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Small-Scale Modeling of Flexible Barriers. Il:
Interactions with Large Wood

Guillaume Piton, Ph.D."; Ana Rocio Ceron Mayo?; and Stéphane Lambert, Ph.D.3

Abstract: During strong floods, rivers often carry significant amounts of sediment and pieces of large wood (LW). When bridges and
hydraulic structures are unable to allow LW to pass through, it becomes necessary to trap LW through specific wood retention structures
(e.g., flexible barriers). This paper presents a comprehensive analysis of the interactions between LW and flexible barriers using small scale
models. A dimensionless criterion is first proposed to compute blockage probability of single logs. It is based on experiments varying log size
and shape, channel slope (2%, 4%, and 6%), water discharge, and barrier bottom clearance. Based on runs using six mixtures of hundreds of
logs, an equation is secondly provided to compute flow depth at a barrier accounting for the head losses related to large numbers of logs.
Conditions leading to the release of LW when the barrier is severely overwhelmed are also studied. The deformation measured on the barrier
proves to be lower with LW-laden flows than under full hydrostatic loading of a barrier obstructed by a plastic sheet. Overall, we demonstrate
that flexible barriers are very relevant structures to trap LW. A companion paper shows how to design and manufacture a small scale flexible
barrier in mechanical similitude with the prototype scale. DOI: 10.1061/JHEND8.HYENG-13071. This work is made available under the

terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Introduction

During flood events, rivers experience solid transport: sediment,
fine organic matter, and large wood (LW). Braudrick et al. (1997)
defined LW as logs thicker than 0.1 m and longer than 1 m. In
mountain and piedmont rivers, during high flows, the steep channel
gradients provide energy to the system. In this context, solid trans-
port, especially of coarse elements (LW, gravel, and cobbles),
can reach impressive volumes (Rickenmann et al. 2015; Ruiz-
Villanueva et al. 2019). When reaching an urbanized area, LW
tends to obstruct bridges and other hydraulic structures, and sedi-
ment to fill channel bed, both aggravating flood hazards (Badoux
et al. 2014; Ruiz-Villanueva et al. 2014; Mazzorana et al. 2018;
De Cicco et al. 2018; Friedrich et al. 2022). Relevant strategies
to prevent LW stopping and sediment deposition in critical areas
is usually (1) to adapt the bottleneck sections, e.g., by removing
piers of bridges or of dam spillways and by increasing their section
(Schmocker and Hager 2011; Gschnitzer et al. 2017; Bénet et al.
2021), and/or (2) to trap the solid transport at dedicated structures,
such as the debris basins, open check dams, racks, or flexible bar-
riers (Comiti et al. 2016; Piton and Recking 2016a, b; Mazzorana
et al. 2018; Wohl et al. 2019; Bénet et al. 2021, 2022).

Several recent works have focused on the effects of LW on flow
levels at rigid structures as dam reservoir spillways (Furlan et al.
2019, 2020, 2021; Vaughn et al. 2021; Bénet et al. 2021, 2022), slit
and slot dams (Piton et al. 2020), as well as, at racks made of piles
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(Shibuya et al. 2010; Schmocker and Hager 2013; Horiguchi et al.
2015; Schalko et al. 2018, 2019a; Schalko 2020). Schalko et al.
(2018) notably performed a thorough analysis of the head losses
related to LW accumulations. To cover a wide range of porosity,
size, and number of logs and amount of fine material as branches
or leaves, they prepared the accumulations manually rather than to
let the flow naturally building them. In their later works, natural
accumulations were studied over fixed and mobile beds and still
against rigid racks.

Flexible barriers made of steel nets are interesting alternative to
these rigid structures. They are lighter, more discreet in the land-
scape, and faster and relatively easier to build. The possible use of
flexible barriers in water courses has attracted a lot of interest lately,
especially in a context of debris flows and regarding structural de-
sign questions as impact force and loading cases (e.g., among other
Wendeler 2008; Brighenti et al. 2013; Ashwood and Hungr 2016;
Leonardi et al. 2016; Ng et al. 2016; Albaba et al. 2017; Wendeler
et al. 2018). Meanwhile, only a few papers have focused on func-
tional design (see the State-of-the-Art section below). Interaction of
flexible barriers with LW was, to the best of our knowledge, only
studied by Rimbdck and Strobl (2002) and Rimbdock (2004) using
both small scale and full scale physical models. We synthesize their
recommendation in the State-of-the-Art section below. In essence,
their pioneering work provided a first set of relevant criteria regard-
ing (1) the kind of stream in which such flexible barriers could be
used to trap LW, (2) the trapping mechanisms and phases of filling,
and (3) how to compute the water depth, noted hereafter £, at a
filled barrier. Meanwhile, no precise criterion was given on how
exactly emerge the trapping of LW. Another question is related
to high magnitude events: no previous work has described how LW
stays (or not) in barriers when the flows pass over the top cable.

The present paper aims at repeating and extending their work on
the trapping process, as well as to better describe these two com-
plementary phases of the trapping initiation and barrier functional
overloading, i.e., structure experiencing discharge much higher
than the design event. These three phases of functions are sketched
in Fig. 1. (1) The bottom clearance should be defined to start trap-
ping material for relatively routine events, i.e., events not triggering
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damage. (2) The barrier capacity, strongly controlled by its height,
is defined according to design events, i.e., the events for which trap-
ping of solid transport is necessary. (3) A checking of the barrier
functioning when submitted to safety-check events, i.e. events rea-
sonably higher than the design events should be performed to verify
if dramatic aggravation might emerge during such functional or
structural overloading. Consistent with the terminology used for
dams (Royet et al. 2010), we call “danger events”, the events for
which the structural stability or capacity to achieve its function—
here, the trapping of LW—is no longer guaranteed. The whole
range of events should be studied by designers.

Piton et al. (2019, 2020) and Horiguchi et al. (2021), for in-
stance, demonstrated that rigid structures trapping LW might re-
lease sudden and massive amounts of LW when overtopped by a
sufficiently high depth. It was unclear if such a process might ap-
pear on flexible barriers as well. It was questionable that this failure
mode observed on rigid barriers would be the same on flexible bar-
riers for two reasons: (1) flexible barriers can obviously deform.
The overtopping process is thus possibly more complicated than
on rigid barriers because the level of the structure crest, noted
as z,, tends to decrease under loading [compare Figs. 1(a—c)], thus
increasing the overflowing depth 4 — z, that drives the LW over-
topping process (Piton et al. 2020). Meanwhile, (2) flexible barriers
are extremely porous, which decreases flow levels, increases
the flow velocity, stabilizes the LW trapped against the structure
(stronger drag forces push the LW against the structure), and LW
tends to entangle in the mesh and cables and cannot slide against
the structure as against a steel pile or a concrete wall.

To study these processes with small scale modeling, the stiffness
and associated deformability of the barrier should therefore be
consistent with the prototype scale (Wendeler 2008). This chal-
lenge is addressed in the companion paper of Lambert et al.
(2022). In essence, the flexible barrier elements (cables and net)
were manufactured with a 3D printer using not only a geometry
respecting the geometrical similitude, but also material defined
to be in mechanical similitude to achieve a relevant barrier defor-
mation. The mechanical behavior of the small scale barrier was
validated with elementary tests. Then, using this consistently de-
formable structure, a comprehensive small scale modeling cam-
paign was conducted to cover the three regimes of functioning
(Fig. 1): trapping initiation, full trapping, and end of trapping. This
paper presents the results of this campaign. Tests involving mix-
tures of LW were performed measuring flow depth and trapping
efficacy until eventual release occurred by barrier overtopping.
Other tests with single logs were performed to study trapping

:[ Flexible
barrier

initiation by quantifying their blockage probability for varied flow
conditions and bottom clearance.

The paper is organized as follows: a State-of-the-Art section first
recalls the main lessons learned from previous works. Material and
method are presented second. Third, results are provided regarding
the trapping initiation and bottom clearance, the head losses asso-
ciated with LW, the release conditions, as well as the deformation
measured on the barrier when loaded with LW. These results are
discussed and exemplified by a case study. The conclusions ulti-
mately close the paper.

State-of-the-Art

For the use of flexible barriers as debris-flow trapping structures,
see Wendeler (2008), Volkwein et al. (2011), Volkwein (2014), and
Wendeler (2016).

To the best of our knowledge, only Rimbock and Strobl (2002)
and Rimbock (2004) studied interactions of flexible barriers with
LW [see also recommendations by Lange and Bezzola (2006,
pp- 76-81)]. Regarding structural design, Rimbock and Strobl
(2002) demonstrated that the dynamic impact of single logs only
occurred at the onset of the trapping, when upstream flow velocity
remained high along and backwater effects associated with LW
trapping were low, thus not slowing down the flows. Consequently,
dynamic impact forces were much lower than the pseudo-static
force of the barrier obstructed by logs and filled up to the crest.
Regarding functional design, Rimbock (2004) provides many rel-
evant recommendations. He recalled that typical mesh apertures,
e.g., in the range 0.3-0.5 m, are much smaller than LW, ensuring
their trapping. Smaller openings tend to trap small organic matter
(leaves and branches) and should thus be avoided. He also stressed
that a bottom clearance below the net is necessary to prevent fast
clogging even during low flows that would greatly increase main-
tenance efforts. No clear criterion was however provided, except
that the trapping initiation should be sought for flows approaching
discharges triggering first damage to elements at risk. Rimbock
(2004) also recommends to install flexible barriers in reasonably
wide streams (channel width b- < 15 m), and relatively straight
reaches to prevent uneven LW accumulation and barrier loading
(radius of curve >10b, barrier located at least 5b- downstream
of the upstream curves). He also advised not to use flexible barriers
in channels with unit discharge Q/by > 5 m?/s - m, with channel
unit LW volume V, /b > 20 m?/m, with channel unit sediment
volume V,;/bc > 100 m3/m, with Q the water discharge (m?/s),
V,w the solid volume of LW (excluding void) (m?), V,,, the

Deformed flexible barrier ‘

()

Fig. 1. (Color) Sketches of a top view and a side view of the three main phases of a flexible barrier functioning: (a) trapping initiation for high routine
events; (b) trapping with increased flow level and associated backwater effect during design events; and (c) release of LW by overtopping during

danger events.
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sediment volume (m?), b the channel width (m), and b the barrier
width (possibly narrower than the channel) (m). Finally, Rimbock
(2004) also advised not to use flexible barriers to trap LW in chan-
nels steeper than ~5% to ensure that the upstream deposition area
has sufficient room to buffer LW and sediment deposition. In steep
streams potentially supplying large amounts of sediment, the de-
sign of the flexible barrier must absolutely account for both LW,
bedload transport, and debris flows. Sediment deposition notably
interferes with the trapping of the LW [see additional comments on
interactions between sediment deposition and LW accumulation in
Rimbock (2004)].

The barrier location should be reasonably easy to access to
facilitate surveys and maintenance. It should also not be too far
from the protected assets, otherwise LW and sediment might be
recruited along the intermediate channel reach. The channel bed
should additionally be protected against scouring on the bank on
a length of twice the barrier height both upstream and downstream,
but also below the barrier to prevent deep scouring and uncon-
trolled erosion below the structure. This latter recommendation
is consistent with the recent works of Schalko et al. (2019b)
who observed deep scouring at racks trapping LW: the accumula-
tion of logs tend to float and to redirect flows toward the channel
bed, which might result in structure scouring if the bed is mobile.

Rimbock (2004) finally provides an equation to estimate h,
the flow depth at the barrier. The barrier height z, should be higher
than h

Viw\€ 35—-K 0
h=444 =2 ) FMO17( 1 — — 1
“” (bc) ( 105 )\/%B M

where FM is the fine organic matter content, K is the Strickler
coefficient of the upstream channel bed (m~1/%) (see Yen 1992 for
the units) and, c is a coefficient depending on the channel gradient
S (¢ =0.20 for § = 1.0%; ¢ = 0.25 for S = 3.0%, and ¢ = 0.26
for S =5.0%).

A careful analysis of Eq. (1) shows that it is not dimensionally
homogeneous. The equation is supposed to compute a length (m),
while the term on the righthand side has a dimension of
(m2+! s703) je. (m'* s7%3)—(m!'>? s703) depending on c(S).
The results provided by Eq. (1) are thus scale dependent. Eq. (1)
provides good estimates of the measured / performed at small scale
by Ceron Mayo (2020, p. 27, which were preliminary experiments
to this paper). Its application to the same conditions at the prototype
scale resulted in overestimations of & by a factor of about 2 for the
application case performed by Ceron Mayo (2020, p. 39). This bias
is on the safe side, because it results in a conservative design of
an excessively high barrier, but an update of the approach would
be interesting to remove this scale effect. This was one of the
objectives of the present paper.

Material and Methods

Flume and Sensors

Several series of experiments were performed as described at the
end of the “Material and Methods” section. The experimental set up
is further described in Ceron Mayo (2020) who performed four pre-
liminary series to the four series presented in this paper. The target
scale reduction, for which was defined the barrier similitude regard-
ing both geometrical- and stiffness-scale is A = 40 (Lambert et al.
2022). The experiments were conducted in a 6-m long, tilting flume
with glass walls having a width b~ = 0.4 m (i.e., 16 m at proto-
type scale). Three flume slopes were used: S = 2%, 4%, and 6%.
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The flume bottom was smooth during experimental series #1-—#5
and covered with gravel of diameter 15-20 mm during experimen-
tal series #6—#8 (corresponding to a grain diameter of 600 to
800 mm at prototype scale, i.e., a stream bed heavily paved). At the
flume outlet, a 10-mm thick transparent plexiglass plate supported
the flexible barriers. It was open over a width bz = 0.3 m. Flow
discharge was varied in the full range of the pump capacity, namely
0.5-8 L/s. It was measured by an electromagnetic flow meter. This
range corresponds to 5-80 m3/s at prototype scale, i.e., low to
quite high discharges. It expends slightly the range of use suggested
by Rimbock (2004) until Q/bg A~ 6.7 m?/s - m. The water was in-
jected at the head of the flume through an orifice having the same
width as the flume. No sediment feeding device was installed, the
experiments thus figure a stream with floods involving mostly
water and LW and with marginal sediment transport, consistent
with the heavy armoring state of the bed. An ultrasonic probe mea-
sured water depth / above the bottom of the barrier section. It was
located 0.2 m upstream of the barrier, i.e., as close as possible but
sufficiently far to avoid noise and influence in the measurement
related to the barrier height. Logs sometime were located below
the sensor. They never protrude far above the water surface, but
it decreases the measurement accuracy which is assumed to be
+2 mm. Three cable extension transducers were installed horizon-
tally along the top, middle, and bottom of the flexible barriers to
measure the barrier elongation. All sensor measurements were re-
corded on a computer at a 10 Hz frequency. A camera took pictures
of the barrier and upstream flume from the ceiling of the laboratory
every 10 s. LW mixtures used were weighted before to be supplied
in the flume. Logs passing above the barrier were weighted too.

Barrier Tested

The nets had a width of 320 mm (i.e., 12.8 m, respectively at proto-
type scale). Their height was 50 mm or 100 mm depending of the
experimental series (i.e., 2 or 4 m at prototype scale). Two vertical
and two horizontal cables, fixed on the Plexiglas support, were used
to support the net. The net and cable were manufactured with a 3D
printer. Their mechanical strength was defined in similitude with a
prototype scale structure (see companion paper by Lambert et al.
2022). The flexible barriers could thus deform in accordance with
their loading and their top level tended to decrease realistically.

Large Wood Mixtures and Experimental Protocols

Trapping Initiation: Single Logs Used to Assess the
Blockage Probability

To model trapping initiation, tests were performed with single logs
and varying flow discharge, flume slope, and barrier bottom clear-
ance: 10 mm, 15 mm, and 20 mm (i.e., 0.4 m, 0.6 m, and 0.8 m at
prototype scale). Eleven different logs were used with varying
length, diameter, and presence or absence of branches [Fig. 2(a)].
At prototype scale, these logs have diameter D; y, = 0.24 —0.76 m
(0.88 m and 0.92 m for the logs with the branches) and length
Lyw=25-10m.

In line with the comprehensive analysis of Furlan et al. (2019,
2020, 2021) who studied the initiation of log trapping at reservoir
dam spillways, we aimed at estimating the probability of each log
to be trapped when transported alone. Following the recommenda-
tion from Furlan et al. (2020), each log was introduced 1, ,/icq =
30 times in the flume for each discharge, slope, and bottom clear-
ance. The number of times it was trapped n,,,.s Was recorded and
the blockage probability was estimated by
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Fig. 2. (Color) (a) Pictures of the 11 logs used to assess the trapping initiation; and (b) number of logs of varied length and diameter comprised in each

LW mixture used to study head losses and release conditions.

Nstopped
Pblockage = (2)
Nsupplied

The density of the logs used was not measured but they came
from the same Sorbus aucuparia than the one used by Piton et al.
(2020) who measured an average LW density of p;y = 0.77 (range
of variation: 0.745-0.83). However, contrarily to Furlan et al.
(2021), the effect on the blocking probability of the natural field
variability of wood density was not studied. We believe that the
process of trapping is primarily controlled by the log length, diam-
eter, shape, and the flow discharge, channel slope and barrier bot-
tom clearance, all parameters being studied here; but it is true that
further investigation could verify possible effects of other factors
as, e.g., wood density, barrier location (e.g. downstream of curves)
or channel grain size and morphology.

Filling and Releases: Mixtures of Large Wood

Six LW mixtures were prepared to assess the filling and possible
releases [Fig. 2(b) and Table 1]. Mixtures varied in terms of
mean log lenght (L;y) and maximum log length (L,,,,), mean
log diameter (D) and maximum log diameter (D,,,,), total solid
LW volume (Vy), i.e., excluding void and presence or absence of
fine material (FM: pine needle figuring small branches). The LW
accumulation volume, as well as its content in organic fine material,
play a key role in the specific energy head required for the flow to
seep through the accumulation, as demonstrated by Schalko et al.
(2018, 2019a). Indeed, according to Schalko et al. (2018, 2019a), as
the LW accumulation volume and its content in organic fine
material increase, the flow is diverted more often through the ac-
cumulation body due to the porosity decrease and a more complex
flow path, leading to an increase in energy head losses and thus
resulting backwater rise Ah = h — hy with hy the flow level

Table 1. Main features of the LW mixtures

without LW. According to Schalko et al. (2018), the organic fine
material (FM) ranges from 0.03 to 0.15 (for leaves and small wood
with a trunk diameter < 0.01 m) of the LW weight. To account for
two extreme cases, within the present work, a slightly higher
content of 0.20 was used (in the three mixtures labeled “B”) or
no FM at all (in the three mixtures labeled “A”). At prototype scale,
the LW mixtures have L,y =2.6-52 m, L,,,, =4-8m, D,y =
0.15-0.8 m, D,,,, = 0.4-1.2 m, and V,, = 60-281 m?>. Such val-
ues are representative of high but not extreme LW supply in small
mountain streams (e.g., Horiguchi et al. 2015; Ravazzolo et al.
2017; Steeb et al. 2017; Rickli et al. 2018; Ruiz-Villanueva et al.
2019).

Each run started with a discharge of 1 1/s and ended until reach-
ing the maximum pump discharge &8 1/s or overtopping of the
LW, whichever occurred first. The water discharge was increased
step by step, by step of usually 1 1/s. Once the flow level was sta-
ble, i.e. approximately 1-3 min after the transitional period related
to the change from one discharge stage to another, flow levels were
computed as the average value over the next 1-3 min of stable level.
Then, discharge was increased to the next step. The level of the
upper cable of the barrier was measured with a point gauge but
only for series #5 where releases of LW were observed above
the barrier. For each slope and flume condition, a first run was
performed without wood to know the pure water stage-discharge
relationship, and thus later define the LW-related effect on water
depth.

LW transport is extremely random in the field (Ruiz-Villanueva
et al. 2016; Comiti et al. 2016). Several supply methods were used
to address a large range of cases, from sudden massive supply of
LW transported almost in an hyper-congested regime (sensu. Ruiz-
Villanueva et al. 2019), until logs transported nearly individually.
Supply noted “1:1” consisted in feeding the whole mixture in the

Code Units 1A 2A 3B 4B S5A 6B
M Yes/No No No Yes Yes No Yes
Liw mm 87 67 82 131 131 66
Diw mm 7.8 6.2 7.4 20.7 3.7 11.8

L ax mm 200 150 200 200 200 100
D,ar mm 13 13 13 30 10 15
Viw 1073 m? 1.036 0.936 2.037 4.39 1.947 2.291
© ASCE 04022044-4 J. Hydraul. Eng.
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Fig. 3. (Color) Sketch of the experimental series and main varying parameters (Bed State: S = smooth; and R = rough). Series #1-#4 were preliminary

tests available in Ceron Mayo (2020).

Table 2. Main features of the experimental series

No. 2 N Object

Adaptation, objective, and main results

5 50 288 HL & R
overtopping. Many releases.
6 100 286 HL & R
occurred.
7 100 167 HL & R
8 50 498 Init.

Widening of the net after the preliminary results of series #1—#4, use of a lower net with height z, = 50 mm to promote
Adding of a rough bed, repetition of tests similar to series #1 with high net to measure backwater rise. No overtopping

High net and test of effect of steeper slope § = 4% and 6%. No overtopping occurred.
Set bottom clearances. Tests of trapping initiation with single logs.

Note: z, = flexible barrier height; Object: HL & R = head loss and release test; Init. = analysis of the trapping initiation; and N = number of measurement.

flume at the first discharge step. One third of the mixture was
injected at the three first discharge steps for supply noted “1:3”.
Similarly one sixth or one seventh of the mixture was supplied
during the first six or seven steps for supplies noted “1:6” or
“1:7”, respectively. Since steps were 1 1/s and the maximum dis-
charge was about 8 1/s, the latter supply regimes are equivalent to
a progressive supply of LW along all the flow rising. We did not
address the recession limb of hydrographs in this study.

To also account for the randomness in the accumulation and
arrangement of logs, three repetitions were performed for any
given couple of mixture and supply mode that was tested. Each
run is thus labeled by its mixture code, supply mode, and repetition
index (a, b, and ¢), e.g., “3B(1:7)b” refers to the run with mixture
3B, supply mode 1:7, and second repetition.

Series of Experiments

The experiments presented in this paper were performed after pre-
liminary tests performed by the second author during her Master
Thesis and labeled series #1—#4 (Ceron Mayo 2020). Based on
these first sequences of four tests series, slight adjustments were
brought to the experimental set up before the second sequence.
Experiment series #5—#8 were also performed by the second author
(see Fig. 3): (1) for series #5, a low net height (z, = 50 mm) was
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used to observe overtopping and releases in the range of discharge
that could be tested, and (2) the flume bottom was filled with sedi-
ment to figure a natural channel bed rather than the initial smooth
bed for series #6—#8. The data gathered during series #1—#4 are
available in the appendix of (Ceron Mayo 2020) but are not used
in the present study. Table 2 synthesizes the scientific questions
studied in each series and eventually mentions the associated adap-
tation made to the experimental set up. The effect of varying the
mixture of LW was mostly studied in series #5 and #6, as well as
the effect of the supply mode in the first, thus the higher numbers of
measurements in these two series. In series #7, the slope was in-
creased. Overall, 741 data points of discharge, flow depth, and
eventual associated LW overtopping weight, were measured during
series #5—#7. Blockage probability was assessed during series #8
for 498 different conditions corresponding to /15,000 observa-
tions of a single log being trapped or passing the barrier.

Results

Initiation of the Trapping: The Bottom Clearance

Although these tests were performed within the last experimental
series (#8), it seems more logical to present them first as a way to
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study the beginning of the trapping process. The study of the bot-
tom clearance intended to study the blockage probability P,ckage
of single logs. Although Pp;ocqg. Varies in the range 0 to 1, similar
to the trapping efficacy ratio computed as the ratio of trapped
volume to the supplied volume (D’Agostino et al. 2000; Shibuya
et al. 2010; Horiguchi et al. 2015), both ratios cannot directly be
compared. The latter is based on the behavior of groups of logs and
encapsulates the progressive capture of key pieces and the sub-
sequent increase of the LW stopping. Conversely, blockage prob-
ability Ppperqge focuses only on single logs and intends to highlight
how the blockade exactly starts, whatever happens later. As such,
while high trapping efficacy must be sought (close to one ulti-
mately), it seems sufficient in many cases to seek lower Pjj,crqge-
For instance, if Ppjyckq9e & 1/3, it means that, on average, trapping
will start as soon as three logs pass. If the trapped piece is a large
one, it will then likely partially obstruct the structure and trapping
efficacy will increase a great deal for the next supplied LW.

During the 498 measurements of Pj,cxaq0, 10gs wWere not trans-
ported on the rough bed for discharges lower than Q =2 — 3 1/s.
Also, Ppjocrage Was systematically null for flow depths lower than
the bottom cable (h < z;). Increases in Ppyjocrqge appeared with
increased log length, log diameter, presence of branches, water
discharge, and decreasing bottom clearance.

In order to propose a dimensionless criterion for the bottom
clearance z;, the ratio of submerged net height (7 — z;) to log diam-
eter (Dpy) was first tested (D;y accounts for the branches,
e.g., logs #10 & #11)

" _h—Zl
= Diw (3)

Fig. 4(a) shows that Pjj,ctqg increases with zj and log length.
This increase however appears to be slope-dependent since high
blockage probability (€.g., Ppiockage % 0.75) seems to appear, for
instance for long logs [Fig. 4(a), top row], for zj ~ 1 at S = 2%,
for z; ~ 0.3 at S = 4%, and for zj ~ 0 at S = 6%. Replacing the
measured flow depth (which is not always easy to estimate) by the
critical flow depth h. = (Q/ \/gbzg)z/ ? enables one to get rid of
most of the slope dependency [Fig. 4(b)]

)"
Z* _ hc — 1 _ gblz? ! (4)
' Dy Dy

It is worth stressing that in using Eq. (4), z] is no longer an
actual submerged depth but rather aggregates the three main param-
eters driving the blockage: the barrier bottom clearance, the log
diameter, and the flow unit discharge.

All data, irrespective of the slope, are gathered in Fig. 5 using
Eq. (4) to compute zj. Each row refers to a range of log length.
Fig. 5(a) demonstrates the overlapping of the mean trends for the
three slopes tested. The criterion is thus nearly slope-independent
in the 2%—-6% range. Fig. 5(b) shows that not only the dimension-
less submerged depth z} matters, but also the ratio of the log diam-
eter to the bottom clearance D;y/z;. Mean trends are plotted as
lines in both Figs. 5(b and c) for two sub-samples. For thick logs
(Drw/z1 > 1), Ppiockage 1s =50% when z7 is close to 0 and exceeds
75% for z; > 1, being even equal to one for long logs. Meanwhile,
for thinner logs (D /21 < 1), Ppiperage = 50%, 25%, and 5% for
Z} = 1 and long, medium, and short logs, respectively. Ppcxage
becomes very high (>75%) only for zj > 3 for these logs of
smaller diameter. This demonstrates that thick and/or long logs are
intuitively much easier to trap, but also that logs might pass a flex-
ible barrier even if the latter is submerged on more than the log
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diameter. Drag forces simply suck the log below the structure that
may in addition deform upward.

The diameter of LW pieces varies according to the type and age
of riparian forests. We recommend using the criteria of Fig. 5 in an
inverse approach: for a given target water discharge at which LW
trapping would be necessary (or not), the user will find how much
is the Pppcraqe fOr small and high values of D,y based on the mean
trends of Fig. 5(c). A few iterations varying z; enables to define an
appropriate bottom clearance preventing excessively high trapping
probability that would trigger high maintenance costs, while having
a non-null trapping probability for flows for which trapping is
necessary.

As a design criteria, we suggest to select z; considering the dis-
charge of floods potentially carrying a significant amount of LW.
The bottom clearance can be selected such that zj ~ 1 on rivers
where the passage of some medium and short logs, as well as a
handful of long one, is acceptable. This can be relaxed to z] ~
0 if the site can accommodate some long elements. Conversely, on
extremely sensitive sites, z] & 3 is rather recommended, but such a
drastic value may lead to very small bottom clearance and much
heavier maintenance effort. See also the Case study section at
the end of the paper for a complementary use of this criteria.

Main Phases of Trapping

The following sections are based on experiments aiming to study
the trapping and eventual release processes. Three main phases of
accumulation were eventually observed [yet described in Lange
and Bezzola (2006) and Wendeler (2008, p. 54)]: (1) trapping ini-
tiation with a few logs hitting the barrier and adopting a transverse
position [Figs. 6(a, d, and g)]. A few elements might protrude
under or through the net. As soon as a few logs are trapped, the
subsequent single logs reaching the barrier are almost certainly
trapped. (2) Accumulation phase where blockage probability is
one. Logs accumulate against the barrier and progressively load
it. As soon as a few logs are trapped, they obstruct the flow section
and trigger a backwater effect. Flow velocities decrease drastically
upstream and logs form a “floating carpet” [Figs. 6(b, e, h, and 1)].
For high slope and discharge, a few elements may be sucked
below the free surface and rather build a multi-layered, denser
LW accumulation. (3) A release phase was observed on only a
few cases [e.g., Figs. 6(c and f)]. We define a “release” by the sud-
den and uncontrolled transfer of many logs downstream of the
barrier [criterion: cumulated mass > 10% of the whole mixture for
a single flow discharge, as in Piton et al. (2020)]. Flow conditions
enabling releases were systematically related to high overflowing
(h > z,), similar to dam spillways (Furlan et al. 2021; Bénet et al.
2021; Vaughn et al. 2021) or open check dams (Piton et al. 2020).
Consequently, all overtopping were observed on the small net
(series #5) and none on the 100-mm high nets.

Backwater Rise Related to Large Wood

The equivalent upstream Froude number Fr, was computed with
the channel width b and water depth without LW h, and assuming
a uniform flow, it would be equivalent to the depth out of the back-

water area. Fry= Q/+\/gb%hj varies in the range 0.5-0.65
for S =2%, Fro~ 1.1 for S =4% and Fry~ 1.4 for S = 6%.
Upstream flow conditions are thus typical of steep, coarse gravel-
bed channels. Since the flume bottom is fixed at the barrier by the
Plexiglas sheet, it cannot be scoured (see sketches on Fig. 3). Our
configuration is thus similar to a flexible barrier installed on a bed
sill. The flexible barrier being located at the flume outlet, it was not
influenced by the downstream flow level, a reasonable hypothesis
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Fig. 4. (Color) Blockage probability against (a) zj = [(h

—21)/(Drw)]; and (b) 27 = [(h,

—21)/(Dpw)], for varied slopes (columns) and log length

(rows). Continuous lines show mean trends. Evidence of increasing of Pj,ciqg0 With 27 but also with the slope and log length, as well as with the ratio
of log diameter to bottom clearance Dy, /z; represented by the dot size.

regarding the relatively high Fr, and the weir presence. It can be
seen that when looking at cross-shaped dots on Figs. 7 and 8, the
flow depth at the barrier, without LW, can be approximated by a
weir equation (i.e., Q o bgH}?), providing that one uses the spe-
cific energy head H rather than the depth / in the equation, e.g., in a
rectangular channel

2

o _
0 gz

Fr3\3
Q = pubp\/2gHy ~ ubB\/2gh8<1 +7°> (5)

with p as the weir coefficient, calibrated at 0.45 in our case
(see the agreement between black lines and cross-shaped dots in

Hy=nh ho(1 + Fr3/2)
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Figs. 7 and 8). Note that the upstream specific energy head is com-
puted using the channel flow velocity, i.e., over the whole channel
width b, rather than with the weir width bp. Accounting for the
inertia term Q2/(2gb%h}) is necessary when the approximation
h~ H falls in defect, e.g., if Fr > 0.3 in a rectangular channel
and accepting a 5% error on H: H = h+[Q%/(2gh*b%)] =
h{1 +[0?/(2gh*b%)]} = h[1 + (Fr*/2)] > 1.05h. Note that the
effect of the flexible barrier can be neglected when no clog it,
because it is extremely porous (void ratio ~80%). When logs begin
to be trapped, they obstruct the channel section and increase the
upstream flow depth. A gradually varied free surface profile then
emerges: an Ml-profile for the subcritical flows observed with
S = 2% and an S1-profile for the supercritical flows observed with
S =4% and S = 6% (sensu Te Chow 1959, p. 226), the transition
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Fig. 5. (Color) Synthesis of blockage probability Pp,crqqe Of single logs: (a) overlapping mean trends (lines and associated ribbons) for varied slope,
evidence of the disappearance of the slope dependency; (b) evidence of increasing Ppjocxage With Dpy/z;; and (c) mean trends for the two

sub-samples of thick logs and fine logs.

between the supercritical and the subcritical flows occurring within
a undular jump.

Fig. 7 shows flow depth & against water discharge Q with
and without LW. Increase of 4 with Q is obvious, as well as the
LW-related backwater rise represented by the deviation of the
measurement dots to the black lines representing the pure water
depth computed with Eq. (5). The last series of experiments, per-
formed with a rough bed and without artificial obstruction, are
more plausible to compare with field sites [Figs. 7(b and c)]. Series
#5 was performed to focus on the release phase. Its smooth bed
is less directly comparable with field sites [Fig. 7(a)]. Depths
measured during series #7 are higher because of the increased flow
specific energy on the steeper slopes (S = 4% and 6%), as com-
pared to the condition of series #6 performed with S = 2% [com-
pare Figs. 7(b and c)].

In this paper, the effect of LW on water depth, i.e., the rise of the
free surface level necessary for the flow to gain sufficient energy to
seep through the LW accumulation, thus losing this energy gain, is
called “LW-related backwater rise” or “LW-related head loss”.
Since the approaching flow conditions have relatively high Froude
numbers and thus non-negligible inertial terms, the LW-related
head losses are analyzed with the energy head loss AH = H — H,
rather than just using the depths & and % and the associated back-
water rise Ah = h — h used in other works (e.g., Schmocker and
Hager 2013; Schalko et al. 2018). Meanwhile, flow conditions at
the barrier are systematically subcritical with Fr < 0.3 once
clogged and the specific energy head could be approximated by
the depth H ~ h (it means that Q2/ 2gl)2Ch2 < h, the left term
being small not because the discharge Q is small but because
the water depth is high). Data analysis showed that the LW-related
relative energy head losses AH/H, varied in the range 0-1.75
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[Fig. 8(a)]. Many small values of AH/H are observed for low
discharge, i.e., for flow conditions where either, not the whole
LW volume, was supplied (supply modes 1:3, 1:6 and 1:7), or some
supplied pieces did not reach the barrier and were still stuck on the
rough bed (for Q < 3 1/s). Relative energy head loss thus tends to
increase with Q during the first phase of barrier clogging but then
decreases. The actual depth % increases continuously (Fig. 7), these
decreases observed for the three slope trends are thus related to a
relatively higher increase of the approaching specific energy head
H,, as compared to the increase of # at the barrier. The difference in
trends between measurements on S = 2% and the similar patterns
of S = 4% and 6% is likely due to denser LW accumulations built
by the supercritical flows of the steeper slope. On the gentler slope,
LW accumulations were subjected to lower velocities and drag
forces, and were thus slightly less dense.

When obstructed with LW, the flexible barrier triggers a signifi-
cant energy head loss. Interestingly, the general behavior was still
similar to a weir equation, i.e., Q & bgh'?, though the equivalent
weir coefficient was much lower than without LW. Two ways
can be used to account for the LW-related energy head loss when
computing flow depth /4 at the flexible barrier: (1) by assuming a
relative energy head loss 8= (AH/H,) [Eq. (6)] as proposed
in (Piton et al. 2020), or (2) by assuming a reduction ratio of
the discharge AQ* [Eq. (7)] in the line of the approach proposed
by Bénet et al. (2021, 2022) for reservoir dam spillways

3
Q = pbgy |29 (ﬁ) (6)

0 = (1 - AQ")ubg\/2gh* (7)
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Fig. 6. Phases of trapping of a low flexible barrier (z; = 50 mm, Series #5). Run 3B(1:7)b (i.e., mixture 3B, supply mode 1:7, second repetition):
(a) initiation; (b) filled structure and a few seconds later; and (c) state after release; Run 6B(1:6)c: (d) initiation; (e) filled structure and a few seconds
later; and (f) state after release; and Run 5A(1:3)b: (g) initiation; (h) half-filled structure; and (i) filled structure (no release despite significant

overflowing).

The first formulation enables to directly reads the relative
increase in water depth as compared with flow without wood,
e.g., if 8 = 0.2, it means that flow level increases by 20% in pres-
ence of LW. The second formulation gives a sense of the flow
capacity reduction at known flow depth. Table 3 provides a selec-
tion of values of both parameters computed using AQ* =
1 —[1 + (AH/H,)]7/. Fig. 8(b) shows both the measured depths
and the prediction of Eq. (7) for varying discharge. It shows that
using AQ* =0.78 (computed with 3 = (AH/H,) = 1.75) pro-
vides an envelope curve of all our measurements. In essence, a
heavily clogged flexible barrier has a similar behavior than a weir
discharging only 22% = 1 — AQ* = 1 —0.78 of its full capacity.
A barrier having an average clogging state might convey twice this
discharge (AQ* ~ 0.65) depending on random processes related
both to supply, i.e., low or high recruitment and transfer of LW
to the barrier, supply of fine material or only of large pieces;
and accumulation too, e.g., variably dense, evenly distributed (or
not). When using Eq. (7) with AQ* = 0.65, i.e., the mean value
on our sample, the ratio between the observed depth and the pre-
dicted depth varied in the range 0.2-1.7, half of the values being in
the range 0.9-1.3.

It could be possible to propose more sophisticated equations
including the volume of LW, its fine matter content, and the size
of the logs, e.g., mean or maximum length or diameters, as pro-
posed by others (Schalko et al. 2018, 2019a). Such parameters,
accurately known in small scale experiments, are however un-
known and strongly variable in the field: Vy, for instance varies
over two orders of magnitude for catchments of similar sizes or
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other features (e.g., FOEN 2019, pp. 27-28). We thus chose to pro-
vide a simple approach to compute an average case (AQ* = 0.65,
computed with (AH/H,) = 1.0), a high obstruction case (AQ* =
0.78), and a low obstruction case (AQ* = 0.28) as shown in
Fig. 8(a) and Table 3. We trust the users to define the “what if”
scenarios they want to address and to chose the associated dimen-
sionless numbers.

Release Condition of Large Wood Overtopping

Similar to previous works, release conditions were first analyzed in
the light of the dimensionless overflowing depth /*
h— 22

h=—= 8
Dy (8)

The release of LW over dam spillways occurs for 7* > 1.5-2
(Pfister et al. 2013; Furlan et al. 2021; Bénet et al. 2021; Vaughn
et al. 2021). Upstream of such structures, LW accumulates as ex-
tended floating carpets made of a single layer of LW. Conversely,
LW tends to get stuck at open check dams as denser, multi-layered
accumulations thanks to the higher approaching velocities allowed
by the higher structure porosity. Piton et al. (2020) and Horiguchi
et al. (2021) demonstrated that these thicker accumulations are
more stable than on closed structures and their releases occur
for h* > 3-8 (also because some logs get entangled in the openings
and form sort of random anchors, increasing the structure’s reten-
tion capacity).
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are computed on the sub-sample related to each slope tested. Evidence of an enveloppe value of 1.75. (b) Flow depth / against water discharge Q:
measurements and predictions of Eq. (7) with varying reduction rate coefficient.

Flexible barriers are even more porous than open check dams.
Consistently, natural releases of LW were difficult to obtain during
the experiments. The size of dots on Fig. 7 varies with the volume
of LW released. Significant releases, i.e., >10% of the mixture
volume, only occurred during series #5 (net height of 50 mm).
The releases occurred in a range of A* > 3-8, similar to open
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check dams. It is worth noting that specifically low flexible barriers
were manufactured to observe the LW release: the 50-mm high
barrier would be a small scale model of a 2-m high barrier at
scale 1:40.

To get a more precise picture of the effect of the approaching
flow conditions building dense accumulation or, on the contrary,
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Table 3. Relative energy head loss and associated discharge reduction coefficient

AH

- H, AQ* Value used for Source
0 0 Pure water conditions —
0.25 0.28 Lower envelope of flexible barrier This paper
0.5 0.46 Upper range on dam spillways Hartlieb (2017)
0.6 0.51 Upper range for slit and slot dams Piton et al. (2020)
1.0 0.65 Average behavior of flexible barrier This paper
1.1 0.67 Upper range for racks Piton et al. (2020)
1.5 0.75 Upper range for racks Schalko et al. (2019a)
1.75 0.78 Upper envelope curve of flexible barrier This paper

lousy floating carpet, the dimensionless ratio of buoyancy to drag
force introduced by Piton et al. (2020) on rigid barriers was also
computed

11/ o 50 P Dbl (9)
2Cp P 0

with the buoyancy force I1 = (7/4)g(p — pLw)D3wLw, the drag
force Fpp = (1/2)pCpDpywLowv7, the fluid density p, the log den-
sity prw» the fluid velocity vy, and the log drag coeffient C, taken
as 1.2 (following Merten et al. 2010). These formulations rely on
the following hypotheses (Piton et al. 2020) : (1) logs have a trans-
verse position as compared to flow direction, (2) they are nearly
fully submerged, thus their whole volume is considered in II
and their whole projected area in Fp, (3) LW are stopped by
the barrier and experience the drag force of the full flow velocity,
(4) the mean section velocity is a good approximation of the fluid
velocity near the log v, ~ b%’ and (5) the channel is rectangular

(otherwise, the mean flow velocity estimation and the Froude num-
ber equation must be adjusted). Considering these hypotheses,
I1/Fp, as many other dimensionless numbers, is not meant to give
an accurate estimation of whether or not a given log will sink. It
only gives a general sense of the balance between drag force and
buoyancy. It has notably the following limits: it ignores inter-logs
effects, antecedent flows, or 3D flow patterns (Piton et al. 2020).

Fig. 9 shows h* versus II/F, with the size of dots increasing
with the amount of LW released. The study of release conditions

requires to understand the distribution of large dots. It appears
clearly that in slow flow conditions, i.e., II/F, > 1, depths leading
to overtopping are similar to the known value for dam spillways
(h* = 2). On average, depths triggering releases progressively in-
crease to h* ~ 5 and even higher when flow conditions become
prone to creating dense, multi-layered accumulation, namely when
drag force gets close to buoyancy (II/Fp & 1), though random
variations appear. For fast flow conditions (II/Fj, < 1), LW piles
up. Large parts of these thick accumulations might be released for
randomly varying overflowing depths in the range h* ~ 4-8.

While the method proposed to compute flow depth [Eq. (7)] did
not account for parameters related to LW, release conditions are
strongly controlled by their diameter (mean diameter in the mixture
D, w) which appear in both dimensionless numbers, I1/F, and h*.

In steep slope streams, LW is mostly composed of single logs
without branches or rootwads (Rickli et al. 2018). However, the
presence of a few of them would likely increase the stability of
the LW accumulation and increase values of 7" leading to releases
as observed by Pfister et al. (2013) on PK-weirs. The threshold
values of 7" we highlight in this work are thus conservative regard-
ing this effect.

Loading Measurement

The elongation along the horizontal direction of the flexible barrier
was measured at three locations: (1) along the upper cable, (2) at
the middle of the net where no supporting cable was installed to
maximize deformation, and (3) along the bottom cable (Fig. 10).
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Fig. 9. (Color) Flow conditions considering relative overflowing depth 42* = [(h — z,)/Dyw] and buoyancy to drag force ratio II/Fj with dot
size proportional to the amount of LW released. Vertical lines shows the transition zone near II/Fp = 1 (continuous line = exact value,
dashed-dotted line = range of uncertainty accounting for a 20% relative uncertainty on the density and Cp = 0.9 — 1.41 according to Ruiz-
Villanueva et al. 2020). Evidence of increased mean and variability of 4* with decreasing I1/Fp, i.e., faster flows.
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With the net structure being more flexible than the supporting ca-
ble, the deformation at the middle was larger. An additional test
(repeated twice) was performed with a plastic sheet obstructing
the net to compare the loading and associated deformation related
to LW with full hydrostatic loading [Fig. 10(e)]. The plastic sheet
was pleated to make sure that it did not hold part of the pressure.
The blue lines in Figs. 10(a—c) show the associated deformation.
Fig. 10(d) shows the ratio between the measured deformation with
LW and mean value of deformation for full hydrostatic loading at
the same flow level. For low flow level /1/z, < 0.7 only, both the net
and the bottom cable experience higher deformation with LW than
full hydrostatic load. It might be an artifact of the measurement
accuracy (the deformations are on average less than 1% in this
range). It could also be that part of the drag force applied by
the flow on the logs is transferred on the net through force chains
between logs. Conversely, it is clear that when flow levels reach the
barrier crest (h > z,), the deformations measured with LW are
systematically lower than with full hydrostatic loading (ratio of
elongation with LW/hydrostatic elongation, mean = standard
deviation: 0.59 £ 0.12, 0.32 4 0.04, 0.21 4 0.07 for the lower ca-
ble, middle of the net, and upper cable, respectively). The potential
drag force transfer from logs to the barrier was likely negligible
at this stage because the high backwater rise reduces flow velocity
to low values. In addition, LW accumulation was dense and parti-
ally held and transferred forces to the rigid side wings of the barrier,
so equivalent effects would appear on rough banks (Rimbock
2004).

In case more fine material than in our experiences are supplied,
it might build denser and less porous and permeable LW accumu-
lations that would eventually transfer a higher loading than in our
measurement. We however demonstrated that the accumulated drag
forces and the flow pressure on the logs located against the barrier
remained lower than a full hydrostatic load. For the structural de-
sign of a flexible barrier intending to trap LW (and not sediment), as
yet suggested by Rimbock (2004), it seems that a reasonable first
order assumption is to apply a full hydrostatic loading.

Discussion

Insights, Limitations, and Remaining Open Questions

This work pushed further the pioneering work of Rimbdck and
Strobl (2002) and Rimbock (2004) by using a flexible barrier
capable of deforming in a realistic way, and by addressing both
the initiation of the trapping and its limits leading to releases by
overtopping. It shows that a very dense accumulation of LW can
form at flexible barriers based on their high permeability allowing
flow to seep through and stick the logs on the entire flow section.
The associated increases in flow depth were high, higher than what
was typically observed on the rigid barrier as reported in Table 3
(see also Piton et al. 2020, for a more comprehensive analysis of
data reported in the literature).

Although this work explores the aforesaid scientific gaps, it has
obvious limitations. As in any hydraulic small scale model, it was
impossible to meet full dynamic similitude (Heller 2011). The
Reynolds number similitude was relaxed because the flows were
fully turbulent (Re = Q/bg/v > 2,600 for all measurements, with
v as water kinematic viscosity). The surface tension o might have
an effect on measurements at shallow depths, 95% of measure-
ments had Weber number We = pgh® /o > 24 (the threshold value
is given between 10 and 120 according to Peakall and Warburton
1996). Consequently, data with flow depth & lower than a
certain threshold should be considered with caution. Peakall and
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Fig. 10. (Color) Elongation of the barrier depending of the water level:
the dots are values measured with LW while the blue lines are tests
performed with a barrier obstructed by a flexible plastic sheet applying
a full hydrostatic load on the barrier: (a) upper cable; (b) middle of the
net; (c) bottom cable; (d) ratio of deformation with LW ¢,y divided by
the deformation due to full hydrostatic loading €,y4rossasic > (€) picture of
the obstructed barrier before loading; and (f) loaded obstructed barrier.

Warburton (1996), Erpicum et al. (2016), and Fritz and Hager
(1998) suggest minimum depths of 1.5 cm, 3.0 cm, and 4.0 cm
in different types of studies, respectively, i.e., 6%, 13%, and 22%
of our measurements might be doubtful, respectively. They were
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mostly the values measured without LW. Thus, we are more con- significantly different conditions should be careful. For cases of

fident in our data with high discharge and water depth, i.e., the most gentler slope, flow velocities are usually lower, and thus drag forces
interesting data anyway. too, and II/Fp, is higher. Thus, flows progressively lose their abil-

In addition, it is worth stressing that sediment transport was ity to pile-up logs and to suck them below water and the barrier. We
ignored in this experimental work, which is an extremely important suspect that for flow conditions where only floating carpets can
limitation. On steeper slopes, and more generally if significant form (Fr < 1 and II/Fp > 1), the trapping initiation would then
bedload transport is involved, the whole question of interaction be- be better captured by Eq. (3) rather than Eq. (4). Regarding LW-
tween water, LW, sediment, and flexible barriers becomes certainly related head losses, it can be anticipated that in such flow condi-
much more complicated. This would deserve new experiments and tions, logs would more likely stay at the surface and would less
further research (see the State-of-the-Art section for the available likely obstruct the bottom of the structure, thus with reduced head
guidelines). losses. Hartlieb (2012, 2017), for instance, studied LW-related head

Although we believe that the manufactured flexible barrier used losses on dam spillways strongly overflowing before the logs were
in this work is a step forward in hydraulic small scale modeling, it is supplied. Accumulations were sometime multi-layered but did not
true that real wood pieces were used to model logs. Their stiffness obstruct the whole structure height. In approaching Froude num-
is thus not down-scaled. As compared to reality, they are abnor- bers ranging from 0.05-0.35, the associated relative head losses
mally stiff, as well as resistant to breakage. We believe that the high varied in the range Ah/hy = 0.05-0.5, i.e., much less than in our
stiffness of our logs is not a big issue. Relaxing this similitude experiments. Regarding release conditions, the h* versus II/Fp
would be a problem if, in the field, LW trapped against flexible criteria already accounts for possible low velocities, and was shown
barriers were strongly deformed and bent by flows. We demon- to be consistent with other references coming from dam spillway
strated that the structure, and thus the logs stuck against it, are sub- experiments, i.e., with quieter flows.

jected to an effort of more or less a hydrostatic loading and that
flow velocities near the barrier are very low. Tree trunks and large
branches are not significantly deformed by such a loading. For in-
stance, standing trees in the floodplain regularly trap LW and act as
a barrier (e.g., Abbe and Montgomery 2003). If a hydrostatic load-

Case Study Example: The Torrent Des Glaciers

An example of application of the criteria developed in the present
paper is proposed here below on the Torrent des Glaciers. At

ing would bend and break them, we hypothesize that this trapping this location, the catchment area is 114 km?. Peak discharges with
process would not be observed as often in the field. Meanwhile, in return periods of 10 years, 100 years, and 1,000 years are Qo =
rapidly flowing river reaches, when trees are scoured and recruited 47 m3/s, Q100 = 102 m3/s, and Qg0 = 203 m?/s, respectively
by flows, they get broken when falling or when blocked against (Arnaud et al. 2014). The mean diameter of the LW supplied by
obstacles and being impacted by fast flows, other LW, and boulders the catchment is assumed to be 0.25 m. The flexible barrier is in-
(FOEN 2019, pp- 52-54). This second effect was ?CCOUHted for tended to be fully functional for Q,¢, potential trapping needing
by. using logs with reduced lengths as compared with actual tree maintenance operation is acceptable for Q > Q. The structure
heights. would be installed in gorges with strong bedrock sidewalls. In these

gorges, the channel is heavily armored with large boulders and
sediment transport is assumed marginal. The channel width is 15 m

Applicability to Gentler Slopes and the slope 5%.

This experimental campaign was performed with relatively steep In pure water conditions, the flow depth is approximated by
slopes (2%, 4%, and 6%) and Froude numbers ranging from 0.5 a critical flow depth (continuous line in Fig. 11). The bottom
to 1.4 for flow without barrier. Use of the results on cases with cable is initially suggested to be set at the flow depth for Qy:

Input data: Width= 15 m | LW mean diameter= 0.25 m | Flow depth without LW: assumed critical ( Fry =1)

v
101 Large wood release by overtopping (M /Fp<1) /
Very probf’:lbles()h*=8) >
Probable (h*=
84 Plausible (h*=4) /
Top cable < = " Flowlevel
E - -
E 6 - - = mmmmmm High obstruction (A Q*=0.78)
Q.
3 . s " =mm w=mm 1 Average obstruction (A Q*=0.65)
2 44 . s " .t
ke " DRI Low obstruction ( A Q*=32)
w Q1ooo.
< 2 {Bottom . —— Pure water (A Q*=0)
cable Q10.
Trapping of single logs
04 . ‘Certain (z, =3)
Probable (z, =1)
Possible (z; =0)
0 50 100 150 200

Q: Discharge [m3/s]

Fig. 11. Synthetic stage—discharge curve exemplifying the design of a flexible barrier for large wood trapping on the Torrent des Glaciers (FR).
Eq. (7) is used with various values of AQ* to compute flow—stage-discharge curves. Trapping initiation is computed with Eq. (4) and selected values
of zj. Release conditions are computed with Eq. (8) and values of h* selected after computation of II/F, using Eq. (9).
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z1 =1 m=ah(Q). Eq. (4) is used to define the discharge for
which trapping might start (zj = 0), becomes probable (z] = 1),
and finally is certain (zj = 3). As can be seen in Fig. 11, trapping
is probable for a discharge in between Q,, and Qo and is certain
near Q. Considering that these criteria describe the trapping of
single, isolated logs and that, once a few logs are trapped, the trap-
ping efficacy becomes almost total, this analysis validate the choice
of setting the bottom cable at Q.

Flow depth in the presence of trapped LW is computed using
Eq. (7) and various hypotheses of AQ*. The hypothesis of high
obstruction (AQ* = 0.78) leads to a flow depth of 6.2 m for
Q100- Using a net height of 6 m enables us to set the top cable
atz, = (z; + 6) = 7 m, i.e., reasonably above the maximum depth
for the project design flood of Q. For the whole range of dis-
charge possibly involving LW trapping (Q > Qo) and every hy-
potheses of obstructions, applying Eq. (9) shows that IT/Fp < 1,
i.e., that the LW accumulation is likely dense and piling up. A
reasonable result regarding the steepness of the site.

Neglecting the top cable lowering (this should be refined in
a further step when structural design is defined), it is possible to
compute the flow depth at which LW release become plausible
(h* = 4), probable (h* = 6) and very probable (h* = 8) using
Eq. (8). These values are selected in the light of the IT/F, range.
One can see on Fig. 11 that such flow depths are reached in be-
tween 150 and 175 m3/s, i.e., well above Q,q in the worst case
of high obstruction, and are not reached for Q < Qg in cases of
average or low obstruction. This functional failure probability is
also considered satisfying and validates the net height.

Conclusions

When hydraulic structures like bridges and dams cannot be adapted
to let LW pass through, it is sometimes necessary to trap LW
upstream to prevent their eventual obstruction. Depending on the
site peculiarities, filtrating structures as open check dams, racks, or
flexible barriers are usually relevant options.

This paper presents a comprehensive analysis of the interactions
of LW with flexible barriers. It intends to complement the pioneer
and isolated so far works of Rimbock and Strobl (2002) and
Rimbdck (2004). It is based on small scale model experiments.
Four scientific questions were addressed:

* The initiation of the trapping of logs was studied with eleven
logs having variable shapes and sizes. Their blockage probabil-
ity was studied for a range of flow conditions and bottom
clearance below the barrier. A new dimensionless number was
introduced to predict the increasing likelihood of a single log
being trapped with increasing unit discharge and log diameter
and length and decreasing bottom clearance.

* Tests with six mixtures of LW were then performed to study the
LW-related head losses. It was shown that accumulations of LW
against flexible barriers increased flow levels, sometimes up to
2.75 times the specific energy head computed without LW. The
flow depth at the barrier can be computed using a weir equation
with an extra coefficient of flow reduction rate (reduction of
65% on average, upper bound: 78%).

* When subjected to high overflowing, flexible barriers might
suddenly release a large share of the LW trapped. Such releases
can be very dangerous and should be anticipated. Overall, they
occurred for depths over the crest in the range of 2-8 times
the LW mean diameter. Computing the dimensionless ratio of
buoyancy to drag forces with Eq. (9) helps to refine this range
by defining whether this phenomenon is likely to occur for rel-
atively low overflowing depths (in case flow conditions are slow
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enough to let LW accumulate as a lousy floating carpet), or if

drag forces are high enough to pile-up logs which build accu-

mulations more stable and having a more random behavior.
* Sensors measured the barrier deformation when loaded by LW-
laden flows, but also during tests with full hydrostatic loading.

It proved that when the flow level is close or higher than

the barrier crest, deformations with LW were lower than the full

hydrostatic loading. The latter can be used as a first, con-
servative assumption for the structural design of flexible barriers
trapping LW.

These experiments were performed using small scale flexible
barriers that deformed quite consistently with reality. A companion
paper explains how to tackle the issue of manufacturing a small
scale flexible barrier which has a target stiffness better capturing
the actual deformability of these structures (Lambert et al. 2022).
It was done by introducing a new similitude criterion on the stiff-
ness modulus of the barrier materials. The cables and net forming
the flexible barrier were then manufactured with a 3D printer and
targeted material characteristics.

A case study finally exemplified an application of the design
criteria proposed in this paper. This work was performed following
a first similar analysis on rigid barriers (weirs, slit dams, slot dams
and racks, see Piton et al. 2020). The fact that the crest level of
flexible barriers progressively decreases with the filling and loading
of the structure was expected to be potentially dangerous because it
would increase the overflowing depth, and thus promote eventual
releases of LW. Meanwhile, the extremely high permeability of
flexible barriers enables very high discharges and thus limits flow
levels, when compared to a rigid body structure with less per-
meability. Finally, flexible barriers proved to be very efficient and
relevant structures to trap LW because the advantage of their high
porosity has a stronger effect on flow levels and release conditions
when compared with the small drawback that the barrier crest level
decreased when loaded.
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.org/10.15454/CHHYIX, backwater rise and LW releases:
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measurement: https://doi.org/10.15454/9HUDGG.
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Notation

The following symbols are used in this paper:
bg =width of the flow at the barrier (m);
b =width of the channel upstream of the barrier (m);
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Cp =log drag coefficient;
Dy = arithmetic mean log diameter (m);
D,,.. =diameter of the thickest logs (m);
Fp =drag force (N);
FM =ratio of volume of fine material (thin branches,
leaves) over LW volume;
Fr=Froude number just upstream of the barrier:
Fr~ (Q/+\/gh%h?),
Fry =Froude number of the approaching flow without LW
Fro ~ (Q/+/ gbehy);
g=acceleration due to gravity (9.81 m/s%);
H =specific energy head at the barrier H =
h+1[(Q*)/(2gbzh?)] (m);
H = specific energy head without large wood Hy = hy +
[(0%)/(2gbgh3)] (m);
h =flow depth above the bottom level of the barrier
section (m);
h* = dimensionless overflowing water depth
h* = [(h—z)/(Drw)];
hy =flow depth at the barrier without LW (m);
K = Strickler coefficient of the channel (m~'/%);
L,y =arithmetic mean log length (m);
L,,.. =length of the longest logs (m);
Nyioppea = NUumber of test where the introduced log was trapped
by the barrier (logs);
Nguppliea = Number of test where the log was introduced in the
flume (logs);
Pjockage = blockage probability of a single log;
Q = water discharge (m?/s);
Re =Reynolds number Re = Q/bg/v;
S =slope of the flume (m/m);
V. w = solid volume of the mixture, i.e., without void (m?);
Vea = volume of sediment supplied by the design
event (m?);
v, =relative velocity of the flow near the logs (m/s);
We = weber number We = pgh®/o;
7o = weir height below the flexible barrier (m);
z; =level of the bottom cable on the net (m);
z, =level of the top cable on the net (m);
(3 =relative energy head loss AH/H;
AH =energy head loss = H — H, (m);
Ah =backwater rise = h — hy (m);
AQ* =dimensionless discharge capacity loss related to LW;
1 =weir coefficient, 0.45 in our case;
v =water kinematic viscosity taken as 107 (m?/s);
II =buoyancy force (N);
p=density of the fluid;
prw =LW density;
o = air-water surface tension, taken as 0.072 (N/m);
Ehydrostaric = horizontal deformation of the flexible by a full
hydrostatic load (m/m); and
erw = horizontal deformation of the flexible loaded with
LW (m/m).
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