Estimated drag coefficients are partially in contrast to previous studies (Gippel et al., 1996; Shields & Alonso,
2012) which reported an opposite relationship between drag coefficients and the angle of the dowel relative to
the main axis (6). Figure 3.11 reports the comparison between the results of the present work and results of
the aforementioned authors. For the latter, three series of data are reported as the corresponding experiments
were conducted by varying the material of the dowels. The results showed a slight increase of Cp with
increasing angle 6, while we observed the opposite. This difference can be associated with the different
experimental configurations. In fact, in previous works, the authors conducted experiments in straight channels
with immobile dowels that were mounted on a test stand in order to measure the horizontal and vertical
instantaneous forces acting perpendicularly to the trunk. In the present study, the dowels were transported by
the flow through a sharply bend without interacting with the bottom of the channel. Importantly, despite the
different experimental configurations, the ranges of variation of Cp of the present work and of the previous
studies are comparable. In particular, the calculated median Cp are ranging between 0.3 and 1.2 as the results

by Gippel et al. (1996) and Shields and Alonso (2012).
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Figure 3.11 Comparison between the results of the present work and the results presented by Gippel et al,
(1996) and by Shields & Alonso (2012). Black diamonds represent results from Gippel et al. (1996), while
circles represent the results from Shields & Alonso (2012). For this latter case, three series of data are
reported as authors varied the dowel material (PVC, oak wood, and hackberry wood). Results are referred to
the twenty-four experimental configurations. The central red mark indicates the median value, while the
bottom and the top whiskers indicate the 25" and 75" percentiles, respectively. Moreover, red asterisks

represent outliers.
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3.6 Conclusion

The experimental activity reports novel observations on the trajectories of single floating LW-pieces in sharp
bends made in a series of laboratory experiments. The impacts of dowel dimensions, dowel inlet point and
initial orientation on the dowel-trajectories were highlighted and the importance of secondary flow was pointed
out. The size of the dowel is the most important parameter, in particular the length resulted as the main
parameter controlling the dowel trajectory. The deviation of the dowels with respect to the flow streamlines
were greater for the longest dowels (dowel type II and dowel type IV) used in the experiments. The
approaching position of the dowel to the bend influenced the travel time and the impact of the dowel on the
outer wall. The dowels that approached the bend closer to the inner wall travelled faster than others because
of the higher flow velocity. In the present series of experiments only the dowels released closer the outer wall
impacted with the wall until the end of the bend. The initial orientation of the dowel is important especially
for the smaller dowels, in fact the trajectories for dowel type IV with the orientations parallel and perpendicular

were indistinguishable.

A mathematical model for studying the dynamics of the transport of floating LW has been presented and
applied to the experimental data. Results indicated as drag force increased with the dowel size, that confirmed
the importance of the LW size, in particular of the frontal area of the dowel. The measured drag coefficients
decreased with increasing angle of the dowel relative to flow, this evidence is opposite with previous studies
on drag coefficient for fixed LW in straight channels (Gippel et al., 1996; Shields & Alonso, 2012) that
estimated an increasing of C, with increasing the angle 8. On the contrary, the range of variation is similar

being from 0.4 to 1.2.

Further aspects, not considered in this first study, deserves future investigation. For example, experiments were
carried out by considering a single constant value of discharge, while non-stationarity was observed as one of
the main factors that might control LW transport (Ruiz-Villanueva et al., 2016). Moreover, dowels were
released individually, without considering interactions between them. While this assumption was fundamental
for highlighting the main parameters controlling the transport of LW in river bends, nevertheless, the formation
of wood jams may change the trajectories inducing a greater deviation of the wood than in the present
experiments. Finally, the curvature ratio is another factor which deserves some further attention for better

understanding the effects of secondary flows.
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Chapter 4

Two-dimensional modelling of wood transport
in bended channels considering secondary

currents effects
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4.1 Introduction

In the past, LW transport has mostly been studied on the basis of field surveys (Curran, 2010; MacVicar et al.,
2009; MacVicar & Piégay, 2012; Wohl & Goode, 2008 and others) that reported spatial and temporal
distribution patterns of wood accumulations and described related transport processes. Additionally, laboratory
experiments have been largely used to better understand aspects of the dynamics of the transport of wood that
are difficult to observe in the field, as LW is mobilized especially during floods. Laboratory experiments
provided information about several processes as the characterization of LW transport regimes (Braudrick et
al., 1997) and the tendency to form wood jams (Bocchiola et al., 2008; Davidson et al., 2015), but the
interaction between LW and bridges (i.e., bridge piers and bridge decks) has been also investigated (De Cicco

et al., 2020; Schalko et al., 2018; Schmocker & Hager, 2011).

As reported in the literature review (chapter 2), the simulation of wood dynamics has only recently been
addressed by researchers, who have developed numerical models to explicitly simulate wood transport at river
reach-scale (Bertoldi & Ruiz-Villanueva, 2017; Kang & Kimura, 2018; Mazzorana et al., 2011; Persi et al.,
2018; Ruiz-Villanueva et al., 2014a, 2020; Zischg et al., 2018). Between these models, only few coupled the
simulation of wood transport to the water flow hydrodynamics (Kang & Kimura, 2018; Persi et al., 2018; Ruiz-
Villanueva et al., 2014a). In particular, the model Iber-Wood (Ruiz-Villanueva et al., 2014a) has been
extensively applied to study a varied set of aspects related to wood dynamics in rivers with different
morphologies (e.g., Ruiz-Villanueva et al., 2014b, 2016, 2017); see section 2.3 and Appendix A for model
characteristics. However, the model has never been applied to study wood transport in meandering or curved
channels. In such morphologies wood transport might be significantly affected by the secondary currents that

appear in bends and that may influence the wood trajectories, especially when floating.

In this chapter the implementation of secondary current effects in Iber-Wood is presented and tested in
simulating the transport of LW in bended channels. In order to validate the enhanced model results presented
in chapter 3 were used. In particular, flow field measurements provided by Zaid (2017) were used to validate
the hydrodynamic model performance and observed dowel trajectories were used to validate the approach to

represent LW transport.

Since the helical motion is a three-dimensional flow, the goal is the simulation of secondary current effects on
the water surface. The depth-averaged momentum equations obtained integrating three-dimensional
momentum equations (Reynolds Averaged Navier-Stokes equations: RANS) contain dispersion terms that are
due to the vertical non-uniformity of velocity. These terms are usually negligible in nearly straight reaches,
but are of great importance in bends, due to the formation of secondary currents (Baghlani, 2012). The first
step to achieve the goal of implementing secondary current effects in Iber-Wood was the definition of these
dispersion terms. In particular, three definitions of these terms are provided. Then, the variation of the

secondary current intensity in river bends was calculated by implementing the equation proposed by Jagers
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(2003) in the model (see Eq. 2-12). Finally, a new formulation is provided for correcting the direction of

surface velocity vectors according to the presence of the helical flow.

The chapter is organized as follows: the methodology is firstly presented with the description of all the new
methods implemented in Iber-Wood (section 4.2), while the description of the transport modelling is reported
in Appendix C; then, the results of the simulation of experiments are presented in section 4.3; a discussion of

numerical results is provided (section 4.4); finally, conclusion are presented (section 4.5).
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4.2 Methodology
4.2.1 Implementation of secondary current effects in Iber-Wood

In order to consider secondary currents in Iber-Wood, the horizontal momentum equations were modified, and
the boundary shear stress directions were deviated according to the helical flow characteristics. Moreover, a

new equation was introduced in the model to calculate the spiral flow intensity.

The effects of secondary currents on the main flow were considered in the model by introducing additional
dispersion stress terms (Fs, and Fj,,) to the two-dimensional depth-averaged horizontal momentum equations

(Egs 4-1 and 4-2).

a a h? 7] 0z Thx
E(hUx)+£(hU£+g7)+5(hUxUy)z_gha_;+_ﬁ+h1:.'sx (4-1)
a a a h? 0z Tp
a(h-Uy)+£(h-Ux-Uy)+£(h-U§+g-7)=—g-h-a—;+—p—j+h-1§y (4-2)

where t is time, h is the water depth, U, and U,, are the depth-averaged velocities in x- and y-directions, g is
gravity, z,1is the bed elevation, T, (Tpy) is the shear stress at the bottom in x-direction (y-direction), p,,, is the

water density.

Bed shear stresses are defined using the Manning formula (Manning, 1891) as:

Z.Ux. U

Tyx=p-g-h- 2l (4-3)
n?-u,-|U|

Ty =p g h —037 (4-4)

where n is the Manning coefficient [s m3], and |U| is the module of the depth-averaged velocity.

Three methods were considered for the definition of the additional dispersion stress terms F, and F;,,. The
first method (M1), follows the adaptation of secondary currents in nearly-horizontal flow proposed by
Kalkwijk & Booij (1986) according to which the main flow is assumed to have a logarithmic velocity profile
and the secondary current originates from a multiplication of a universal function with the spiral motion

intensity. Thus, the additional terms are coupled to parameters of the depth-averaged flow field as reported in

Eqgs 4-5 and 4-6.

Fou=7{-2" 5 (B 1V U)) + 55 [B -k (U2 +UR)]} (4-5)
Fsy=%{%[ﬁ-h-(U,§+Uy2)]+2-%[ﬁ-h-Ux-Uy]} (4-6)
where

B=PB"r (4-7)
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B*=p. (5 a—15.6-a*+37.5-a?) (4-8)

05 4

a =min (i_c ’E) (4-9)

in the above expressions R; is the effective radius of curvature of a 2D streamline calculated by Eq. 2-14, a is
a nondimensional parameter, k is the von Karman constant, C is the Chezy coefficient, and S, is set by the
user and ranges between 0 and 1, 8, = 0 means that depth-averaged flow is not influenced by the secondary

flow. For further details see Deltares (2019).

The variation of the secondary current intensity I in space and time is computed with the depth-averaged
advection equation proposed by Jagers (2003), already presented in Eq. 2-12. In the model two possibilities
were considered for the calculation of the adaptation length (1): it can be computed using the formulation
proposed by Kalkwijk and Booij (1986), Eq. 2-15, or it can be set by the user. In the latter case the user can
specify the generation length (44¢y,) and the relaxation length (4,;) that control the generation and the decay

of spiral flow as in Eq. 4-10.

1= {Agen for 1<lIgp (4-10)

Arer  for I 2=1Igp
The deviation of the shear stress direction at the water surface induced by the secondary current was considered

by calculating the deviation angle &, the angle of deviation with respect to the main flow direction, as:
h
Oy1 = c-arctan (A5 . R_s) (4-11)

where c is a nondimensional correction term, and As is a nondimensional parameter that depends on the von
Karman constant and the Chezy coefficient (Vasquez et al., 2005). The correction term ¢ was inserted in the
definition of § to account for the spiral flow characteristics. In fact, the shear stress deviation is not constant
along the cross-section, it is practically zero close to riverbanks (where the flow is mainly vertical), and
increases moving from the riverbanks to the main active channel (Blanckaert & De Vriend, 2003). In order to
reproduce this effect, the correction term was set equal to zero next to the banks or channel walls, and

calculated elsewhere as:
¢ =min(cy,, +d-Ac,1) (4-12)

where ¢, is the minimum correction term of boundary mesh elements, d is the distance to the boundary or

lateral channel wall and Ac is the gradient of the correction term.

Iber-Wood’s numerical scheme is based on the Finite Volume Method (FVM). Thus, the whole computational
domain is discretized with a mesh of triangles or quadrilaterals. Applying Eq. 4-12 to the mesh means that in
the row of elements at the model edge, or in the wet elements next to the shore (adjacent to a dry element) the
correction is imposed to be exactly c,,,, while for the rest, ¢ is calculated with Eq. 4-12, d being the distance

between an element center and the nearest element adjacent to a dry one.
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The second implemented method (M2) considered the same equations than method M1 for modelling the
variation of the secondary current intensity in space and time (Eq. 2-12) and for calculating the deviation angle
of boundary shear stresses, 8y, (Eq. 4-11). Thus, method M2 differs from M1 only in the definition of the
additional shear stress terms, F;, and F,,. Assuming that the secondary current acts similarly at the water
surface and at the bed, the velocity components at the boundaries in x- and y-directions, U,y and Uy, at the

surface and Uy, and Uy, at the bed, are:
Usx = Upx = Uy " c0S8pyz — Uy, sindy, (4-13)
Usy = Upy = Uy - siny, + U,, - cOS Gy, (4-14)

The velocity field variation due to the secondary current was considered as the source of additional dispersion
stress terms, thus, they were considered to be equal to the shear stress at the bed, and defined from the Manning

equation as:

N3 |UI-Upx—U)

Esx = 74/3 (4_15)
n?U|-(Upy—U
Fy=g ,—rg/:y ) (4-16)

where 7 is the hydraulic radius calculated for each cell (r = (B - h)/(B + h), with B is the cell width).

Finally, the third implemented method (M3) was based on the analytical approach presented by Odgaard
(1986). The author presented a model for steady, subcritical, turbulent flow in alluvial channel curves with
uniform bed sediment. The provided model was developed in order to study the portion of the channel cross-
section where the effects of the banks on the flow pattern are insignificant. A definition of the shear stress due

to the presence of secondary currents can be derived from the Odgaard model. The definition of Fy, and K, is

analogous to Eqgs 4-5 and 4-6 with a difference in the calculation of the shear stress terms.

The Odgaard model was described in orthogonal, curvilinear coordinates, the velocity profile in streamwise
direction was assumed to be given by the traditional power law, while the velocity profile in transverse
direction was assumed to be linear; see Odgaard (1986) for details. As a result, the water surface velocity

components can be calculated as:

m+1

Uss = 20 (4-17)
2m+1 h'|U
Ugn = =200 20 (4-18)

where subscripts “s” and “n” identify streamwise and transverse direction respectively, and m is the velocity-

profile exponent that depends on the von Karman constant, the modulus of velocity and the shear velocity (u,):

(4-19)
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The horizontal shear stress terms were obtained by integrating the velocity profiles along the vertical, and

resulted in:

Dss = (u?)z ' {h B %' [ln (Ji )]2 —2:In (1fih) + 2} (4-20)
Dsn = Usn u? E - 361:)i-h + :_(SJ' (3]:);1 - 1)] "In (31(:31) (4-21)
Dy = % U, (4-22)

where k; is the roughness height.

Dgg, D¢y, and D,,,,, defined for curvilinear coordinates, are calculated in cartesian coordinates as in Eqs 4-23,

4-24, and 4-25.

Tyx = Dgs - (cOSY)% + Dy - (siny)? — 2+ D, - cOSY -siny (4-23)
Ty = Tyx = Dgs " cOSY *siny — Dy, = cOsy * siny + Dgy, - [(cosy)? — (siny)?] (4-24)
Tyy = Dss * (siny)? 4 Dyy, - (cosy)? — 2+ Dgy, - cosy siny (4-25)

where Y is the angle between curvilinear coordinates (s, ) and cartesian coordinates (x, y).

As a result, the stress terms added to the depth-averaged horizontal momentum equations resulted:
1(6 6
Fx = " {a (h-Tex) + 5y [h ) Txy]} (4-26)

Fyy = %{;—x (h-Ty) + % [h- Tyy]} (4-27)

Similarly to methods M1 and M2, the variation of the secondary current intensity in space and time was
computed by applying Eq. 2-12. While the deviation of the shear stress direction at the water surface was
directly calculated from the surface velocity components as:

Oyz = c-arctan (%) (4-28)

Ss

The main characteristics of the three implemented methods described above are summarized in Tab. 4.1.
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Table 4.1 Main characteristics of the three implemented methods.

Mi M2 M3

Secondary flow Modelled with the depth-averaged advection equation proposed by Jagers (2003)

intensity

ahIaUhIaUhI—hS
) &( )+a(x )+E(y )_

Deviation angle at the '
i hy hy U
water surface | 8yy = c-arctan <A5 R_> ' Oyp = Crarctan (A5 R—) . O8y3z =c-arctan (ﬂ>

(8) |

Additional dispersion stress terms (F;x , Fsy)

1 1) )
o= 2 g (8 0) + - n- 02 + 03
M1
1¢6 5
Fo =hlse 8 0 (U2 40D+ 2 (8 ke Uy
2.1 _ 2.0771. _
" o= g UG g g M)
1(¢ 5 1(6 8
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in which, the shear stress terms are defined following the Odgaard’s model
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4.2.2 Experimental setup

The experimental setup used to calibrate and validate the presented model was the one presented in the previous
chapter (chapter 3). In particular, with respect to the experiments of dowel type IV, see Tab. 3.1 for dowel
characteristics. The focus here was on evaluating the model capabilities in reproducing effects of secondary

currents on LW transport in curves.

Dowel-experiments were modelled using Iber-Wood in order to observe the effect of the presented methods
on the wood trajectories. A structured mesh with a maximum cell size of 0.1 x 0.1 m was used for reproducing
the channel geometry (see Fig.3.1) in the model. Model boundary conditions were set according to
experiments (see section 3.2), a constant inflow of 0.13 m>/s and a fixed water depth of 8 cm were set for the
upstream and the downstream, respectively. The calibration of the model was realized with a two steps
procedure: firstly, the calibration of the channel hydraulics was carried out varying the bottom roughness and
using the available data of water depths and velocities; secondly the new parameters of the secondary current
(i.e., the gradient of the correction term, Ac, and the adaptation length, 1) were calibrated by using the observed
experimental dowel trajectories. The final values of these parameters were: a Manning coefficient of
0.011 s m '3, Ac equal to 1.75, and an imposed A that was set equal to 50 for both generation and relaxation
lengths. Moreover, the turbulence was modelled using the k-eps model (Rastogi & Rodi, 1978) already present

in Iber.
4.2.3 Evaluation of simulation performances

The experimental setup was simulated with the three implemented methods and without any correction for
considering the presence of secondary currents. The performance of each method was evaluated by calculating
the Root Mean Square Error (RMSE), the Relative Standard Error (RSE) and the Nash-Sutcliffe Efficiency
(NSE) coefficient (Nash & Sutcliffe, 1970). These measures were calculated taking into account the available
data of water depth and velocity at channel bend. Moreover, for testing differences between more than two
groups, the p value (Kruskal & Wallis, 1952) was calculated in order to identify which pairs of groups were
different (significance was set to p value < 0.05). In addition, the sensitivity analysis of the model to the
variables related to the secondary current was considered and the similarity between observed and simulated
wood trajectories was measured by calculating a coefficient of similarity, Cg;y,. The coefficient Cy;yy, is a
nondimensional coefficient defined as the ratio between the sum of the absolute value of the difference in area
(calculated with the formula of trapezoids) and the total available area for dowel trajectories assumed as the

area of the channel between CSS and CSE (see Fig. 3.1b); Eq. 4-29.

Due to the definition of the coefficient of similarity, lower values of C;,, indicate a better adjustment of the

simulated trajectory to the observed one.

— Zlebs,i_Asim,il (4_29)

C.;
sim
Atot
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where A,ps and Ay, indicate the observed and simulated area, and A;,; is the area of the domain. In the

present case the domain area was defined as a fixed area of the channel that contained the curve.

60



4.3 Results

Wood trajectories from Leichtweil} Institute experiments were compared with simulated trajectories obtained
using Iber-Wood. All the three implemented methods were used for reproducing the measured experimental
hydraulic conditions. Then, simulated trajectories were presented for only the method that showed the best

performance.

The sensitivity analysis result of the model to the variables related to the secondary current effects (Ac and 1)
is reported in Fig. 4.1. The effect of Ac (Fig. 4.1a) on the trajectories was limited at the beginning of the curve,
i.e., trajectories for all the considered models were similar. The method proposed in Eq. 2-15 for calculating 4
overestimates the effects of secondary currents, and the resulting simulated trajectory significantly differed
from the observed ones (Fig. 4.1b). Contrastingly, the similarity between observed and simulated trajectories
increased by specifying Age, and A,.;. As a result of applying Eq. 2-12, the effects of secondary currents were
not limited at the curve, but they were extended to the upstream and downstream, thus, wood trajectories

continued deviating to the outer wall even downstream the curve.

As Fig. 4.1 shows, the observed dowel trajectory strongly differed from the simulated one when applying the

model without any correction for secondary currents.

model sensitivity to: Ac model sensitivity to: A

(@) - - —.Observed (b) ———-Observed
6 Simulated: 6 Simulated:
—&—No secondary —&—No secondary
5Sf —8—Ac=1 5r —=—\ formula, Eq. 2-15

——Ac=5 ——A =/\rc =20

gen 1

Y [m]

X [m] X [m]

Figure 4.1 Sensitivity analysis of the model to the gradient of the correction term, Ac (a) and to the
adaptation length, A (b). In both panels the observed trajectory is compared with a series of simulated
trajectories. For observing the sensitivity to Ac the results for the model without any correction, and for Ac =
1 and Ac = 5, are reported. While, for A in addition to the model without any correction the cases of A

calculated as in Eq. 2-15, Agen, = Ayep = 20, and Agep, = Ay = 100, are considered.
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Figure 4.2 shows the calculated deviation angle, §, used for correcting the shear stress direction at the surface
in the area of influence of secondary currents. The deviation angle was practically zero close to the channel
walls and increased moving in cross-sectional direction from walls to the center of the channel. Moreover, §
varied also in the longitudinal direction following the process of formation and decay of secondary currents.
As a result, the deviation angle was progressively increasing in the first part of the curve while reaching its
maximum value at about the middle of the curve, then remained stable until the end of the curve, once the
channel curvature changes the deviation angle started to gradually decrease along the downstream straight

reach.

Method M2

Dev angle SURF (°)
3.18
0.68
-1.49
--3.67
- -5.90

l -8.08

-10.26
-12.43
-14.61

-16.79

Figure 4.2 Deviation angle at the free surface. Positive deviation means anti-clockwise rotation of vectors

direction.

The comparison between observed and simulated values of water depth and water surface velocity is shown in
Figs 4.3 and 4.4, while the global performances of the four considered methods are reported in Tab. 4.2; values
of the singles cross-sections are reported in the Appendix D. According to these results, no significant
differences were found between observed and modelled water depths (p value = 0.99; Fig. 4.3a). Still,
according to the model performance assessment, M1 resulted globally the best method in simulating the water
depth (Fig. 4.3 and Tab. 4.2), while for other methods an overestimation was observed. In this case,
performance for M3 was the worst, whereas the model without correction and M2 showed comparable results
always in the middle between M1 and M3. Analogously, the comparison of the magnitude of the surface
velocity did no show significant differences between observed and modelled values for which a p value of 0.99
was calculated (Fig. 4.4a). Moreover, results showed that measured surface velocities (Fig. 4.4 and Tab. 4.2)

were better simulated by the model without any correction (NSE = 0.61). The others three methods (M1, M2
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and M3) were performing similarly with a measured range of variation of the NSE coefficient of 0.57 + 0.59.
On the contrary, the comparison of velocity components highlights the differences between results of the four
considered methods. Figure 4.5 reports velocity variation of M1, M2 and M3 with respect to the model without
any correction for x- and y-components of surface velocity, i.e., surface velocity components of implemented
methods minus mean flow velocity components of the model without secondary current effects. Method M1
(Figs 4.5a and 4.5d) was characterized by the presence of fluctuations in the straight reach upstream of the
curve and by a region of low velocities close to the left wall of the channel from the middle of the curve to
downstream. Differently, for methods M2 and M3 (Figs 4.5b, 4.5¢, 4.5¢ and 4.5f) no differences were observed
in the first part of the curve, while from about the center of the curve effects of the introduced approximations
became clearly visible, in particular for the central region of the channel. Globally, the secondary current
effects approximations modified the velocity field of the channel with respect to the result of the model without
any correction, in particular increasing the transverse velocity component and consistently reducing the
streamwise component. These changes were commensurately with the area of influence of secondary currents,
this is clearly visible in M2 simulation (Figs 4.5b and 4.5¢). Moreover, as shown by Figs 4.5¢c and 4.5f, results

of M3 were really similar to the model without secondary current effects with a maximum difference of 0.04
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Figure 4.3 Observed and simulated water depth for the different methods implemented in the model. The
central red mark in the boxplot (panel a) indicates the median value, while red crosses represent outliers. The
bottom and the top whiskers indicate the 25" and 75 percentiles, respectively. n is the number of samples,

equal for each group. The p value is from the Kruskal-Wallis test.
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Figure 4.4 Observed and simulated module of water surface velocity for the different methods implemented

in the model. The red line within the boxplot (a) indicates the median value, while the bottom and the top

whiskers show the 25" and 75™ percentiles, respectively. n is the number of samples. The p value is from the

Kruskal-Wallis test.

Table 4.2 Performances of the methods implemented to simulate Leichtweill Institute experiments. The

reported values represent the global value of RMSE, RSE, and NSE, for water depth and water surface velocity

in simulating the flow at the channel curve. Moreover, the minimum and maximum measured values are

reported in parenthesis.

Water depth Water surface velocity
RMSE RSE RMSE RSE
NSE NSE
[mm] [o] [mm s™'] [o]

Iber without any 1.9 1.84 0.88 29.3 4.11 0.61
correction (1.6 ;2.4) (13;2.4) (0.78 ; 0.94) (26.3 ; 38.4) (3.0;5.6) (-0.24 ; 0.88)
M1 1.4 1.32 0.92 30.4 4.14 0.57

(0.8;2.2) 0.9;2.1) (0.83;0.99) (259;35.7)  (2.78;53)  (-0.44;0.89)
M2 1.8 1.76 0.89 30.0 4.17 0.59

(1.6:22) (14:22) (0.81;0.95) (27.0;38.3) (3.1:5.5) (-0.33; 0.87)
M3 2.0 1.96 0.86 29.7 4.20 0.59

(1.6:2.5) (14:2.4) (0.73;0.94) (26.9 ; 39.0) (3.1:5.7) (-0.31; 0.88)
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Figure 4.5 Maps of the velocity variation due to simulation of secondary current effects with respect to the
model without any correction; reported as velocity components in x- (panels a, b, and c¢) and y-directions
(panels d, e, and f). The presented variation expresses the difference between the surface velocity obtained
by simulations of implemented methods (M1, M2, and M3) and the mean flow velocity of the model without

secondary current effects.

Despite the best performance was determined for M1 (see Tab.4.2), the simulated surface velocity pattern
obtained with M1 presented fluctuations (see Figs 4.5a and 4.5d) that influenced the hydraulics in the curve.
These fluctuations were not observed during the experiments execution, thus method M2 was chosen for
simulating dowel-experiments, as it showed similar performances than M1 (i.e., all the following results were

obtained applying M2).

Figures 4.6 and 4.7 show the LW trajectory results of dowel-experiments simulated with Iber-Wood
considering the effect of secondary currents. The observed trajectories from inlet points /; and /> (see Fig. 3.1b)
showed a deviation of dowels once entered in the curve, in fact, travelling along the curve dowels were pushed
to the outer wall of the channel by the presence of secondary currents. While the deviation was lower for /3
because, in this case, dowels were interacting with the outer wall of the channel while moving downstream,
bumping, or sliding on that. The dowel deviation was simulated by the implemented method for all the
considered inlet points and both initial dowel orientation, parallel (Fig. 4.6a) and perpendicular (Fig. 4.6b).
The similarity between observed and simulated trajectories is expressed by the Cj;p,, values (Fig. 4.6¢), the
higher values of Cg;,, were obtained for the two experiments conducted from /;, in particular for the
experimental configuration perpendicular to the channel axis resulted the worst. The two runs from /> obtained
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similar Cg;y,, 0.013 and 0.014 for parallel and perpendicular orientation, respectively. Finally, a good
agreement was obtained for /3, especially considering the orientation perpendicular for which the observed and

simulated trajectories are mostly overlapped (Fig. 4.6b) and the resulting Cs;,,, was the lowest (Fig. 4.6¢).

, dowel initial orientation: parallel , dowel initial orientation: perpendicular
@ ----Observed (b) —---Observed
6t  —e—Simulated / - - —e—Simulated

(4]
T

E
>l
2 L
1t
0
X [m] X [m]
0.05 T T
0.0as | © Initial dowel orientation| |
¢ ® parallel
0.04 .
¢ perpendicular
0.035
0.03
£
‘@ 0.025
[ ]
0.02 1
L ]
0.015
L
0.01 ¢
0.005
0 I
I1 |2 13

Figure 4.6 Comparison between observed and simulated trajectories considering different dowel inlet points
and dowel orientations (a, b) and the corresponding Cs;,,values (c). Three wood pieces parallel (a) and
perpendicular (b) to the flow entered the channel at 0.25 m from the left wall (/;), in the middle (/>), and at
0.25 m from the right wall (/5). Simulations were performed using the model present in section 4.2.2. All

trajectories are related to the dowel center of mass.
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4.4 Discussion

An existing 2D depth-averaged hydrodynamic numerical model has been implemented to simulate effects of
secondary currents at the water surface, and, as a result, to predict and simulate wood transport in river bends.
Methodologies for including secondary current effects in Iber have been defined in order to introduce the

fewest number of new parameters in the model, thus, decreasing uncertainty while validating the model.

The accuracy in reproducing the hydrodynamics of the flume was tested by simulating the experimental setup
specifically designed and carried out for achieving the objectives of the present research (illustrated in chapter
3). Although the hydraulic models were calibrated, deviations were observed between simulations and
measurements. The reasons for the obtained differences are several. Firstly, a pure 3D phenomenon as
secondary currents cannot be entirely reproduced by a two-dimensional model. Another reason is connected
to the instrumentation used for collecting velocity data in the laboratory that did not allow to take measures of

the water surface velocity.

The three implemented methods (M1, M2, and M3) performed similarly in reproducing the experimental setup
(see Tabs 4.2), moreover, the result was comparable to the solution of the model without any correction in
terms of water depth, as shown in Fig. 4.3. On the contrary, the effect of the implementation was highlighted
in the surface velocity results as the velocity components changed due to the simulation of secondary current
effects. Even more marked was the effect on wood trajectories, which were much more similar to the

experimental ones than those simulated using the model without any correction (Figs 4.1, 4.6, and 4.7).

The Leichtweil Institute experiments were simulated in order to observe the effect of the presented methods
on the wood trajectories. Simulation of secondary current effects provided good results for dowel-experiments
as the similarity between observed and simulated wood trajectories strongly increased (see Figs 4.1, 4.6 and
4.7). In fact, as showed in Fig. 4.1, the simulated trajectory for the model without any correction was following
the flow streamlines resulting quite far from the observed trajectory and maintaining about the same distances

from the lateral walls along the channel.

Numerical results highlighted the role of the gradient of the correction term (Ac) and of the adaptation length
(1) in the implemented methods. As shown in Figs 4.2, the correction of velocity vector directions was not
uniform along the cross-section, but it increased moving from lateral walls to the center of the channel. As a
result, the cross-section was characterized by a central region, that covers a large part of the channel width, in
which the helical motion develops (Blanckaert & de Vriend, 2004). The introduction of the correction term
improved the definition of the deviation angle (&) provided by Vasquez et al. (2005), see Eq. 2-15. In fact, the
introduction of ¢ in Eqs 4-11 and 4-28 prevents vectors from being directed outward from the channel for cells
in mesh cells close to channel walls. The value of Ac in simulating dowel-experiments was firstly set according
to the gradient of velocity in transverse direction, then it was calibrated on the observed dowel trajectories.
The streamwise lag-effect on the secondary current equilibrium, modelled with the equation proposed by

Jagers (2003), was clearly represented by the simulation of dowel-experiments (see Figs 4.1, 4.6, and 4.7). The
68



adaptation of the flow to the curvature change was modelled by setting the values of 14, and A,.¢; because the

application of Eq. 2-13 showed an overestimation of the driftwood along the curve (see Fig. 4.1b).
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4.5 Conclusion

The main goal of the present part of the research was the simulation of secondary currents effects on wood
transport in the existing model Iber-Wood. The capacity of the implemented methodologies to accurately
reproducing the trajectories of floating wood pieces was tested by simulating flume experiments presented in
chapter 3. The good agreement between simulated and observed trajectories in a sharply bend substantiates the

validity of the proposed approach.

Here, the secondary current effects on the hydraulics were highlighted by comparing results of the three
proposed methodologies with the results of the model without any correction. In simulating the two
experimental setups no significant differences were observed in reproducing the water depth along the channel
bend for the four considered methods. This evidence highlighted how small were the secondary current terms
compared to the hydrodynamics of the channel. Similar results were obtained while considering the magnitude
of the surface velocity. On the contrary, the surface velocity components have been changed by the introduced

methodologies, which was the desired result in order to reproduce secondary current effects on the surface.

The implemented correction of the velocity vectors direction at the surface together with the transport-type
equation used for calculating the secondary current intensity increased the accuracy in simulating the wood
trajectories. The simulated dowel trajectories obtained using the model without any correction did not
accurately reproduce the observed trajectories, while the progressively drift of dowels through the outer wall

of the channel was simulated by using the implemented methodologies.

Although simplifications adopted in the implementation and knowing that further study is needed to better
simulate the complexity of natural rivers, this methodology constitutes at present the first attempt to
incorporate secondary current effects in a 2D depth-averaged model for simulating the transport of LW in
curved channels. Future application of the methods will allow to improve the methodologies and investigate

opening challenges for different purposes, as LW management and flood risk prevention.
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Chapter 5

Case study: simulation of wood transport in a
ticht bend in the Versilia River during the flood
event of June 19, 1996
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5.1 Introduction

In this chapter the methodologies presented in chapter 4 are applied in order to simulate a real flood event with
the aim to test the applicability of the proposed enhanced version of Iber-Wood model (Ruiz-Villanueva et al.,
2014a) to a river-scale geometry. The flood event that occurred in the Versilia River (Italy) on 19 June 1996
was selected as a huge quantity of wood was transported by the flow in a tight bend having a curvature ratio
of 1.7. Also, the extreme flood condition and the presence of LW caused the formation of a breach in the outer
bank of the S. Bartolomeo bend, close to the town of Pietrasanta (Italy) in the lowland part of the Versilia
River basin (Fig. 5.1). According to the thesis objectives, the focus of this application was the simulation of

LW during the flood event, while the breach formation was modelled with an existing tool of Iber, and so,

results are presented only considering the wood trajectories.

Figure 5.1 The flooding caused by the levee breach on 19 June 1996 formed along the Versilia River close

to the town of Pietrasanta (source: http://www.neteservice.it/ilfiumeversilia/alluvione Versilia96.htm).

The selected flood event was firstly studied by Paris & Settesoldi (1999) that provided a 1D model for the
characterization of the breach formation. The authors reconstructed the flooding by deriving the incoming flow
hydrograph and the outflow volume of water from the breach. This study represented the reference conditions
for calibrating the present numerical model. LW transport was simulated and compared with available

multimedia proofs, i.e., videos and photographs found online.

The chapter is organized as follows: the study area and the flood description are firstly presented (section 5.2);
then, the description of the model is provided (section 5.3); the results of the simulation are presented by
comparing numerical results with the study of Paris & Settesoldi (1999) and with available multimedia proofs

(section 5.4); finally, conclusion are presented (section 5.5).
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5.2  Study area and 1996 flood description

The study area is located in Italy (south Europe) close to the border between Tuscany and Liguria regions. The
Versilia River (Fig. 5.2) has a mountain catchment located in the western side of the Apuan Alps, it covers an
area of about 115 km? and the altitude range is 425 m a.s.l., while maximum and minimum elevations are 1676
and 0.46 m a.s.l,, respectively. The catchment is mainly characterized by forests with the exception of the
lowland reach, close to the Mediterranean Sea, in which there are numerous inhabited centers. The study reach,
located in the lowland part of the catchment close to the town of Pietrasanta (see Fig. 5.2), is 1.3 km long and
has an average slope of 1.2 %o. This reach is characterized by the presence of a right curve of about 90° called
S. Bartolomeo bend, with a curvature radius of 128 m (regarding the centerline) and a channel width of 75 m,
resulting in a curvature ratio of 1.7. The flood event occurred on June 19", 1996, induced the collapse of the
outer levee at the S. Bartolomeo bend that resulted in a breach formation (see Fig. 5.1). The breach developed
rapidly (in about 40 minutes) and reached a final length of 70 m, the embankment was eroded down to the

level of the riverbed. Table 5.1 shows the main characteristics of the river basin and the studied reach.

/ &

>

A Cervaiole
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J
—al

® Idrometer
Pluviometer
= Main River Network

; R S River Network
Camaiore b0k b S )
. - [ Versilia River Basin

Figure 5.2 Versilia River basin and hydrographic network. Installed hydrometers and pluviometers are

reported, and the S. Bartolomeo curve is highlighted (in brownish color).
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Table 5.1 Main characteristics of the Versilia catchment and the studied reach.

Drainage area 115 km?
Length of the main channel 23 km
Average basin altitude 425 ma.s.l.
Minimum basin elevation 0.46 m a.s.l.
Maximum basin elevation 1676 m a.s.l.
Length of the studied reach 1.3 km
River width at the S. Bartolomeo bend 75 m
Radius of curvature of the S. Bartolomeo bend 128 m
Curvature ratio 1.7
Minimum studied reach elevation 129 mas.l.
Maximum studied reach elevation 14.54 m a.s.l.
Studied reach bed slope 0.0012

Torrential rainfall events usually occur in autumn and winter, resulting in abundant surface runoff and sediment
mobilization, in particular in the mountain area of the basin. Contrarily, the lowland reach is characterized by
low floods especially during the summer in which the riverbed can also be completely drained as only

subsurface flow occurs.

The flood event of 1996 was generated by an extremely rapid rainfall that affected the mountainous part of the
catchment area. The western side of the Apuan Alps has been affected by rain since the early hours of the day
with characteristics of flash events. Two main rainfall were registered during the day, the first one in the early
morning (from 5 a.m. to 8 a.m.) and the second one during the morning (from 10 a.m. to 13 p.m.), that
generated two consecutive flash floods. Table 5.2 shows the Pluviometric measurements recorded by rain
gauges presented in the area, is important to notice how different were measurements from instruments located
on the mountains (Pomezzana, Retignano, Cervaiole and Azzano) and instruments located near the sea
(Camaiore, Torre del Lago and Viareggio); see Fig. 5.2 for the location of rain gauges. The hydrometers
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installed along the river corridor registered the data of the first flood than they were swept away by the current

in the first hour of the second flood, so the flow hydrograph was not measured for the second flood event.

Table 5.2 Pluviometric measurements of 19 June 1996; values are in millimeters.

Rain gauge name 1h 3h 6h 12h 24 h
Pomezzana - 320 390 474 478
Retignano 78 165 214 387 400
Cervaiole 67 126 182 230 245
Azzano 61 144 183 242 260
Camaiore 27 29 38 47 53
Torre del Lago 1 1 1 1 1
Viareggio 7 9 9 11 11

The chronological description of the flash flood event is as follows: the intense rainfall on the first morning
resulted in an abundant surface runoff which caused profound disruptions in the slopes and in the hydrographic
network, resulting in the saturation of the soil. The situation in the mountain subbasins was exacerbated by the
second rainfall for which the intense rain rapidly generated a second flood event, as the ground was
waterlogged. At this time, numerous landslides have been observed in the upper part of the basin introducing
a huge amount of soil and wood in the river network. The fallen trees were quickly curtailed, their branches
and roots were detached from the trunks due to the violent collisions that occurred in the river corridor. The
flood hydrographs reached, especially in mountain subbasins, absolutely exceptional peak values (estimated
return times in the order of 300 years) with solid transport concentrations at the limits of saturation values. In
lowland reaches, the over-flooding, and the huge amount of transported wood pieces (Fig. 5.3¢) compromised
the river channel conveyance capacity. Areas close to the watercourse were locally flooded already during the
first flood event, but the second flood wave caused the greatest damages to buildings and infrastructures. In
particular, the breach of S. Bartolomeo curve caused the inundation of Pietrasanta town and surrounding areas,
also affecting the railway line (Figs 5.3a and 5.3b) and the highway (Fig. 5.3d) which are located downstream

of the curve.
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Figure 5.3 Images of the flooding around the town of Pietrasanta. The beginning of the breach formation (c),

the damages to the railway line (a and b), and to the highway (d) (sources:
www.neteservice.it/ilfiumeversilia/alluvione Versilia96.htm and

www.youtube.com/watch?v=Ccvt6IuhQ90).

Paris & Settesoldi (1999) conducted a study on the characterization of the breach formation at the
S. Bartolomeo curve. Their results are showed in Fig. 5.4 in which the reconstructed flow hydrograph upstream
of the curve is compared with the flow hydrograph of the flow through the breach and the flow hydrograph
downstream. The breach formed during the second flood event and was characterized by a peak of about

570 m3 s
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Figure 5.4 Reconstructed flow hydrographs (Paris & Settesoldi, 1999). Upstream and downstream refer to
the S. Bartolomeo bend.

78



53 Methodology

The simulation of the flood event was conducted by using the model Iber-Wood with the implementation of
secondary current effects (as presented in chapter 4). In order to numerically reproduce the flood event at the
study site, firstly the mesh was generated to properly reproduce the area of interest. Once the geometry was
generated, the hydrodynamics boundary conditions were defined, and the model calibration was carried out
varying the roughness coefficient and by comparing numerical results with the flow hydrographs provided by
Paris & Settesoldi (1999) (see Fig. 5.4). Finally, the large wood simulation was performed. These steps are

presented below.
Mesh generation

A 2D unstructured irregular triangular mesh was generated for simulating the flow into the river corridor and
the flooding of areas close to the S. Bartolomeo bend. The geometry of the river corridor was partly known by
a survey conducted by Eng. David Settesoldi during the 1996 (before and after the flood event) that provided
12 channel cross-sections in the study reach. In addition, the Digital Terrain Model (DTM) of the area of
interest was available from the Tuscany Region with a resolution of 1 m (survey carried out in years 2008 —
2010, available at: https://www.regione.toscana.it/-/geoscopio). This information was elaborated and corrected
by observing several images and videos of the flood event found online. The final mesh considered, in addition
to the 1.3 km of the study reach, an area of about 0.4 km? that partly covered the inundated areas, in particular

the area at the outer side of the curve where the city of Pietrasanta is located.

As already mentioned in the introduction, the breach formation was modelled using an existing tool of Iber.
This tool allows to define the shape and other properties of the breach formation process, as a result, the mesh
is deformed during the simulation in order to reproduce the evolution of the breach. The breach characterization
is not reported in this chapter as it was not the focus of the simulation, however, a description of the tool is

given in Appendix E.

Figure 5.5 shows the resulting mesh around the S. Bartolomeo curve. The cell size was not set uniformly for
the entire mesh, but the mesh was divided into uniform areas (with similar land use characteristics) and the
maximum cell size was defined for each. In addition, particular attention was paid to the external levee of the
S. Bartolomeo curve, the one affected by the breach. The maximum cell size adopted for the mesh generation

are summarized in Tab. 5.3.
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Table 5.3 Maximum cell size adopted for the mesh generation.

Area Max. cell size [m?]
Main channel 5
Floodplain 5
Agricultural field 10
Industrial area 10
Residential area 20
Outer levee of S. Bartolomeo curve 2
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Figure 5.5 Mesh overview. Top views (a and c¢) and 3D representations (b and d) of the 2D unstructured

triangular mesh. The defined uniform zones of the mesh are presented in panels ¢ and d.

Hydrodynamics boundary conditions

The hydrodynamics boundary conditions were set according the study of Paris & Settesoldi (1999). The
upstream boundary condition was set equal to the flow hydrograph presented in Fig. 5.4, in particular,
simulating the flow of the two floods, i.e., from the 6:45 a.m. to the 9:00 p.m. of the 19 June (Fig. 5.6). The
downstream boundary condition was set at the end of the study reach by applying the condition of uniform
flow; importantly, this condition is located further downstream from the curve in order to avoid influences on
the hydrodynamics at the S. Bartolomeo bend. In addition, a second outlet for the flow was defined on the
model boundaries in proximity of Pietrasanta in order to allow the water flow out of the mesh domain after the

breach formation.
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Figure 5.6 Simulated flow hydrograph.
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Model calibration

The model calibration was carried out by varying the roughness coefficient and comparing numerical results
with the flow hydrographs shown in Fig. 5.4 (Paris & Settesoldi, 1999). In particular, the calibration was
performed by considering the first flood, i.e., before the breach formation. A different Manning coefficient
was selected for each of the five selected uniform zones (see Tab. 5.3 and Fig. 5.5), the final coefficients are

reported in Tab. 5.4.

Table 5.4 Adopted roughness coefficients (Manning) for each of the five selected uniform zones.

Manning
Area
coefficient [m's71]
Main channel 0.03
Floodplain 0.035
Agricultural field 0.05
Industrial area 0.10
Residential area 0.15

Large wood boundary conditions

A huge amount of large wood mobilized during the flood event was clearly visible from numerous sources
(partially presented in Fig. 5.3), unfortunately the wood flux was not characterized in the field (in terms of
dimensions, quantity, and density). However, on the basis of visual observations and with the collaboration of

Prof. Eng. Enio Paris an accurate characterization of the wooden material was possible.

The wood flux used as the upstream boundary condition for the introduction of wood elements in the model is
shown in Fig. 5.7. This wood flux, applied at the water inlet section, was defined on visual evidence (such as
that of Prof. Eng. Enio Paris) and on multimedia proofs, as no further data were available. So, as large wood
entered the main river corridor whit the second flood event the wood flux during the first flood wave was
considered negligible and set equal to zero. The wood flux was rapidly increased along the rising limb of the
second wave, reaching a value of 10 pieces per minute (see Fig. 5.7), estimated by videos. Then, the wood flux
was progressively reduced in the falling limb of the hydrograph. All the wood elements were introduced in the
model with varying dimensions (i.e., diameter and length), density and initial orientation. As the wood was

introduced in a straight reach all the elements were considered mostly parallel to the flow direction, so their
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initial orientation was considered in the range 0° + 30°. Finally, the drag coefficient was set variable during
the simulation with the wood piece orientation (6) according with Eq. 3-5. Table 5.5 reports all the wood data

adopted in the model for the characterization of the wood pieces.

Table 5.5 Large wood characteristics.

Minimum diameter 0.05m
Maximum diameter 0.3m
Minimum length 0.5m
Maximum length 20 m
Minimum density 700 kg/m?
Maximum density 800 kg/m?
Wood initial orientation 0°+30°
Drag coefficient variable with 6
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54 Results

In Fig. 5.8 the numerical results are compared with the data from Paris & Settesoldi (1999). Figure 5.8a shows
the flow hydrograph downstream of the S. Bartolomeo bend, while Fig. 5.8b shows the flow hydrograph out
of the breach. As stated above, the calibration of the model has been conducted considering only the flow data

before the formation of the breach (see Fig. 5.8a), for which a RMSE of 3.5 m*:s™! was calculated.

The result of the model slightly underestimates the flow through the breach (see Fig. 5.8b), even if it reproduces
its trend over time. In particular, a delay can be observed in reaching the maximum flow rates, this could be
due to a different modeling of the breach formation. Moreover, the flow underestimation is greater for
discharges higher than 275 m® s™!, while in the falling limb results are comparable with Paris & Settesoldi
(1999). Similar observations can be extracted for the downstream flow (see Fig. 5.8a) after the breach
formation, although in this case the differences between the two graphs are minor. The differences observed
in Fig. 5.8 can be attributed to the approach used by Paris & Settesoldi (1999) that considered the breach as
the only lateral point outflow source from which the flow exited from the river corridor, while this was true

from simulation results.

Due to the non-negligible differences observed between numerical results and results from Paris & Settesoldi
(1999), and because the simulation of the breach was not in the focus of this work, in the following, exclusively

results of the simulation before the breach formation will be presented.
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Figure 5.8 Comparison between numerical results and results from Paris & Settesoldi (1999) for the
downstream flow (a) and the discharge through the breach (b). The data used for the calibration of the model
are highlighted in panel a.

Figures 5.9 and 5.10 show the flood evolution, in terms of water depth, during the simulation of the first flood
event; the background image used in these four pictures is not representative of the 1996 riverbed geometry

but represents the current riverbed geometry (background image source: www.bing.com/maps).

Figure 5.9 reports the numerical solution for the timestep 10800 s which correspond to the passage of the first
flood wave. At this timestep, the flow was completely contained into the riverbed, no overflows were observed;
however, in few points the flow reached the top of the embankments on both riverbanks. Highest water depth
was observed in the upstream area of the railway line bridge, downstream of the S. Bartolomeo curve, that

caused a backwater rise. The simulated water depth at the end of the first flood peak event is shown in Fig. 5.10
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(timestep 24300 s), as expected the water depth decreased along the entire reach. Again, as observed in

Fig. 5.9, the highest water depth values were observed at the upstream section of the railway line bridge.
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Figure 5.10 Maps of the simulated water depth at the end of the first flood event (timestep: 24300 s).
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Figure 5.11 shows the comparison between simulated and observed LW trajectories. The latter are presented
by a shade area that is representative of the area occupied by wood flux during the flood event, and by the
mean observed wood trajectory. The simulated trajectories are presented for both the model with secondary
current effects, and the model without any correction; moreover, for illustration purposes, these are referred to
only three elements named LW1, LW2, and LW3, respectively. LW1 — 3 were chosen considering their inlet
position and orientation that are the same in both showed simulations. Furthermore, the background map

represents the water depth that was assumed as characteristic for the entire evolution of the LW trajectories.

The wood pieces, during the flood event, approached the bend at the center of the channel and then drifted
towards the outer bank while travelling along the curve (see Fig. 5.11), their trajectories were affected in most
of the cases by interactions with the riverbank that reduced the wood velocities and influenced their orientation.
The enhanced version of Iber-Wood (i.e., considering secondary current effects as described in chapter 4)
globally reproduced the observed dynamics, while, on the contrary, the trajectories obtained using the model
without any correction strongly differ from observation, as the wood elements traveled along the bend without
drifting to the outer bank. The performances of the two models are measured by calculating the coefficient of
similarity Cg;,y,, Fig. 5.12a reports the comparison between simulated trajectories, the trajectory observed with
the model without any correction and the trajectory observed with the enhanced model, for the same wood
piece (LW 1, LW 2, and LW 3), while Fig. 5.12b reports the comparison between the mean observed trajectory
and the simulated trajectories for LW 2. The results obtained with the model without any correction
(Fig. 5.12a) differs from the results obtained simulating secondary current effects by more than the 20%. This
is reflected by the comparison with the mean observed trajectory (Fig. 5.12b), for the case of LW 2 the
difference between the two performed models is highlighted by a Cy;,,, of about 0.25 measured for the model

without any correction and a Cg;;,, of about 0.035 for the enhanced model.

The enhanced Iber-Wood model allowed to simulate the wood drifting from the beginning of the bend, and,
even if characterized by different approaching positions to the curve, interacted with the outer bank in the same
area, i.e., in the final part of the curve, then continued their motion downstream. As a result, the simulated
wood flux agrees with the observed one much more than that obtained with the model without any correction

(see Fig. 5.12b).
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Figure 5.11 Comparison between observed LW pathway and simulated LW trajectories (a), and a picture of

the event (b). The observed wood flux is represented by a shade area representative of the area occupied by
LW during the flood event, and by the mean observed wood trajectory (dotted red line). Simulated
trajectories of three wood pieces (indicated by numbers 1, 2, and 3), selected from the wood flux, are shown
considering the model with secondary current effects (dotted lines) and the model without any correction
(continuous lines). The background water depth map is referred to the timestep 27000 s, i.e., during the

rising limb of the second flood.
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Figure 5.12 Similarity of simulated wood trajectories to results of the model without any correction for
considering secondary current effects (a), and to the mean observed trajectory (b). The similarity is expressed

through the calculation of Cg;,, (Eq. 4-29).
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5.5 Conclusion

The 19 June 1996 flood event at the Versilia River was simulated in order to test the applicability of the new
methodologies implemented in Iber-Wood (presented in chapter 4) to reproduce the wood trajectory in a tight
river bend. Iber-Wood has been largely used in last years for studying the transport of LW, including river-
scale simulations, however the model has never been applied to study wood transport in meandering or curved
channels The study case was selected due to the characteristics of the reach that presented a right curve of

about 90°, a curvature ratio of 1.7 (the S. Bartolomeo bend) and a huge amount of transported wood.

The hydraulic model was calibrated on the results presented by Paris & Settesoldi (1999) that firstly studied
the flood evolution and provided the characterization of the flow hydrograph (see Fig. 5.4). Numerical results
agree with the data used for the calibration, while differences were observed in simulating the influence of the
breach on the flow due to the different approach considered by Paris & Settesoldi (1999). In fact, the authors
assumed that the overflow started first along the river levees before the formation of the breach, and
subsequently uniquely from the breach, while the present model highlighted the presence of several points

along the investigated reach where the outflow occurred and thus inundating the nearby areas.

Due to the lack of field measurements, the wood boundary condition was set according to available sources,
such as images of the flood and the testimony of Prof. Eng. Enio Paris. In order to highlight the simulation of
secondary current effects on wood trajectories, large wood simulation was carried out using the enhanced
version of Iber-Wood and the model without any correction. Results of these two models differ greatly to each
other (see Fig. 5.11), as the observed driftwood was simulated only using the enhanced version of the model.
On the contrary, results of the model with the simulation of secondary current effects agree with observations,
reproducing the dynamics of wood elements that drifted to the outer bank along the bend, collided with the

levee at the end of the bend, and then continued travelling downstream.

In conclusion, the approximations implemented in Iber-Wood for reproducing secondary current effects on the
LW transport, provided overall good results in the Versilia River case study, confirming the validity of the

proposed approach in simulating LW transport in rivers.
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Chapter 6

Conclusions and outlook
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6.1 Main conclusions

The results of the present PhD research are here presented as answers to the research questions (Tab. 1.1).

= Which are the main variables that are determining the trajectory of LW in a river bend?

Large wood trajectories in river bends or meanders depend on multiple variables, such as LW characteristics,
flow regime, river morphology, and the presence of in-channel structures. The performed flume experiments
(see chapter 3) have been designed in order to report novel observations on the trajectories of single floating
LW-pieces in a sharp bend. As the dynamics of transported LW in river bends had not yet been studied, the
experimental setup was defined with the purpose of investigating the phenomenon, and so, experiments were
performed using a constant water discharge, neglecting the interaction between dowels and the bottom of the
channel (i.e., dowels were always floating), and no in-channel structures were considered. As a result, the
impacts of dowel dimensions, dowel inlet point and initial orientation on the dowel-trajectories are highlighted

and the importance of secondary flow is pointed out.

The laboratory activity involved the analysis of twenty-four experimental configurations that come from the
combination of four different dowel types, three dowel inlet points and two initial dowel orientations. The size
of the dowel strongly influence the LW trajectories, and the dowel length has been pointed out as the main
parameter that controls the drift of the dowels towards the outer wall of the channel. In fact, the dowel drift
resulted greater for longest dowels. Together with the length, the diameter of the dowel plays an important role
in controlling the driftwood, it increases the frontal area of the dowel to the flow, increasing the magnitude of
the hydrodynamic forces that act on the dowel. Moreover, the dowel dimensions are observed to be important
in controlling the inertia of the bodies that concours to induce the wood drift while moving downstream in the
channel bend. The approaching position of the dowel to the bend influence the travel time and the probability
that dowels impact on the outer wall. In addition, the approaching position is connected with the travel time as
the dowels that approached the bend closer to the inner wall travelled faster than others because of the higher
flow velocity of the inner region. The initial dowel orientation is the investigated parameter that has less
influence on the dowel trajectories, indeed the dowels tend to travel along the curve with their longitudinal
axis parallel to the longitudinal axis of the channel regardless of the starting orientation. Only the smallest
dowel (dowel type 1) disagree with the latter statement as its observed trajectory depend on the initial

orientation.

The conclusion is that the LW dimension is the main variables that is determining the trajectory of a single

piece of wood that travels through a sharp river bend.

= Which is the drag coefficient for a transported floating LW?

The drag coefficient is a key parameter for modelling the dynamics of transported LW in rivers and assessing

its effect on flow resistance, for this reason its estimation is very much needed. The transport of wood in river
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bends is subjected to a three-dimensional flow (the helical flow), however, for floating wood the velocity
distribution on the water surface is of particular importance. In river bends, the transversal component of the
flow is not negligible as in straight reaches, therefore a two-dimensional approach is needed for studying the
wood dynamics. In order to achieve this goal, a 2D mathematical model was presented and applied to flume

experiments (see chapter 3).

Calculated drag coefficients are mainly dependent on the dowel size and the relative dowel orientation with
respect to the direction of motion. Both these two aspects concur to define the frontal area of the dowels
exposed to the flow that determine the hydrodynamic resistance force on the dowel. The application of the
model to the present experiments shows that the drag area does not depend on the dowel orientation with
respect to the direction of motion as it resulted almost constant in the 90° rotation, it means that the pressure
distribution around the dowel does not vary with its orientation. Thus, the drag coefficient decreases with
increasing the orientation of the dowel, in disagreement with the available values in the literature which,
however, come from different experimental configurations, in which the trunks were held still and were not

free to move.

The conclusion is that the drag coefficient of a transported floating LW depends on the orientation of the piece
with respect to the direction of motion, and progressively decrease from about 1.2 to about 0.4 for a 90°

rotation.

=  How can a 2D depth-averaged model reproduce the effects of secondary currents on the

LW transport?

The helical flow that characterize sharp river bends has a three-dimensional character that cannot be simulated
in a 2D depth-averaged model, however its effects on the mean flow and on the boundary layers can be
estimated and implemented. In the present research, the existing model Iber-Wood has been enhanced in order

to simulate secondary current effects on the LW transport in river bends (see chapter 4).

The methodologies implemented in the model (section 4.2.1) allow for the consideration of the effects of
secondary currents on the depth-averaged flow by adding additional dispersion terms to the horizontal
momentum equations. In addition, a transport-type equation is added to the original model for calculating the
variation of the secondary flow intensity (/), and, importantly, the direction of the surface velocity vectors is

changed accordingly. In this way the effects of secondary flows on the wood trajectory are taken into account.

The Leichtweil Institute experiments (see chapter 3) are used for testing the proposed methodologies. The
simulations of the experimental setup highlight the benefits provided by the implemented methods in
reproducing the typical surface flow field that characterize river bends. Moreover, quite good results are
obtained by the simulation of the dowel-experiments as secondary current effects increases the similarity to
the observed experimental trajectories, particularly, in reproducing the observed drift of the dowels while
travelling through the channel bend.
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The enhanced version of Iber-Wood is also tested by simulating a river-scale model (see chapter 5). The
selected flood event, occurred on 19 June 1996 at the Versilia River, was characterize by a significant wood
flux. The focus was on the simulation of LW transport that concurred to the formation of a breach on the outer
levee of the S. Bartolomeo curve. The simulated LW trajectories globally agree with the observed ones during
the event simulation, reproducing the impact of the wood elements on the outer bank. As observed while
simulating Leichtweil} Institute experiments, the model reproduces the wood drift towards the outer bank along

the curve quite better than the model without any correction, getting very close to the observed wood flux.

The conclusion is that the effects of secondary currents on the LW transport can be simulated by a 2D depth-

averaged model.
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6.2 Outlook

In addition to the findings of the present thesis, the following topics would further improve the process of

understanding large wood transport in river bends or meanders:

e Investigate how the LW transport regime influence the dynamics of wood in river bends, thereby

evaluate the tendency to form stable wood accumulation on the outer bank.
e Examine the role of unsteady flow conditions on the LW transport in river bends.

e Analyze the effect of wood branches and roots on the dynamics of large wood in river bends. The
wood shape was already highlighted as a key parameter that influence the dynamics of LW in river

corridors, however the influence on transported wood trajectories in bends is unknown.

e Examine the dual interaction between large wood and morphodynamic processes. The
morphodynamic evolution of river bends and meanders may change the patterns of wood flux. Physical
and numerical modelling as well as field tests are needed to further improve the knowledge about the

complex dynamics of large wood-sediments interaction.

e Analyze the influence of in-channel structures on the dynamics of transported LW in river bends and

provide estimates for the blockage probability in presence of the helical flow.
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Appendices

A. Experimental flow patterns

The complete flow field measurements collected by Zaid (2017) are reported in Figs. A.1 and A.2. Figure A.1
visualizes the velocity magnitude in planes parallel to the bed, while Fig. A.2 shows the flow field within the
cross-sections defined along the curve, CS1 — CS9 (see Fig. 3.2). From z =7 cm to z = 9 cm, the velocities
were similar along the verticals, with a difference of 2+4%. For this reason, and to avoid possible errors arising
from the measurements with the side-looking probe close to the surface, the velocities at the surface were

approximated with the velocities at z =7 cm and the corresponding results for these layers are not shown.

z=1cm z=2cm z=3cm

<
£
3

b3 34

srges

852528

2852888328833

Figure A.1 2D flow field. The velocity magnitude (V-mag) is reported for different levels of water depth, z
indicates the height of the plan above the bottom of the channel (redrawn from Zaid, 2017). V-mag is

expressed in cm s
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Figure A.2 The 2D flow field at cross-sections CS1 — CS9, V-Mag is the velocity magnitude expressed in
cm s (redrawn from Zaid, 2017).
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B. Experimental dowel trajectories

The results of the twenty-four experimental configurations are reported below.

Table B.1 reports for each experimental configuration the values of (i) the mean travel time (T), (ii)
the mean distance from the left wall of the channel at CS1 — CS9 (d), and the coefficient of variation

at CS1 — CS9 (C,); for each configuration twenty runs were considered.

Figures B.1 — B.4 report dowel trajectories and boxplots for the twenty-four experimental
configurations. B.1 shows results of dowel type I, B.2 of dowel type II, B.3 of dowel type III, and B.4
of dowel type IV.

Figure B.5 reports the comparison between the two considered dowel initial orientation (i.e., parallel

and perpendicular) for each dowel type.

Figures B.6 — B.9 report the comparison between flow streamlines and experimental dowel
trajectories. B.6 shows results of dowel type I, B.7 of dowel type 11, B.8 of dowel type III, and B.9 of
dowel type IV.

Table B.1 Summary of the twenty-four experimental configurations. The table reports values of the mean

travel time (T'), the mean distance from the left wall (d), and the coefficient of variation (C,,).

Cross section

CSl1 CS2 CS3 CS4 CS5 CS6 CS7 CS8 CS9

Dowel I - I; — parallel [7=11.8s]

d [m] 0.213 0.213 0.225 0.225 0.245 0.270 0.303 0.346 0.408
Cy [-] 0.166 0.180 0.179 0.169 0.164 0.150 0.136 0.137 0.137
Dowel I - I; — perpendicular [7=12.2s]

d [m] 0.370 0.375 0.398 0.429 0.462 0.498 0.541 0.595 0.680
Cy [-] 0.088 0.098 0.103 0.109 0.113 0.121 0.122 0.122 0.124
Dowel I - I, — parallel [7=15.15]

d [m] 1.097 1.087 1.099 1.130 1.161 1.211 1.278 1.366 1.475
Cy [-] 0.052 0.064 0.076 0.082 0.085 0.090 0.094 0.095 0.094
Dowel I - I, — perpendicular [7=14.6s]

d[m] 1.041 1.030 1.039 1.062 1.091 1.130 1.177 1.239 1.329
Cy [-] 0.035 0.043 0.050 0.056 0.062 0.066 0.069 0.072 0.072
Dowel I - I3 — parallel [ 7=20.3s]

d [m] 2.009 2.021 2.044 2.070 2.094 2.117 2.140 2.163 2.186
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Cy [-] 0.047 0.056 0.062 0.063 0.061 0.057 0.050 0.044 0.035
Dowel I - I3 — perpendicular [7=21.0s]

d [m] 2.025 2.056 2.094 2.137 2.174 2.204 2.221 2.229 2.240
Cy [-] 0.029 0.033 0.037 0.038 0.036 0.032 0.028 0.024 0.023
Dowel II - I; — parallel [7=12.55]

d [m] 0.289 0.295 0.309 0.323 0.344 0.373 0.413 0.474 0.557
Cy [-] 0.231 0.233 0.233 0.228 0.225 0.215 0.213 0.202 0.185
Dowel II - I; — perpendicular [7=12.55]

d [m] 0.277 0.284 0.301 0.321 0.349 0.381 0.424 0.487 0.577
Cy [-] 0.172 0.185 0.184 0.188 0.186 0.187 0.183 0.170 0.159
Dowel II - I, — parallel [7=15.8s]

d [m] 1.069 1.055 1.064 1.088 1.121 1.157 1.213 1.290 1.396
Cy [-] 0.055 0.060 0.062 0.064 0.065 0.067 0.071 0.071 0.069
Dowel II - I — perpendicular [7=15.4s]

d [m] 1.085 1.073 1.081 1.102 1.128 1.166 1.221 1.294 1.397
Cy [-] 0.052 0.058 0.067 0.075 0.081 0.088 0.092 0.095 0.096
Dowel II - I3 — parallel [ 7=20.8s]

d [m] 1.958 1.974 2.002 2.025 2.044 2.062 2.069 2.075 2.104
Cy [-] 0.034 0.046 0.057 0.063 0.065 0.063 0.059 0.049 0.043
Dowel II - I3 — perpendicular [ 7=19.9s]

d [m] 1.902 1.906 1.936 1.982 2.032 2.079 2.116 2.147 2.167
Cy [-] 0.026 0.037 0.045 0.050 0.050 0.044 0.032 0.025 0.030
Dowel III - I; — parallel [7=12.3s]

d [m] 0.269 0.277 0.292 0.311 0.336 0.367 0.405 0.458 0.537
Cy [-] 0.191 0.196 0.193 0.191 0.194 0.194 0.197 0.196 0.189
Dowel I1I - I; — perpendicular [7=12.4s]

d [m] 0.242 0.250 0.266 0.285 0.310 0.342 0.383 0.443 0.528
Cy [-] 0.196 0.198 0.201 0.200 0.197 0.185 0.179 0.169 0.155
Dowel I1I - I, — parallel [7=15.3s]

d [m] 1.078 1.071 1.087 1.119 1.157 1.203 1.260 1.333 1.432
Cy [-] 0.044 0.053 0.058 0.064 0.068 0.070 0.072 0.073 0.072
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Dowel I1I - I, — perpendicular [7=15.1s]

d [m] 1.072 1.060 1.067 1.092 1.122 1.160 1.212 1.281 1.380
Cy [-] 0.031 0.039 0.044 0.050 0.058 0.063 0.067 0.067 0.067
Dowel III - I3 — parallel [ 7=20.6s]

d [m] 2.069 2.067 2.083 2.100 2.113 2.124 2.139 2.155 2.187
Cy [-] 0.058 0.072 0.081 0.084 0.080 0.071 0.060 0.048 0.039
Dowel I1I - I3 — perpendicular [7=19.5s]

d [m] 2.022 2.029 2.054 2.094 2.125 2.148 2.171 2.183 2.192
Cy [-] 0.040 0.042 0.043 0.044 0.044 0.044 0.043 0.041 0.041
Dowel IV - I; — parallel [7=13.7s]

d [m] 0.322 0.323 0.335 0.351 0.374 0.404 0.441 0.495 0.571
Cy [-] 0.091 0.103 0.113 0.122 0.137 0.147 0.155 0.162 0.168
Dowel IV - 1 — perpendicular [7=13.15s]

d [m] 0.283 0.298 0.321 0.349 0.384 0.428 0.483 0.557 0.657
Cy [-] 0.099 0.106 0.113 0.121 0.126 0.133 0.136 0.139 0.136
Dowel IV — 1, — parallel [ 7=16.15]

d [m] 1.093 1.094 1.110 1.140 1.180 1.227 1.289 1.367 1.474
Cy [-] 0.033 0.036 0.039 0.046 0.049 0.053 0.057 0.060 0.064
Dowel IV - I, — perpendicular [7=16.8s]

d [m] 1.109 1.103 1.119 1.148 1.187 1.236 1.301 1.384 1.493
Cy [-] 0.045 0.054 0.062 0.068 0.074 0.079 0.085 0.089 0.091
Dowel IV - I3 — parallel [7=20.1s]

d [m] 1.889 1.889 1.898 1.910 1.925 1.938 1.957 1.988 2.040
Cy [-] 0.055 0.072 0.088 0.099 0.107 0.107 0.101 0.089 0.075
Dowel IV - I3 — perpendicular [7=19.7s]

d [m] 1.952 1.918 1.914 1.934 1.971 2.020 2.076 2.136 2.184
Cy [-] 0.020 0.024 0.027 0.029 0.034 0.038 0.035 0.033 0.033
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Figure B.4 Trajectories and boxplots of the six experimental configurations for dowel type V.
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Figure B.5 Trajectories of experiments with all the dowel types. The two considered initial orientations

(parallel or perpendicular) of the dowel are reported in each subplot for the three inlet points.
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Figure B.7 Comparison between flow streamlines and experimental dowel trajectories for dowel type II.

119



Y [m]

Y [m]

Y [m]

Dowel Il - l1 - par.

—--—-— Streamlines

Dowel lll - I2 - par.

--—-— Streamlines

Dowel Il - '3 - par.

—-—-— Streamlines

Dowel Il - I1 - perp.

—-—-— Streamlines

Dowel I - I2 - perp.

—-—-— Streamlines

Dowel Il - Ia - perp.

~-—-— Streamlines

8 . . . . — v v + v . . . v . . .
, Dowel IV -1, - par. ‘il Dowel IV - 1, - par. E Dowel IV -1, - par. E| |
=-—-— Streamlines @ /-~ g =, | | =——— Streamlines --—-— Streamlines
6
5
4 E E
> >
3
2
1
0
3 4 5 6 7 8 9 10 1 12 4 5 6 7 8 9 10 1 12 4 5 6 7 8 9 0 1 12
X [m] X[m] X[m]
8 ' : — ' .
Dowel IV -1, - perp. ‘ | Dowel IV - 1, - perp. El Dowel IV -1, - perp. EI
7 1
—-—-— Streamlines —-—-— Streamlines —-—-— Streamlines
6
5
af {1E& E
> >
3
2
1
0 .
3 4 5 6 7 8 9 10 1 12 12 4 5 6 7 8 9 10 1 12

Figure B.9 Comparison between flow streamlines and experimental dowel trajectories for dowel type IV.
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C. Iber-Wood: governing equation for wood transport

The two dimensional numerical model for wood transport was developed and proposed by Ruiz-Villanueva et
al (2014a) and it was implemented as a new module (Iber-Wood) into the 2D hydrodynamic software Iber

(Bladé et al., 2014).

Iber-Wood allows to choose between kinetic and dynamic approaches for modelling the transport of wood
pieces. In the present thesis only the kinetic approach was used. All the steps involved in the kinetic analysis
are reported in Fig. C.1, the first step is the definition of the dowel velocity that was derived by the balance of
the forces acting on a wood in water (see section 2.2). Ruiz-Villanueva et al. (2014a) used the definition of

Mazzorana et al. (2011) for defining the dowel velocity:
Uwooa = (1 —C*) - U, (C-D

in which, C* is the transport inhibition parameter (C* = 0 for dowel in floating condition; C* = 1 for resting

condition; C* = 1 — (h/D,,0q) for sliding or rolling condition).

The authors modified the parameter C* introducing the relative flow velocity U,.:

Ur = Uy — Uwooa (C-2)
Equation C-2 can be also written as:

Uwooa = Uw — Ulim (C-3)
In which, Uy, is the threshold velocity for wood incipient motion Mazzorana et al. (2011).

In floating conditions Uj;,, = 0 and Uy,,00q = Uy, it means that the dowel moves with the same velocity of the
flow (Haga et al., 2002).

Determined the flow and dowel velocities, the motion of the dowel is modelled at each timestep by:

x\:vf)l\t;ld = xwood + At Uwood (C'4)

in which, “CM” means center of mass, and x indicates the position.

The velocities at the dowel extremities is defined as:

1 cM aU cM
Uwood Uwood + - (xwood Xwood (C'S)
U2 — UM an cM C-6
wood — Ywood + (xwood Xwood ( - )

in which, USM , is the velocity of the dowel center of mass, and 1 and 2 apexes indicates the two dowel

extremities.

Then, the new position of the dowel extremities is calculated as:
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x\:v}wd = x\}/ood + At U\}/ood (C-7)
x\Cv%od = x\iood + At - U\f/ood (C-7)

The dowel orientation is determined as:

Xy d_t —Xyy, d_t
0’ = tan~1 <M> (C-8)

1
Xwood_t1~Xwood_t1

Force balance

0/

Dowel orientation Threshold velocity

P ~ >

New position of

dowel extremities

1 2 .
Uwood: Uwood l Wood velocity Uwood

& / <

y ~ y N

Dowel center of
mass position

) o J CcM
( " Xwood

Velocities at dowel
extremities

1 2 ) y
Xwood» Xwood i |

Dowel center of
mass velocity

\
b _4

CM
Uwood

Figure C.1 Scheme of the steps for the kinetic analysis implemented in Iber-Wood.
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D. Additional numerical results

Tables D.1 reports the performances of the implemented methods in simulating Leichtweil3 Institute laboratory

experiments.

Table D.1 Performances of the methods implemented to simulate Leichtweil3 Institute experiments. The
reported values represent the value of RMSE, RSE, and NSE, for water depth and water surface velocity in
simulating the flow at the channel curve. MO means the model without any correction for secondary current

effects, while M1, M2, and M3 refer to the three implemented methods.

RMSE [mm)]
Water depth Water surface velocity
CS MO M1 M2 M3 MO M1 M2 M3
1 1.8 0.8 1.7 2.0 384 35.7 383 39.0
2 - - - - 30.6 30.1 30.9 31.3
3 - - - - 28.1 28.3 28.6 28.8
4 - - - - 26.3 25.9 27.0 26.9
5 24 1.1 22 2.5 27.1 26.3 27.8 27.3
6 - - - - 27.1 314 28.7 273
7 - - - - 28.0 33.1 29.5 28.0
8 - - - - 29.4 34.2 30.7 29.9
9 1.6 2.1 1.6 1.6 28.1 28.3 28.6 28.8
RSE [%)]
Water depth Water surface velocity
CS MO M1 M2 M3 MO M1 M2 M3
1 1.89 0.85 1.76 2.09 5.61 5.29 5.55 5.74
2 - - - - 4.63 4.44 4.59 4.80
3 - - - - 4.06 3.95 4.02 4.21
4 - - - - 3.83 3.67 3.86 3.94
5 2.36 1.05 2.17 242 3.91 3.73 3.95 3.97
6 - - - - 4.02 4.51 4.11 4.02
7 - - - - 3.93 4.51 4.12 3.93
8 - - - - 4.01 4.36 4.22 4.10
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9 1.26 2.06 1.36 1.37 3.00 2.78 3.11 3.12
NSE
Water depth Water surface velocity
CS MO M1 M2 M3 MO M1 M2 M3
1 0.78 0.95 0.81 0.73 0.15 0.26 0.15 0.12
2 - - - - 0.72 0.73 0.72 0.71
3 - - - - 0.84 0.84 0.84 0.83
4 - - - - 0.88 0.88 0.87 0.88
5 0.94 0.99 0.95 0.94 0.88 0.89 0.87 0.88
6 - - - - 0.86 0.81 0.84 0.86
7 - - - - 0.81 0.73 0.79 0.81
8 - - - - 0.60 0.45 0.56 0.58
9 0.91 0.83 0.91 0.90 -0.24 -0.44 -0.33 -0.31
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E. Breach definition in Versilia River model

The breach formation during the simulation was implemented in the model using the specific tool of Iber. This

tool allows one to make a mesh deformation in order to reproduce the outflow through the breach.

Table E.1 reports the main characteristics of the breach provided by Paris & Settesoldi (1999). The authors
described the breach as a trapezoidal shape with a length of 70 m at the top and 60 m at the bottom. According
to the field observation, a trapezoidal shape breach was defined in the model. Figure E.1 shows the
schematization of the trapezoidal breach and the parameters needed to reproduce the breach formation during
the simulation. Firstly, two points needed to be identified for the definition of the breach line axis (Fig. E.1b),
than all the required parameters (Fig. E.1¢) were set according to the event reconstruction provided by Paris
& Settesoldi (1999). These parameters were: the starting time of the breach, the top and bottom elevations, the
top and bottom widths, and the breaching time that defines the time needed for the breach formation; Fig. E.1¢

shows the parameters used in the model.

Table E.1 Main characteristics of the breach.

Breach shape trapezoidal
Breaching time 40 min
Top breach length 70 m
Bottom breach length 60 m
Initial levee elevation 174 ma.s.l.
Final levee elevation 12.5ma.s.l.
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Top elevation
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\ / \ Bottom elevation
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Value 28620

Top Elevation 174
Bottom Elevation|12.5
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Breaching Time 2400

Figure E.1 Breach definition: schematic representation of the breach (a and b) and the breach window with

the needed parameters (c). Time values are expressed in seconds while elevations and widths are expressed

in meters.
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