
1.  Introduction
Large wood (LW), large wood debris, woody debris, instream wood or simply debris, are the widely known 
names for instream large trees and branches - normally of length 1 m and average diameter 10 cm (e.g., 
Gippel et al., 1996; Ruiz-Villanueva et al., 2019) although other definitions are also found based on quali-
tative features (e.g., Bradley et al., 2005), or scaled with the size of the watercourse (e.g., Ruiz-Villanueva, 
Piégay, Gaertner, et al., 2016; Ruiz-Villanueva, Piégay, Gurnell, et al., 2016). Over the decades, interest in the 
management of LW and the effects of LW on riverine environments as well as on the built environment has 
substantially grown. On one hand, LW is believed to benefit aquatic environment by providing biodiversity 
to fish habitat and stabilizing micro-organisms (Abbe & Montgomery, 1996; Gregory et al., 1993; Lagasse 
et al., 2010). Engineered LW jams can also be used to mitigate flood peak flows and stabilize river channels 
in order to restore natural river processes (Gurnell et al., 2019), whilst LW is also an important factor for 
geomorphological changes of the river (Mao et al., 2020). On the other hand, uncontrolled transport of LW 
accumulating at riverine structures can cause increased flood levels and hydraulic actions that may result in 
serious hazards to human life and infrastructure (Comiti et al., 2016; Lassettre & Kondolf, 2012).

In recent years, a significant amount of research has been devoted to unravel the complex interactions be-
tween LW, flow and structures; for example, LW entrapped at single bridge piers can form very large accu-
mulations (Gschnitzer et al., 2017; Panici & de Almeida, 2020a; Panici et al., 2020), depending on flow and 
LW characteristics (Gschnitzer et al., 2017; Panici & de Almeida, 2018, 2020b); furthermore, accumulated 
LW can dramatically exacerbate local scour to single piers (Ebrahimi et al., 2018, 2020; Pagliara & Carnaci-
na, 2011, 2013) or to array of piers (Schalko et al., 2019a). Accumulations of LW at in-line structures can 
also increase the backwater profile depending on the size and packing capacity of the accumulation (Panici 
& Kripakaran, 2021; Schalko et al., 2018). In some cases mitigation measures can be employed, including 
bypasses (Schmocker & Weitbrecht, 2013), in-line full-width racks (Schalko et al., 2019b), in-line alternating 
racks (Panici & Kripakaran, 2021), fins and sills (Bradley et al., 2005; Lyn et al., 2003; Schalko et al., 2019b).
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A crucial aspect of the aforementioned effects and measures is related to the transport of LW in rivers, since 
jam formation and entrapment may depend on the characteristics of LW motion in rivers. Some studies 
focused on the initiation or mobilization of LW elements lying on the floodplains and being mobilized 
during floods, mostly due to the combined effect of flotation and drag force (Braudrick et al., 1997; Crosato 
et al., 2013; Diehl, 1997; Lagasse et al., 2010; Ruiz-Villanueva, Piégay, Gaertner, et al., 2016; Ruiz-Villanueva, 
Piégay, Gurnell, et al., 2016). Other factors may also include LW element orientation at the motion onset 
(Braudrick et  al.,  1997; Crosato et  al.,  2013; Lagasse et  al.,  2010; Wilcox & Wohl,  2006), and LW length 
and diameter (Braudrick et al.,  1997; Crosato et al.,  2013; Curran, 2010; Ruiz-Villanueva, Piégay, Gaert-
ner, et al., 2016; Ruiz-Villanueva, Piégay, Gurnell, et al., 2016). LW elements can be recruited at different 
locations across a river channel depending on the main recruitment process; for example, bank erosion 
(Diehl, 1997; Lyn et al., 2003), banks mass-wasting and mass movement, dead plant, logging, windthrow, 
collapse from ice and snow (Diehl, 1997; Gurnell et al., 2019; Hassan et al., 2016; Lagasse et al., 2010; Pfister 
et al., 2013; Sedell et al., 1988) are the most common causes. The input of LW can therefore occur virtually 
at any point on a river section. Once LW elements are mobilized, they normally float at the river surface, 
provided that the wood density is lower than the water density and in consideration that wood density may 
have a significant effect on wood buoyancy and mobility (Ruiz-Villanueva, Piégay, Gaertner, et al., 2016; 
Ruiz-Villanueva, Piégay, Gurnell, et al., 2016). Previous flume experiments (Braudrick et al., 1997) were 
employed to identify three different modes of wood transport: uncongested (i.e., LW elements conveyed 
as single elements and with little or no interactions with other elements), congested (i.e., LW moving en 
masse) and semi-congested, that is, an intermediate condition. Field studies revealed that the uncongested 
mode of transport is the most frequently observed (Bradley et al., 2005; Diehl, 1997; Lagasse et al., 2010; 
Lyn et al., 2007), although hyper-congested flows (i.e., where the LW phase is highly concentrated and can 
overcome the liquid phase) have also been identified in extreme events and typically in mountainous areas 
(Ruiz-Villanueva et al., 2019).

Field observations revealed that, in the majority of the situations, LW is observed within a small portion 
of the channel (Bradley et al., 2005; Diehl, 1997), that often coincides with the point on the water surface 
where the depth is highest (Diehl, 1997; Lyn et al., 2003). In addition, transport of LW elements in these 
channel paths may recur when comparable flow conditions arise (Lyn et al., 2007). Nevertheless, reasons 
for this well-marked pattern are still unknown. Bradley et al.  (2005); Diehl  (1997); Lagasse et al.  (2010) 
postulated that the path of LW on the water surface is driven by secondary currents (i.e., the flow velocity 
cells formed by velocity components normal to the streamwise direction) to the points of convergence on 
the water surface. This would explain why LW elements are normally observed in the centerline (for straight 
channels) and at the outer banks (for curved channels). However, this theory was not tested in the field nor 
corroborated with data, and thus could not be effectively proved (Lagasse et al., 2010). Past experiments 
seemed to confirm preferential patterns for both straight channel (Bocchiola et al., 2008) and curved reach 
(Schmocker & Weitbrecht, 2013), but could not provide any evidence to confirm the theory by Diehl (1997). 
De Cicco et al. (2020) observed in a flume experiment that LW elements released at the flume centerline 
occupied a narrow area of the flume center for Fr = 0.50, whilst for lower Fr (i.e., 0.30) the area was wider 
in either direction. Modeling of LW transport has been developed in the past, for which particular empha-
sis was put on incipient motion and LW-structure interactions, including CFD simulations (Mazzorana 
et al., 2011), and 2D hydrodynamic models (Ruiz-Villanueva, Piégay, Gaertner, et al., 2016; Ruiz-Villanueva, 
Piégay, Gurnell, et al., 2016), whilst comparatively less attention has been put on understanding the LW 
transport phenomena and its preferential patterns, or the influence of hydrodynamic actions.

A correct estimation of LW motion on the river surface can substantially increase the ability to assess risks 
at structures and design mitigation measures (Panici et al., 2020; Schalko et al., 2019a), plan and manage 
rivers for flood protection and habitat restoration, as well as improving our understanding of the funda-
mental physical phenomena that occur for these processes. The overarching aim of this work is to provide 
an understanding of the interactions between flow and LW for transport at the water surface. A series of 
laboratory experiments in a straight trapezoidal channel has been carried out in order to (a) analyze the 
patterns traveled by LW elements released at different locations along the channel, and (b) characterize the 
interactions between flow components and LW trajectories throughout the length of the flume by statistical 
analysis and physical modeling. The results from this work will pave the way for the development of accu-
rate assessment of LW-related effects, together with effective planning for LW management.
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2.  Methodology
A dimensional analysis has been carried out to identify quantities relevant to the phenomenon of LW trans-
port and also to provide similarity between experimental model and prototype. Dimensional analysis can 
also mitigate any scaling effect through dynamic similarity, whereby identical values of the resulting di-
mensionless quantities (including forces) at model and prototype scale are observed. An initial relationship 
among variables was defined as:

     , , , , , , , , , 0LWf v h g B L d� (1)

where v is the flow velocity, h is the flow depth,   is the flow density,  is the flow dynamic viscosity, g is 
the gravitational acceleration, B is the top channel width, L is the LW length, d is the LW diameter, LW is 
the LW density,   is the LW displacement. Applying Buckingham's Π theorem and choosing v,  , and h as 
repeated group, Equation 1 becomes:

  
 

 
 

 2, , , , , , 0LWgB h L df
vB B B B Bv

� (2)

where the first and second terms represent a form of Reynolds and Froude numbers, respectively. A few 
simplifications to Equation 2 can be done.

•	 �The influence of LW density is tested as a constant value and its dimensionless ratio can be dropped from 
Equation 2.

•	 �The length ratios /L B and /d B will be chosen sufficiently small to avoid frequent interactions with the 
channel walls; also, these ratios are kept constant for all experiments.

•	 �The third dimensionless group (i.e., /h B) can be multiplied to the first two dimensionless groups, as it 
will be better descriptive of the observed hydraulics (i.e., corresponding Reynolds and Froude numbers).

•	 �Reynolds invariance is assumed, since tests were conducted in turbulent regime and scaling effects due 
to viscous forces can be neglected; hence, the corresponding Reynolds dimensionless group is relaxed 
from Equation 2.

•	 �Froude similarity between model and prototype will ensure dynamic similarity, eliminating scale effects 
from gravity and inertia.

The resulting dimensionless relationship is:

 
 

 
, 0f Fr
B

� (3)

Equation 3 relates the displacement of LW elements to the flow characteristics. Thus, experimental tests 
and data analysis were designed to investigate the importance of the dimensionless variables in Equation 3 
for LW motion. A series of three experimental campaigns has been carried out at the fixed trapezoidal 
recirculating flume at the University of Southampton Science Park. The prismatic flume is 54 m long and 
3.25 m wide (at the major base) and 2.05 m wide at the minor base, that is, the flume bed. The flume height 
is 0.55 m. The angle at the flume sides corresponds to 42.5°. This type of flume was chosen for the following 
reasons:

•	 �Wide channel width to maximize potential trajectories of LW elements;
•	 �Higher variability of flow velocity (and, hence, of secondary cells and convergence points) due to the 

trapezoidal shape;
•	 �Long stretch of the flume to allow tracking of elements;
•	 �Moderate model-prototype scale (e.g., 1:5 to 1:20 for many lowland European rivers) to minimize poten-

tial scaling effects.

The flume is equipped with a sharp crested weir at the outlet for water level control. The inlet is also con-
trolled by a drowned broad crested weir to allow pumping of the water contained inside the sumps. The 
flume is equipped with three pumps which combined together can reach a maximum discharge of 0.31 
m3s−1. The flume could be accessed from any side and can be crossed through a fixed bridge at the inlet and 
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a mobile gantry. The flume has a fixed gradient of 6 × 10−4, and uniform flow conditions were achieved in 
the stretch where tracking was carried out.

The experimental set-up is sketched in Figure 1, where the 0 x-coordinate (i.e., the main flow direction) has 
been set 3 m downstream of the inlet to account for development of turbulence, whilst the y coordinate is 
set to 0 at the flume centerline and the z coordinate at the flume fixed bed. A series of three video-cameras in 
a CCTV system (sampling at 25 frames per second) was installed 1.2 m above the flume at distances x = 2 m, 
7.5 and 13 m, respectively. Overall, the cameras covered a length of approximately 16 m. A reference grid 
was captured by the cameras prior to any experiment in order to map the undistorted x (i.e., parallel to the 
main flow direction) and y (i.e., perpendicular to the main flow direction) coordinates. The 3-D components 
of the flow velocity were measured by a SonTek Flow Tracker ADV (nominal accuracy 1% of measured 
values) at five cross-sections, respectively at x = 1 m, 4 m, 7 m, 10 m, and 15 m. Such sections were cho-
sen to provide spot measurements of flow velocity and compare if local velocity changes had influence  
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Figure 1.  (a) Sketch of the flume set-up indicating the experimental apparatus, measuring locations, acoustic Doppler-
velocimeter (ADV), and a large wood (LW) element, (b) Frame from first CCTV camera (test group BC) that includes a 
tracking of a LW element in the distorted scale, (c) examples of LW elements used for the experiments.
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Groupa
Water depth 

h (m)
Velocity v 

(m/s)
Froude number 

Fr
Dropping 
location

AL 0.208 0.165 0.121 Left

AC 0.208 0.165 0.121 Centerline

AR 0.208 0.165 0.121 Right

BL 0.261 0.250 0.165 Left

BC 0.261 0.250 0.165 Centerline

BR 0.261 0.250 0.165 Right

CL 0.257 0.418 0.279 Left

CC 0.257 0.418 0.279 Centerline

CR 0.257 0.418 0.279 Right
aFirst letter: A, B, C are Froude values in ascending order; Second 
letter: L, C, R are left, center, right release locations.

Table 1 
Experimental Groups With Description of Flow and Location 
Characteristics

on the LW motion. Measurements at the cross-sections consisted of 36 points 
of measurements (sampling frequency 10 Hz), each averaged over 120 s. Dis-
charge was constantly monitored by a SonTek IQ Plus multi-cell multi-beam 
ADV installed at the centerline of the flume bed at x = 10 m and was used to 
estimate the flow discharge together with the sharp crested weir equation for 
additional accuracy. The water level was measured at the beginning of each 
experimental campaign along the flume by using a point gauge (accuracy 
0.25 mm). Flow conditions were established by controlling the downstream 
level using the weir height and also adjusting the discharge that was moni-
tored by the IQ Plus.

Table 1 summarizes the experimental groups tested for this work, indicating 
flow properties and LW release location. Three different flow conditions were 
tested in the flume, for Froude numbers (where the characteristic length is the 
hydraulic mean depth mh  =  /A T , for which A is the flow area and T  is the top 
water surface width) of values 0.121, 0.165, and 0.279 (experimental mac-
ro-groups A, B, and C, respectively), which is typical for flood flows in lowland 
rivers. On the other hand, Reynolds number varied between 2.70 × 104 and 
8.56  ×  104. The underlying principle of the experiments conducted in this 
work has been to assume Reynolds invariance by disregarding Reynolds simi-
larity and only consider Froude similarity between model and prototype, as it 

is a consolidated practice in hydraulic research (e.g., Bocchiola et al., 2008; Panici & de Almeida, 2018; Pan-
ici & Kripakaran, 2021; Wallerstein et al., 1997). In addition, since Reynolds number was kept 104 and 
water depth 0.05  m, potential scaling effects from viscosity and surface tension were minimized (Hel-
ler, 2011; Schalko et al., 2019b). Water levels varied between 0.205 and 0.261 m, whilst the cross-section 
averaged velocity varied between 0.165 and 0.418 ms−1.

LW pieces were modeled by 48 defoliated natural sticks of length 0.50 m and average diameter 0.029 m 
standard deviation 0.003 m. Sticks from trees and branches have been preferred to idealized elements (e.g., 
dowels) since LW is best modeled using natural elements (Lyn et al., 2003; Panici & de Almeida, 2020b), and 
also for comparison with the growing literature on LW that makes use of these elements (e.g., Schmocker & 
Hager, 2011; Schalko et al., 2019b). The sticks were collected within the premises of the laboratory and are 
representative of British and European trees (e.g., beech and birch) and were selected as straight and regular 
as possible; the sticks underwent a cycle of soaking and drying until the average density of this material 
was approximately 550 kgm−3. The sticks were individually released onto the water surface and at a rate 
1 in 5 s, in order to simulate an uncongested mode of transport and avoid interactions between elements; 
release was carried out manually and oriented parallel to the flow whenever possible (although in some cas-
es slight initial angles could not be avoided) in accordance with field observations (e.g., Diehl, 1997; Sedell 
et al., 1988) that identified this orientation as the most frequently observed in rivers, and left free to be con-
veyed by the flow. The sticks were released at the cross-section x = 0 m, whereas three dropping points were 
located at the left bank, right bank and centerline respectively. For added stochasticity, some sticks at the 
right and left bank were released at the cross-sections x = 3 and 4.5 m. Each experimental group consisted 
of 16 sticks. The number of sticks per experiment (48) and experimental group (16) was chosen to provide 
sufficient variability to the types of LW transport, and was also similar to previous works on LW in flume ex-
periments (e.g., De Cicco et al., 2020; Furlan et al., 2018; Schalko et al., 2019a; Schmocker & Hager, 2011). A 
porous screen was placed at the far end of the flume to prevent LW elements to reach the sumps; the screen 
was cleared regularly from accumulated elements to prevent affecting the upstream flow.

A total number of 144 tests was run for this work. Once each experiment was concluded, video-recordings 
were analyzed at a rate of 0.25 frames per second (fps), that is, 1 frame every 4 s (experiments AL, AC, AR); 
0.5 fps, that is, 1 frame every 2 s (experiments BL, BC, BR) and 1 fps (experiments CL, CC, CR). Each cap-
tured frame was used to track the position of the center of mass (defined as the coordinates of the mid-point 
between the coordinates of the two ends of each element) of the LW elements along the whole length of the 
experimental area (16 m). Then, distorted coordinates were converted to the undistorted system by a custom 
algorithm based on a bilinear approach built on the reference grid recorded before the experiments. The 
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size of natural sticks used to model LW and flume width and length also 
improved visibility of elements in video recordings and minimized loss of 
accuracy due to capturing distorted scale. Figure 1 shows an example of 
a frame used for tracking from one of the CCTV camera system for a LW 
element in group BC with superposition of the tracking trajectory.

3.  Results
In this section, the experimental observations are reported and described 
for all experimental groups, including measurements of the flow velocity, 
the trajectories of LW elements and the observed main mechanisms of 
motion.

3.1.  Velocity Measurements

The velocity vectors at the five cross-sections along the flume are shown 
in Figure 2 for Fr = 0.121, 0.165 and 0.279 (top to bottom). The vectors are 
represented by arrows and are the sum of the y (i.e., horizontal) and z (i.e., 
vertical) components of the velocity, with respect to the flume walls and 
the water surface. The range of velocities observed at the water surface 
can vary widely, for example, for Fr = 0.121 velocity in the x-direction in 
all measured cross-sections is in the range 0.1434–0.2159 ms−1, -0.0390 - 
0.0331 ms−1 for y and −0.0077 - 0.0216 ms−1 for z. For Fr = 0.165, velocity 
in x ranges 0.1601–0.3254 ms−1, in the y direction −0.0636 - 0.0394 ms−1 
and in the z direction −0.0085–0.0333. Finally, for Fr = 0.279 it was meas-
ured for the x direction 0.2854–0.6367 ms−1, for y −0.0843 - 0.0812 ms−1 
and for z −0.0233 - 0.0458 ms−1. Although varying significantly along the 
channel and cross-sections, the average values for x, y and z reflect ap-
proximately the cross-section averaged values measured by the multi-cell 
ADV. It is also notable to observe that, as expected, the x-component of 
water velocity can be up to 8 times greater than the y and z components.

At the water surface in Figure  2, points where two opposite y-compo-
nents of the flow velocity are directed toward each other have been de-
fined for the purpose of this study as convergence points, that is, points 
where secondary currents converge at the water surface. Similarly, points 
on the water surface where two opposite y-components of the flow veloc-
ity are directed away from each other, have been called in this study as 
divergence points, that is, a point on the water surface where secondary 
currents diverge.

At first, convergence and divergence points were observed at the water 
surface in all cross-sections and for all Fr conditions. In a large num-
ber of cases, two opposite points are located in adjacent positions (e.g., 
a convergence points next to a divergence point) indicating small-sized 
secondary cells. However, some marked differences can be observed. The 
amount of convergence and divergence points tended to decrease with 
the increase of Fr. For example, in section x = 15 m, five convergence 
points and five divergence points are observed for Fr = 0.121, three and 
two for Fr = 0.165, and two each for Fr = 0.279. A similar tendency can 
be observed for all other cross-sections. Furthermore, for lower Fr values 
a frequent alternation between convergence and divergence points is ob-
served, often for adjacent points, meaning that for those conditions there 
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Figure 2.  Velocity field for Fr = 0.121 (2a), 0.165 (2b) and 0.279 (2c) at the 
measured cross-sections. The blue lines indicate the water surface, whilst 
triangles and circles, respectively, the divergence and convergence points 
at the surface.
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is a high number of small cells. On the other hand, increasing Fr showed to provide a minor number of 
cells, but in wider sizes that may encompass large portions of the channel.

3.2.  Tracking Large Wood Transport

The system of three cameras above the flume was employed to track the location of LW along the channel 
(Figure 1).

A first analysis can be undertaken for the observed rotational and translational motion of LW elements at the 
water surface for all Fr tested. Figure 3 shows some representative examples of the observed translational 
and rotational movements observed for LW elements at the flume surface for the three cases Fr = 0.121, 
0.165, and 0.279 (sub-plots left to right). The x and y coordinates are made dimensionless via dividing the 
measured coordinate by the water surface width (constant in each experiment and of values, respectively, 
of 2.504 m, 2.620 and 2.611 m). Each sub-figure shows the motion of four different elements, in order to 
summarize the observations made for the most frequent types of motions and that are representative of 
the whole population of LW tested. The majority of elements (61.8%) were released at the surface with no 
apparent rotation relative to the main flow direction, whilst the remaining 38.2% of elements were released 
with a slight angle. Of the first group, only a small percentage of LW (10.1% of the initially straight elements, 
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Figure 3.  Tracked LW elements representing rotations and translations for Fr  = 0.121 (3a), Fr = 0.165 (3b) and Fr = 0.279 (3c) including at least one element 
per experimental group in the dimensionless directions x and y (not represented in the same scale). Elements are represented by bars and solid lines represent 
the trajectory of the LW centers of mass. Figures also include velocity vectors (black arrows) and flow velocity convergence and divergence points (triangles and 
circles respectively).
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that is 6.3% of the total number) effectively traveled along the flume keeping this orientation approximately 
unvaried. The remaining 89.9% of initially straight elements (or 55.6% of the total number of elements) were 
then either tilted with respect to the original position (of these, 31.2% clockwise and 43.8% anticlockwise, 
corresponding respectively to 17.4% and 24.3% of the total number of elements released) or ended up in 
a horizontal alignment, that is, perpendicular to the main direction of the flow (25% of initially straight 
elements or 13.9% of all elements). It is also important to note that the elements that retained a straight 
orientation were only those released at the two banks, whilst none were observed at the centerline. On the 
other hand, more than a third of tilted elements (i.e., 33.8%, or 15.3% of the total number of sticks) either 
from the initial position or during the experiments, reversed to a straight position. Elements that rotated 
until perpendicular to the flow typically (in 56.4% of the cases) reverted to a tilted position further on in the 
experiments, although none was observed to obtain a completely straight orientation. Other less frequent 
observations include: Elements with an already tilted direction increase their tilting angle only partially 
or changing direction of tilted angle (e.g., from a clockwise to an anticlockwise direction); elements that 
completely revolved about their center of mass for one or more times. The three different Fr conditions dis-
played the same types of rotation or translation consistently throughout the experimental campaign, with 
minimal differences that can be attributed to the stochasticity of the phenomenon.

Figure 4 shows the planar trajectories (lines) and coordinates of the tracked centers of mass (crosses) at 
the water surface of LW elements in the y (i.e., perpendicular to the flow) and x (i.e., parallel to the flow) 
directions for, respectively Fr  = 0.121, 0.165, and 0.279. Similarly to Figure 3, the x and y coordinates are 
made dimensionless. Small gaps between 2 x 2.5 and 4 x 4.5 indicate areas where image definition 
was insufficient to obtain an accurate position, and therefore have been left blank. Blue crosses are the LW 
released at the left bank (groups AL, BL and CL), green crosses LW at the centerline (groups AC, BC and 
CC) and red crosses LW released at the right bank (groups AR, BR and CR). The x and y component of the 
measured water velocity at the water surface are included, together with convergence and divergence points 
as previously defined in Section 3.1.

Another observation about the LW trajectories concerns the ability of elements to spread out across the 
water surface for any tested Fr. Generally, the majority of elements tended to remain within the portion of 
the channel where they were originally released. Elements of groups AL, BL and CL were almost always 
observed for the coordinates  0y  (except for a single point each for groups AL and CL and two elements 
of BL). Similarly, groups AR, BR, and CR remained mostly in the range  0y , although in this case a total 
of eight (out of 48) elements crossed  0y  and two (one each for AR and BR) even reached the area near 
the opposite bank. A similar (although slightly different) observation can be done for elements released at 
the centerline (i.e., AC, BC and CC). The majority of elements remained within the coordinates −0.25 y
0.25, that is, half-width of the channel centered at the centerline, but a larger number of elements than 
other groups spread outside of this range, in several cases also reaching the areas near the flume banks. In 
general, spreading of elements trajectories is more evident for cases with low Fr, whereas for the highest Fr 
tested elements showed a tendency to remain in the channel area where originally released. This tendency 
occurred for the whole length of the flume, except for the initial stages of release: It is consistently observed 
in Figure 4, that y displacement is well-marked along the x direction for a dimensionless length of approx-
imately 1, following release. This means that elements tend to spread out along the y-direction only for a 
distance of one channel width along the x-direction after being introduced on the water surface. Neverthe-
less, this tendency quickly disappears afterward and LW elements substantially reduce the rate of change 
in the y direction. This temporary phenomenon has been hereafter defined as transient motion. Another 
observation regards the different release locations on the left and right banks for groups AL, AR, BL, BR, 
CL, and CR. The trajectories resulting from these different locations showed a consistent trend with all the 
other release points; that is, limited spreading after the first transient motion and location well within the 
narrow part of the channel outlined in the above paragraphs.

The observations on LW trajectories are then compared to the velocity measurements along the water sur-
face. While the x-component of the flow velocity has an observable importance in the trajectory of the LW 
elements, the same is not so immediately apparent for the y-component; for example, for Fr = 0.121 in Fig-
ure 4 elements of group AL at x = 0.399 are displaced opposite to the flow velocity on the y direction, whilst 
for group AC and AR large wood directions were oriented almost evenly in either direction, with unclear 
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Figure 4.  Planar view, for all Fr  values, of LW displacement at the water surface. Blue, green, and red points and 
lines represent sub-groups L, C, and R, respectively. Flow velocity in the x and y direction measured at different cross-
sections are represented by vectors, and magenta triangles and circles represent convergence and divergence points 
respectively.
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immediate correlation to the y-component of velocity. Identical situation occurs for all other cross-sections 
where velocity was measured. Similar observations consistently with Fr = 0.121 can be made for Fr = 0.165 
and Fr = 0.279, indicating that LW motion on the y direction is not directly caused by the y component of 
flow velocity.

Figure 4 also include convergence and divergence points as defined in Section 3.1. In some situations, a more 
concentrated amount of LW elements was observed around convergence points; for example, for Fr = 0.121 
at x  =  3.994, five elements each were observed in the immediate vicinity of two convergence points at 
y = -0.330 and 0.330, whilst at a third convergence point y = -0.090, no elements were observed. Similarly, 
for Fr = 0.279 convergence points where concentration of LW elements was high was rarely observed; for 
example, two convergence points at x = 2.682 and −0.259 showed five LW elements each, whereas a third 
point at x = 0.201 had no elements nearby. On the other hand, divergence points may show considerable 
amount of LW elements in the nearby areas and only in a very small number of cases (e.g., the divergence 
points measured for Fr = 0.279 at x = 3.831 and x = 2.682) no LW elements were observed. Overall, the 
average number of LW pieces in the proximity (i.e., in between two flow velocity measurements) of a con-
vergence point for all cases was 3.09 (standard deviation, SD, 1.84), while it resulted 3.29 (SD 1.48), 2.92 (SD 
2.10), and 3.00 (SD 1.94) when broken down for Fr = 0.121, Fr = 0.165, Fr = 0.279 respectively. The average 
number of LW elements nearing a divergence point for all tests was 3.49 (standard deviation, SD, 1.96), with 
the average for macro-groups A, B, and C being 3.67 (SD 1.85), 3.25 (SD 2.20), and 3.50 (SD 1.73), respective-
ly. In summary, it was observed that neither convergence nor divergence points were preferential patterns in 
LW motion (e.g., high concentration of LW near convergence points and low for divergence points).

4.  Analysis and Discussion
4.1.  Large Wood Transport and Probability of Observation

The experimental observations of LW element trajectories and rotational/translational motions described in 
the previous section allow for interesting insights into the understanding of LW transportation phenomena 
at the water surface. First, the trajectories observed in Figure 4 are mostly concentrated in the area of the 
channel where the LW element was introduced and becomes even more evident for the highest Fr number. 
This is in agreement with field observations (Diehl, 1997) whereby LW is observed in preferential patterns 
along the surface of a river. This preferential LW transport may also explain, for example, why accumula-
tions of LW at bridge piers were repeatedly observed at the same location over the years (Panici et al., 2020), 
although local flow conditions could have a major influence on the LW trajectories; therefore, a detailed 
analysis of the relationship between flow field and LW is required to fully explain this tendency. Identifying 
the mechanism and location of introducing a LW element into a river (e.g., from bank erosion or from uplift 
of elements on the floodplains) might give a broad estimation of the channel area where an element can be 
expected in the downstream reaches. This could provide important insights for analyses and assessments 
that depend on LW position or motion (e.g., likelihood of impact to riverine structures). However, it is im-
portant to note that at full-scale, results can be considered accurate when conditions similar to those tested 
in this paper (e.g., relatively straight channel, negligible influence from other factors such as sediment 
transport, boulders, vegetation) are observed in the field.

In order to provide a better understanding of the preferential patterns followed by LW, Figure 5 displays 
the probability density of observing a LW at any y coordinate across several cross-sections at x = 1.5, 2.5, 
3.5, 4.5, and 5.5 for the three Fr conditions tested. The goodness of fit of the probability density function 
(pdf) in these cross-sections has been estimated through maximum likelihood estimation (MLE) of the 
log-likelihood function by measuring the concentration of LW element per intervals of y = 0.05. The figure 
shows that probability of observing LW at a given point in a cross-section for lower Fr values tends to display 
higher dispersion, whilst for the highest Fr (0.279) tested in this work, probability density is notably higher 
in narrower areas of the channel. It was also observed (Figure 4) that for the highest Fr the trajectories of 
LW elements were more streamlined than lower Fr conditions, and most elements remained within 0.2 
channel widths of their original location onto the water surface. On the other hand, for the lowest Fr = 0.121 
this range was at a broader value, that is, approximately 0.4 channel widths. Also, it can be observed that, 
for all Fr conditions, dispersion is smaller for LW elements released at the channel banks. Furthermore, 
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Figure 5.  Estimation of probability density of observing a LW for any y coordinate for Fr = 0.121 (5a), Fr = 0.165 (5b), 
and Fr = 0.279 (5c) in five cross-sections along the x direction. LW trajectories of all tests are included in the x-y plane.
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there is a slight tendency to increase the variability of probability of LW location with increasing x (i.e., 
pdf curves tend to get shallower and wider), although this occurs at a reduced rate for increasing Fr. The 
marked difference of behaviors between experimental groups observed in this study may be explained by the 
larger contribution of the velocity inertial forces along the x-direction: Increase in Fr will increase inertia 
by a quadratic power and therefore will reduce the effect of other forces along the direction perpendicular 
to the flow. These observations seem to be in strong agreement with De Cicco et al. (2020), who observed a 
narrower area occupied by LW with increasing Fr. Although the range of Fr studied by De Cicco et al. (2020) 
is different from this study, that is, occurred for higher Fr values, it would seem to provide the same tendency 
observed in this study. Moreover, it is interesting to observe that in De Cicco et al. (2020), in the condition 
for Fr = 0.30 the portion of channel where LW could be observed was, approximately, −0.25 y 0.25. This 
is a striking parallel with experimental group CC - that is, Fr = 0.279 and elements released at the flume 
centerline, where the majority of elements was observed broadly in the same interval, and where there is 
on average a 97% of probability of observing a LW released at the centerline, according to the probability 
distribution shown in Figure 5. This would confirm that Fr can affect distribution of elements and that the 
possible range of observed elements will lie in a well-defined part of the channel. Finally, an important ob-
servation regards the transient motion when LW elements are released onto the water surface. Whilst a fully 
developed transport of LW can be found in a relatively narrow channel area depending on the release point 
(as mentioned above), its accurate location and, thus, potential ability to predict and model downstream 
transport, depend strongly on the initial displacement along the transient motion of length 1 channel width 
on the x-direction. This well-marked observation might be explained by the little or no inertia of LW ele-
ments when released onto the water surface: Any small change in the applied forces would incur in a change 
of motion that can be significant. Although this transient motion seems to be intrinsically stochastic, its 
understanding would pave the way to accurate predictions of downstream trajectories.

The different mechanism by which LW elements are conveyed on the water surface (as shown in Figure 3) 
highlights that these motions are dependent on the hydrodynamic actions, although there is no immedi-
ate correlation between secondary cells and LW trajectories. According to the theory by Diehl (1997) and 
Bradley et al. (2005), convergence points were postulated to systematically gather LW elements in this nar-
row parts of the channel, since secondary currents were considered to play a primary role in the motion 
of LW elements. Nevertheless, the experimental observations in this work showed that this theory might 
be inaccurate in similar full-scale conditions, for example, straight, nearly uniform channels. Only a few 
convergence points in the three Fr conditions tested in the flume showed some gathering of elements. On 
the other hand, many other convergence points saw little or no LW elements being conveyed through them, 
whilst divergence points - that, by extension of the theory by Diehl (1997) leave only a single point of equi-
librium that is, intrinsically unstable, were in some occasions observed with a large number of transiting 
elements. It is also worth highlighting that convergence points showed a considerable variability, resulting 
in a coefficient of variation (CV) of 59.7%, whilst the average number of LW observed in their proximity, 
3.09 LW per point, was no higher than any other section in the channel. Interestingly, the average number 
of LW elements traveling near a divergence point (3.49) was higher than convergence points, in contrast 
with the hypothesis that the flow secondary cells are the main drivers of LW location on the river surface. 
In addition, there was no significant difference between LW elements observed near convergence and diver-
gence points, whereby p-value resulted in p = 0.3818 indicating that the null hypothesis (i.e., that there was 
no significant difference between convergence and divergence points) is true. Therefore, this shows that the 
theory by Diehl (1997) and Bradley et al. (2005) in straight channels is incomplete and needs to be integrat-
ed in a better-defined mechanistic model. On the other hand, this paper could not establish the accuracy of 
the convergence points theory in river bends, since tests were not carried out for curved channels.

4.2.  Theoretical Model

The observations of the experimental tests in this paper have been used to develop a theoretical model in 
order to explain and predict the LW elements trajectories beyond qualitative analysis and based on phys-
ics. Consider a LW element on the water surface of a straight channel, simplified by a cylindrical shape of 
length L, diameter d and density W. The element is also tilted with respect to the y-direction by an angle 
  and is traveling at a velocity L0v , of components in both x and y directions. Figure 6 shows a sketch of a 
LW element, its geometry, and the flow velocity. The main assumption in this analysis is that the change 
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in trajectory of waterborne LW is mainly caused by a change in local hydrodynamic actions to the floating 
elements. Whenever the relative velocity between flow (v) and LW ( L0v ) is non-zero in magnitude and di-
rection, that is, v-  0L0v , the flow will exert a net drag force DF  on the LW element. For the purpose of this 
study, drag is assumed to be the main force acting on the floating element so that other forces (except for 
virtual mass) can be neglected, and therefore the LW will have an accelerated motion:

 LmD LF a� (4)

where Lm  is the LW mass and La  its acceleration, that can simply be defined as 
d
dt

Lv
. Considering the as-

sumption of a cylindrical piece, the mass Lm  is given as the product between a cylinder volume and the 
LW density. In addition, virtual mass is added to (4), as it is an additional component to the resisting forces 
(Panici & de Almeida, 2020a), and the density of the floating solid is rewritten as eq =  (1 )L MC , where 

MC  is the coefficient of added mass; it should be noted that this equivalent density is only valid for float-
ing LW (i.e.,  L ). Using the canonical formula for drag force and the above defined mass, Equation 4 
becomes:

       
2 11 ,
4 2L M D L

d dL C C A
dt

L
L0 L0

v v v v v� (5)

where   is the density of water, v is the water velocity, L0v  the LW velocity at the initial condition, DC  the 
coefficient of drag of the LW and LA  the area of the LW perpendicular to the vector  L0v v . Equation 5 can 
be made explicit for the acceleration:

 
 



 

 


2

2
.

1
D L

L M

C Ad
dt d L C

L0 L0L v v v vv
� (6)

At this point, Equation 6 can be split into the x and y components. Since the cylinder is modeled as a float-
ing object, the area perpendicular to the flow will be the submerged component and is given by:
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Figure 6.  Sketch of an idealized cylindrical LW of length L and diameter d, tilted to the horizontal with an angle  , 
traveling at a velocity L0v , for a flow velocity v. The sketch also shows the net components of velocity (i.e., y L0yv v  and 

x L0xv v ) to be used for Equation 8.
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where the ratio  /L  provides the submergence of the LW and under the condition that  L  (i.e., the 
LW is floating). In Equation 7 it should be noticed that (ignoring trigonometric functions for either area) 
 


2

4
L d

 is the exact relationship for the submerged circular face of the cylinder; nevertheless, an analytical 

solution for the longitudinal submerged area is not available. In this case it is possible to approximate the 

submerged longitudinal area of the cylinder to 


L dL. Such approximation would lead to a maximum error 

of 6% for 


L  0.2 and 0.8, whereas for 


L  = 0.5, which is close to the density ratio used for this study, the 

error is null. Therefore, it is a reasonable assumption to employ Equation 7 to compute the submerged area 
perpendicular to the water flow, which ensures the use of an analytical function of the longitudinal area and 
has limited loss of accuracy (up to 6%). Equation 7 can be substituted in Equation 6, leading to:

 
 

 
 

 


 



 
   

 


 
   

 


2 sin cos
4 ,

1

2 cos sin
4 ,

1

D

M

D

M

dC Ld
dt d L C

dC Ld

dt d L C

x L0 x L0x xLx

y L0 y L0y yLy

v v v vv

v v v vv

� (8)

where L0xv , L0yv , xv  and yv  are, respectively, the x and y component of the LW velocity and flow velocity, 
as shown in Figure 6. Equation 8 effectively provides the equation for the acceleration of a LW element of 
cylindrical size. This equation assumes that the velocity distribution along the surface of the LW is uniform. 
In reality, it is unlikely to observe this uniformity, which can also be considered the cause for rotation and 
tilting of LW elements as observed in Figure 3, but for the purpose of this theoretical analysis, the velocity 
uniformity assumption was made. For short distances, it can be assumed that the acceleration will remain 
constant. As a result, the displacement Lx  and Ly  of a LW piece (calculated at its center of mass) in a suffi-
ciently short time interval t from the original position 0x  and 0y  (i.e., the location where the net drag force 
will accelerate the cylindrical LW), is found as:
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� (9)

Equations 8 and 9 have been applied to a random sample of 30 elements across all experimental groups 
in which flow velocity measurements and LW tracking was available, some of which were already shown 
in Figure 3. LW motion prediction could only be conducted at these sections since Equation 8 depends on 
the measured values of flow velocity and Equation 9 is only defined for small changes in space and time. 
Water velocity xv  and yv  measurement were provided by the ADV and averaged when two or more punctual 
measurements were crossed by a LW element, the angle   was estimated by the coordinates of the two ends 
of each LW piece, the initial velocity of the LW L0xv  and L0yv  was also estimated from the analysis of video 
recordings and the elapsed time was known from the video footage sampling frequency. For the purpose 
of the calculations, the coordinates 0x  and 0y  were computed at the center of mass of a LW element in the 
video frame captured before crossing the flume section where the superficial velocity was known. The two 
coefficients of drag and added mass have been kept constant and computed as DC  = 1, typical of cylindrical 
elements in water (Gippel et al., 1996), and MC  = 0.5.
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The model prediction was, in most situations, very close to the observed 
values. Figure 7 shows the predicted motion of the center of mass of LW 
elements calculated according to Equation 9, and the observed LW, for 
sections immediately upstream and downstream of flow velocity meas-
urements in the flume. Each line represents a LW element before and 
after said cross-sections for both observed and modeled trajectories. The 
prediction of LW trajectories in Figure 7 confirms that the model in Equa-
tions 8 and 9 reasonably predicts the displacement of LW elements with 
limited loss of accuracy. Defining the measurement error as the ratio be-
tween the distance of the observed and predicted centers of mass (i.e.,  

Lx (obs)- Lx (pred) and Ly (obs)- Ly (pred)) and the observed distance traveled (i.e., 
Lx (obs)- 0x  and Ly (obs)- 0y ), Table 2 provides a detailed overview of the predic-

tion error of the model for all predicted elements. On average, the overall 
error was 7.06% (standard deviation 4.26%, standard error 0.78%), which 
indicates that the prediction error was relatively small and tends to be rel-
atively consistent, considering the values of coefficient of variation (CV) 
and standard error that have been computed. The error on the x direction 
is typically small (6.53% on average), whilst the error on the y direction 
is relatively larger (on average 25.78%), although this is likely due to the 
higher varying degree of water velocity on the y direction and the much 
smaller magnitude compared to xv , which may result in comparatively 
much larger velocity gradients. Furthermore, the highest errors were ob-
served for elements that had the largest distances or time-steps between 
calculation. This is expected, as the model is meant to work for small 
time-steps in the assumption that the acceleration caused by the hydro-
dynamic forces is constant only for a small distance. Thus, this may have 
a negative effect on the assumptions made for the model construction 
that has led to a higher degree of error for the y displacement. The results 
displayed in Figure 7 and Table 2 showed that the model is reliable for 
similar flow and LW conditions, and that it produces realistic results even 
when including a considerable wide range of velocities, such that was 
measured at the surface. The accuracy of the model seems not affected 
by the different Fr levels, whereby the average error (and its standard 
deviation) for each x, y and x y component is consistent throughout the 
three Fr values observed. This would suggest that Equations 8 and 9 work 
well at the different levels of Fr tested in this work, that is, 0.121 Fr
0.279. The relative accuracy of the model prediction also indicates that 
full-scale applications could benefit of the use of hydrodynamic models 
(which are easier and cheaper than measuring in the field) for estimating 
areas in the channel where LW transport is likely and further research on 
this topic is encouraged.

However, caution should be used when the above conditions are not met 
(e.g., velocity varies rapidly in a cross-section and between nearing sec-
tions), as they may produce inaccurate results. On the other hand, when 
flow conditions are gradually varied and velocity is known at short 
distances, it would be possible to predict the trajectory change of LW 
elements. Therefore, this works provide a first simplified approach for 
the estimation of LW trajectories. Nevertheless, this model is only the 
first attempt to describe the motion of LW. Further studies and experi-
ments are needed in order to fully develop the above model. An impor-
tant component to be included and that has been neglected in this study 
is the tilting and rotation of the LW elements. This will provide a full 
model of motion (including rotation together with translation) as well 
as enhancing Equation 8 with the change in   due to the rotation of the 
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Figure 7.  Comparison between observed trajectories (black line and 
crosses) and predicted trajectories (red line and circles) for random tests 
from all experimental groups. Each line originates at points of coordinates 
( 0x , 0y ), solid black circle, that is, used for calculations of Equation 9.

Fr Average error
Standard 
deviation CV

Standard 
error

0.121 x 5.85% 4.49% 76.68% 1.50%
y 23.51% 19.75% 83.99% 6.58%

x y 6.44% 4.26% 66.22% 1.42%

0.165 x 7.01% 4.62% 65.83% 1.39%
y 23.28% 12.48% 53.63% 3.76%

x y 7.32% 4.36% 59.54% 1.31%

0.279 x 6.61% 4.01% 60.61% 1.27%
y 30.58% 13.32% 43.54% 4.21%

x y 7.33% 4.09% 55.77% 1.29%

All x 6.53% 4.41% 67.50% 0.80%
y 25.78% 15.65% 60.68% 2.86%

x y 7.06% 4.26% 60.36% 0.78%

Table 2 
Error of Model Predictions for all Experimental Groups
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element. In this study, the change of   has not been included, but it will be necessary for a comprehensive 
system of equations. Other important considerations will need to include the hydrodynamics effects of 
varying velocity along the LW element, which will change the effect of the exerted drag force. The drag co-
efficient used for this study has been assumed constant due to Reynolds invariance and based on previous 
studies; however, since DC  might change with Reynolds number, further studies should be conducted to 
provided a more refined estimation. Moreover, other considerable factors for the correct prediction of LW 
motion - such as interaction with river banks, river planimetry, and LW characteristics, should be included 
and tested in future research. Developing a set of equations inclusive of all factors affecting LW motion 
will enable prediction for full-scale analysis by using the output of hydrodynamic models.

4.3.  Applications and Future Outlook

The work shown in this paper has described some of the key-phenomena associated with LW transport and 
provided a first approach for prediction of LW motion. However, further research is necessary to provide a 
full picture of the phenomena of LW transport in rivers and its practical applications, especially on some of 
the simplifications that have been employed. For example, tests should be carried out on curved reaches to 
evaluate the effect of flow on LW in bends; LW with different shapes (e.g., branches, root wads) should be 
tested for comparison; inclusion of natural elements (e.g., boulders, sediment transport) and infrastructures 
(e.g., bridges); input of LW with different angles or initial conditions. Froude similarity and scaling through 
dimensionless quantities as discussed in the dimensional analysis provided similitude between model and 
prototype. The assumed Reynolds invariance was also a reasonable mitigation to scaling issues related to 
viscous forces; however, further investigation should be considered for potential changes in drag force at 
different Reynolds numbers.

Potential applications of the results from this work and future research may apply to studies in which LW 
transport is a crucial component, for example, by predicting preferential patterns in a river reach. These 
applications include river restoration projects, in which LW reintroduction is used for biodiversity; there-
fore, correct understanding of LW transport patterns will aid planning and designing the LW input for this 
type of projects. Other applications include LW protection measures at bridges or other structures, since 
these rely on trapping or diverting LW, such as racks or fins and sweepers (e.g., Panici & Kripakaran, 2021; 
Schalko et al., 2019b). Also, risk assessment to LW impact forces and scour actions at structures may depend 
on likelihood of impact or trapping (Schalko et al., 2019a) and this study will therefore provide a more accu-
rate assessment, since it will enable estimation of areas of the channel prone to LW transport and expected 
LW velocities. Accurate prediction and understanding of transport of LW recruited by a river are dependent 
on the transient motion at the initial stages of the element release on the water surface; thus, further inves-
tigation is required for a better understanding of these phenomena.

5.  Conclusions
Understanding and predicting the motion of LW on the river surface is of primary importance for estimating 
the impact of LW in rivers for flood defense and habitat restoration, to assess and design mitigation measures 
for existing structures (e.g., bridges or dams), to enhance design of future structures. This article provides a de-
tailed overview of the main phenomena observed during flume experimental campaigns for the motion of LW 
at the water surface and its interactions with superficial water velocity. Consistently with field observations, 
LW was observed to travel along preferential positions in a river reach, depending on the point where the LW 
element was released. This tendency is further noticeable with the increase of the flow Froude number Fr, 
whereby higher Fr result in elements transported in well defined narrow areas of the channel (except for a few 
elements). More importantly, it was observed that most elements after an initial transient motion of approxi-
mately 1 channel width, kept the trajectory at which they are traveling with limited changes in the direction 
perpendicular to the flow, although over a long distance it can be expected that location of LW pieces on the 
y-direction will be fully mixed. This observation implies two important considerations: First, that the initial 
location of the LW release will have crucial importance for the expected location at fully developed conditions; 
second, for prediction purposes when an element observed on the water surface is no longer on a transient 
motion, the approximate estimation of its future location can be limited to a narrow section of the channel.
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Several mechanism of motion at the water surface were identified. The most frequent observations included 
LW elements being tilted or completely rotated and placed perpendicularly to the flow direction. However, 
in most occasions LW reverted to a tilted or straight position, suggesting that a normal orientation to the 
flow might be relatively unstable. In less frequent observations, LW elements retained a straight orientation 
(i.e., parallel) relatively to the flow or completely rotated (i.e., perpendicular to the flow).

The experimental work shown in this study for the first time shed a light on relationship between the tra-
jectories of LW and flow velocity convergence points at the water surface. The tests showed that this theory 
is inconclusive, since only a limited amount of LW was observed crossing these points, whereas it was pos-
tulated that the large majority of LW elements should have been observed here. Furthermore, expanding on 
this theory, the divergence points (i.e., where velocity of secondary cells diverges) would supposedly provide 
an unstable condition for retaining LW, but experimental observations revealed that many element could be 
observed, with minimal differences to convergence points.

A new simplified model has been proposed in this paper, whereby the motion of LW can be described by 
local accelerations induced by change in the LW-flow relative velocity, which, in turn, induces a drag force 
applied to the LW element. Experimental results showed that the model can predict the displacement of a 
LW depending on its original position and observed velocity, while errors are negligible. The limited loss 
of accuracy of the model suggests that its application is a viable option to describe the motion of LW at the 
water surface.

The results shown in this work will provide qualitative and quantitative tools for the estimation and predic-
tion of LW transport at the river surface. The paper will also pave the way for further experiments and the-
oretical developments to include those aspects that have not investigated in this work (for example, curved 
reaches, vegetation, boulders) and that will be beneficial for a thorough understanding of LW transport in 
rivers.

Data Availability Statement
Data supporting the results presented in this paper are openly available from the University of Exeter repos-
itory at doi: https://doi.org/10.24378/exe.3383.
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