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Preface

The large floods in Switzerland of the last decades, as well as numerous floods abroad,
have dramatically shown the role of large wood (LW), also termed driftwood and large
woody debris, as a potential source of triggering inundations or increasing flood damages.
The topic is thus an important and still current issue in flood protection and natural hazard
assessment. LW typically comprises both logs, rootstocks, and fine material like leaves
and branches.

Large-scale inundations may follow LW clogging at critical hydraulic infrastruc-
tures in rivers like bridges and weirs. On the one hand, LW may accumulate unintention-
ally at these structures, provoking backwater effects and overtopping of river banks or
dykes. For instance, the well-known flood damages in Brig that amounted to some
500 million CHF in 1993 were triggered by LW accumulations at a bridge spanning the
Saltina creek, a tributary of the Rhone River. On the other hand, LW is intentionally re-
tained at rack structures placed across or parallel to a river. For the rack pole design,
information on the accumulation density, accumulation height, and backwater effect is
also needed.

The overarching goal of this research project was a better understanding of the ac-
cumulation processes and blocking probabilities of LW at river infrastructures — with a
focus on bridge piers and retention racks — and the resulting effects in terms of backwater
effect and local scour, as well as potential measures to reduce these adverse effects. More-
over, the performance of an existing hydro-numerical 2D model in terms of its capability
to reproduce LW transport and accumulation processes should be assessed by comparing
the numerical results to those from hydraulic laboratory experiments.

As numerical models to simulate LW movement are still at an early stage of devel-
opment, laboratory experiments were primarily used in this research project. Dr. Schalko
performed systematic scale modeling at different geometric scaling factors in three flumes
in the VAW laboratory using LW that consisted mainly of natural wood scaled down
according to the respective model scale. For the replication of organic fine material PVC
was also used besides natural willow and fir branches.

This research project was part of the national WoodFlow project supported by the
Swiss Federal Office for the Environment (FOEN). My sincere thanks go to FOEN (grant
number 15.0018.PJ / 0192-0202) for its financial support. The fruitful collaboration with
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all WoodFlow partners, and in particular with Dr. Virginia Ruiz-Villanueva from the “Cli-
mate Change Impacts and Risks in the Anthropocene” (C-CIA) Chair of the University
of Geneva in the framework of the numerical modeling of LW accumulations using the
2D model IberWood, is gratefully acknowledged.

Last but not least I’d like to sincerely thank all co-examiners, i.e. Prof. Dr. Ellen
Wohl, Dept. of Geosciences, Colorado State University, Ft. Collins, USA, Prof. Dr.
Markus Stoffel, C-CIA, Institute of Environmental Sciences, University of Geneva, and

Dr. Volker Weitbrecht and Dr. Lukas Schmocker, both VAW, for their valuable inputs.

Zurich, October 2018 Prof. Dr. Robert M. Boes
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Abstract

During floods, transported large wood (LW) may accumulate at river infrastructures or is
retained intentionally at retention structures. In both cases, LW accumulation results in
backwater rise and local scour. Especially the 2005 flood in the Alpine regions in Europe
demonstrated the hazard potential of transported and accumulated LW. Despite recent
research, knowledge of the hydraulic and geomorphic effects due to LW accumulations
is still limited. Previous studies on LW accumulation probability focused mainly on the
effect of a bridge deck. The formulae for backwater rise apply mostly to a specific LW
retention rack placement. In addition, interactions between backwater rise and local scour
due to LW accumulations have not been studied so far.

Physical model tests were performed to investigate (1) LW accumulation probabil-
ity at bridge piers, (2) LW accumulation characteristics, resulting backwater rise and local
scour at transverse river structures, and (3) design of suitable measures for LW accumu-
lation risk reduction at bridge piers. For model evaluation, selected physical model tests
on LW accumulation were simulated with the 2D numerical program ‘IberWood’. For
the LW accumulation probability, the effect of varying approach flow conditions, LW
and pier characteristics, and a movable bed was investigated. The LW accumulation char-
acteristics with particular focus on backwater rise were analyzed in three test series, com-
prising a predefined versus natural LW accumulation, and a fixed versus movable bed.
The effects of varying approach flow conditions, LW characteristics, organic fine mate-
rial, and bed material on backwater rise were studied. Furthermore, a scale series was
investigated on backwater rise due to LW accumulations. The analysis of local scour due
to LW accumulations included the variation of approach flow conditions and uniform bed
material. The efficiency of LW fins and bottom sills to reduce accumulation probability
was studied for various approach flow conditions and LW characteristics.

The main results of the present work include a prediction equation for LW accumu-
lation probability at bridge piers for uncongested and semi-congested LW transport. De-
sign equations are proposed to estimate both backwater rise and local scour due to LW
accumulations. In addition, the effect of varying LW volume on backwater rise and local
scour are considered in the design equations, allowing for a sensitivity analysis. The pre-
sent work adds to the process understanding of LW accumulations at river infrastructures

and contributes to an improved design of LW retention structures.
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Kurzfassung

Wihrend Hochwasserereignissen kann transportiertes Schwemmholz bei Querbauwerken
verklausen oder wird bewusst mit Hilfe von Riickhaltebauwerken zuriickgehalten. In bei-
den Féllen flihrt die Schwemmbholzverklausung zu Aufstau und lokalem Kolk. Vor allem
das Hochwasserereignis im Jahr 2005 im europdischen Alpenraum verdeutlichte das er-
hohte Gefahrenpotenzial infolge Schwemmbholztransport und —verklausungen. Das Ver-
standnis hydraulischer und geomorphologischer Auswirkungen von Schwemmbholzver-
klausungen ist immer noch begrenzt. Frithere Untersuchungen zur Verklausungswahr-
scheinlichkeit konzentrierten sich hauptsichlich auf den Einfluss einer Briickentrégers.
Die Gleichungen fiir die Abschétzung des Aufstaus infolge einer Schwemmbholzverklau-
sung beziehen sich grosstenteils auf bestimmte Rechenkonfigurationen. Weiter wurde die
Wechselwirkung zwischen Aufstau und lokalem Kolk infolge Schwemmbholzverklausung
bisher vernachléssigt.

Mit Hilfe von physikalischen Modellversuchen wurden die folgenden Aspekte un-
tersucht: (1) Verklausungswahrscheinlichkeit an Briickenpfeilern, (2) Verklausungsei-
genschaften sowie resultierender Aufstau und lokaler Kolk an Querbauwerken und (3)
Dimensionierung von Massnahmen zur Reduktion des Verklausungsrisikos an Briicken-
pfeilern. Zur Modellevaluation wurden einzelne physikalische Modellversuche zur Ver-
klausungswahrscheinlichkeit und zum Aufstau mit Hilfe des numerischen 2D Simulati-
onsprogramms ‘Iber Wood* simuliert. Fiir die Verklausungswahrscheinlichkeit wurde der
Einfluss verschiedener Zuflussbedingungen, Holz- und Pfeilereigenschaften und einer
beweglichen Sohle untersucht. Die Verklausungseigenschaften und speziell der Aufstau
infolge Schwemmholzverklausung wurden im Rahmen von drei Versuchsserien unter-
sucht. Diese beinhalten eine vordefinierte im Vergleich zu einer natiirlichen Verklausung
sowie eine bewegliche Sohle. Der Einfluss verschiedener Zuflussbedingungen, Holzei-
genschaften, Feinmaterialien und Sohlenmaterialien auf den Aufstau wurde fiir stationére
Fliessbedingungen untersucht. Weiter wurde eine Massstabsfamilie zum Aufstau infolge
Schwemmbholzverklausung durchgefiihrt. Im Rahmen der Modellversuche zu lokalem
Kolk infolge Schwemmbholzverklausung wurden die Zuflussbedingungen und das Ein-
kornmaterial der Sohle variiert. Die Wirksamkeit von Schwemmbholzabweisern und Sohl-
schwellen auf die Reduktion der Verklausungswahrscheinlichkeit wurde fiir ausgewdhlte

Zuflussbedingungen und Holzeigenschaften untersucht.
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Die Hauptergebnisse der vorliegenden Arbeit umfassen Gleichungen zur Verklau-
sungswahrscheinlichkeit an Briickenpfeilern fiir Einzel- und schubweisen Schwemm-
holztransport .Weiter konnen sowohl Aufstau als auch lokaler Kolk infolge Schwemm-
holzverklausung mit Hilfe von Gleichungen abgeschétzt werden. Zusétzlich wird der Ein-
fluss des Schwemmbholzvolumens auf Aufstau und Kolk beriicksichtigt und somit eine
Sensitivitdtsanalyse ermoglicht. Die vorliegende Arbeit verbessert das Prozessverstind-
nis von Schwemmholzverklausungen an Querbauwerken und erleichtert die Dimensio-

nierung von Schwemmbholzrechen.
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1 Introduction

1.1 Motivation

Wood is a significant part of a river ecosystem and influences its morphology, biodiver-
sity, and hydraulics (Gurnell ef al. 2002). Logs with a diameter > 0.1 m and length > 1 m
are referred to as large wood (LW) (Wohl and Jaeger 2009). In rivers, LW may appear as
single log pieces or in bulk, i.e. LW accumulations or log jams. LW accumulations in-
crease the flow resistance and create heterogeneous hydraulic conditions (Gippel 1995).
The connectivity between the channel and the floodplain, and between water, sediments,
and nutrients can consequently significantly improve due to log pieces or jams (Wohl et
al. 2016). Besides these positive ecological aspects, LW may pose a considerable hazard
during floods. Transported LW can accumulate at river infrastructures such as bridges or
weirs. The LW accumulation reduces the flow cross-section, leading to backwater rise
and consequently to a flooding of the surrounding area (Figure 1.1). In addition, a LW
accumulation affects the geomorphic conditions. Local scour may occur at river infra-
structures, thereby damaging the infrastructure itself. Furthermore, an accumulation can
foster the disruption of the sediment continuity. The 2005 flood in Switzerland trans-
ported 30,000 t of LW, demonstrating its high hazard potential (Bezzola and Hegg 2007,
VAW 2008, Waldner ef al. 2009).The estimation of the probability and characteristics of

LW accumulations at river infrastructures are deemed necessary for an integrated flood

hazard assessment.

Figure 1.1 LW accumulations during the 2005 flood in Switzerland, (a) Weir Perlen (Photo:
Swiss Air Force, adapted), (b) Weir Bremgarten (Photo: Canton police Aargau, adapted)
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To account for the tradeoff between ecological benefit and natural hazard, the Swiss
approach to LW management is to convey LW downstream wherever possible and to
retain LW only when necessary. To mitigate the risk and impact of LW accumulations at
river infrastructures, both passive and active measures are possible. Passive measures in-
clude organizational measures such as early warning systems or evacuation plans. Active
measures are either maintenance works within the catchment area (i.e. forest mainte-
nance, or bank erosion prevention) or structural measures such as retention structures and
measures for the safe downstream conveyance of wood (Lange and Bezzola 2006). Re-
tention racks or nets are a common method to retain LW (Perham 1987, Hartlieb and
Bezzola 2000, Schmocker and Weitbrecht 2013). However, the intended LW accumula-
tion also leads to backwater rise and possible local scour at the retention structure. To
prevent LW from overtopping the rack, backwater rise is the governing parameter to de-
termine the required rack height.

The investigations on the role of LW during floods have increased within the last
decades. The combination of steep, afforested catchment areas and the frequency of
floods implies the relevance of this topic for Switzerland. The Laboratory of Hydraulics,
Hydrology and Glaciology (VAW) of ETH Zurich has been involved in LW research
since the 1987 flood in Switzerland. A series of case studies was conducted for LW re-
tention structures in Switzerland (e.g. Giirbe River, Kleine Emme River) in addition to
fundamental research on LW accumulation characteristics. Based on completed studies
on LW at VAW, Lange and Bezzola (2006) summarized the aspects of LW entrainment,
transport, accumulation, and retention. In addition, they recommended potential engineer-
ing measures to mitigate the risk of LW accumulations at river infrastructures. Bezzola et
al. (2002) and Schmocker and Hager (2011) studied LW accumulation probability of sin-
gle logs and single rootstocks at different bridge deck constructions (e.g. truss, baffle, or
railing bridge). Schmocker and Weitbrecht (2013) introduced a novel LW retention rack
configuration with the objective to reduce backwater rise and maintain sediment continu-
ity. They presented the so-called bypass retention where LW is retained parallel to the
main stream in a bypass channel. Further experiments on backwater rise at a LW rack
were conducted by Schmocker and Hager (2013). They defined the governing parameters
to generalize the accumulation process and to simplify small-scale model tests. Further-
more, research on LW process was likewise conducted in the neighboring Alpine coun-

tries by e.g. Knauss (1995), Rimbdck (2003), Hartlieb (2015), or Bocchiola et al. (2006a).
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Despite recent research, knowledge of LW accumulation probability and character-
istics is still limited and the results are partially contradictory. The effects of bridge piers,
multiple logs, and a movable bed on the accumulation probability have not been consid-
ered in detail. The available formulae for backwater rise were established for a limited
number of tests and apply mostly to a specific rack placement. In addition, previous model
tests neglected organic fine material as leaves and branches as well as the interactions
between backwater rise and a movable riverbed. Given the high damage potential due to
LW transport during floods, a detailed understanding of the LW accumulation process

and its impact is required.

1.2 Objectives

The present work aims to analyze the LW accumulation process at river infrastructures
and its hydraulic and geomorphic impact using primarily physical modeling. The physical
model tests were conducted in three different flumes at the Laboratory for Hydraulics,
Hydrology and Glaciology (VAW) of ETH Zurich. In addition, a numerical simulation
on LW accumulation probability and backwater rise was performed for model evaluation.
This study focuses on four main parts:
e LW accumulation probability — Flume I (tilting flume)
Physical model tests were performed to identify the governing parameters of LW
accumulation probability at bridge piers. The model tests comprise the effect on
the accumulation probability of varying approach flow conditions, LW and pier
characteristics, and a movable bed.
e LW accumulation characteristics — Flume II and III (small and large flume)
The general process understanding of LW accumulations was studied in two dif-
ferent flumes and allowed the investigation of scale and model effects. Special
emphasis was put on investigating the effect of accumulation shape and organic
fine material (branches, leaves) on backwater rise. Additional flume experiments
were conducted with a movable bed to study the interactions between backwater
rise and scour due to LW accumulations.
e Measures for LW accumulation risk reduction at bridge piers — Flume I (tilting
flume)
A typical bridge pier cross-section was modeled in a flume to test the efficiency

of existing measures and investigate new measures.



4 Introduction

e Numerical modeling of LW accumulation
Selected experimental results on LW accumulation probability and backwater rise

were used to evaluate the 2D numerical simulation model ‘IberWood’.

The objectives of this study contribute to flood safety and risk assessment. The main
results will be summarized in a design guideline in cooperation with the Swiss Federal
Office for the Environment (FOEN). This study is part of the interdisciplinary research
project WoodFlow on LW management in rivers in Switzerland (Ruiz-Villanueva et al.

20164a).

1.3 Thesis outline

This doctoral thesis consists of 7 chapters. Chapter 2 provides a general background on
LW in rivers, including previous floods with extensive LW transport. The current state-
of-the-art of LW accumulation research is summarized in Chapter 3, followed by the ex-
perimental setup and methods in Chapter 4. The results of the hydraulic and numerical
model tests are presented in Chapter 5, followed by a discussion of LW accumulation
probability, characteristics, hazards, and measures at bridge piers. To demonstrate the
practical application of this work, a computational example is provided in Chapter 6. The

conclusions and an outlook are presented in Chapter 7.
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2 Background

2.1 Overview

This section gives an overview of the processes prior to LW accumulations at river infra-
structures. It provides the basis for an improved understanding of the experimental setup,
data analysis, and discussion of the results of this study. The used terminology is intro-
duced in Section 2.2. The historic and current role of wood in river ecosystems, and its
ecological and morphological aspects are described in Section 2.3. The research on esti-
mating LW volumes on a reach and catchment scale is summarized in Section 2.4. The
entrainment, transport, and deposition of LW in rivers are discussed in Section 2.5. Se-

lected past floods with extensive LW transport are described in Section 2.6.

2.2 Terminology

Wood (e.g. trees, logs, and rootstocks) in a fluvial corridor is hereafter specified as large
wood (LW). Large wood is defined as single logs with a diameter > 0.1 m and a length
> 1.0 m. This definition has been commonly used in literature (Keller and Swanson 1979,
Nakamura and Swanson 1994, Wohl and Jaeger 2009, Ruiz-Villanueva et al. 2016b).
Related terms are drift or driftwood, referring to the type of transport, in-stream wood, or
in-channel wood. The definition of wood in rivers as woody debris, coarse woody debris
(CWD), or large woody debris (LWD) was widely used in the past. Given the negative
connotation of the term ‘debris’, the use is perceived as inappropriate (Wohl et al. 2016,
Ruiz-Villanueva et al. 2016b). Any flow with wood can be defined as ‘wood-laden flow’
(Ruiz-Villanueva et al. 2018). Transported wood may also include branches, needles, or
leaves. These components are defined as organic fine material FM. Selected wood types

from different sources are further classified in Table 2.1.

Table 2.1 Definition of wood types (Ruiz-Villanueva et al. 2016b)

Term Definition
Deadwood Old or dead wood in the channel bed
Green / fresh wood Fresh wood recently entrained into the river

In-stream / In-channel wood Wood located in the river

Timber / construction wood Wood from lumberyards or silviculture
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2.3 Wood in river ecosystems

Wood provides various benefits for river ecosystems. Single log pieces and wood accu-
mulations enhance the variability of morphological structures, species, and flow condi-
tions (Figure 2.1). According to Keller and Swanson (1979), LW accumulations in small
mountain streams provide in-channel sediment storage and vary channel morphology. As
the presence of LW in rivers is crucial for their ecosystems, LW removal should be lim-
ited (Young 1991). Hence, the removal of LW decreases the flow resistance and obstruc-
tion, thereby increasing the tendency of bed erosion (Shields and Gippel 1995, Gippel
1995). Studies on benefits of LW for the river ecosystems were conducted, amongst oth-
ers, by Gurnell et al. (2002), Wohl (2011), Kramer and Wohl (2015), Gurnell (2015) and
Bertoldi et al. (2015).

T I
Figure 2.1 Natural LW accumulation at River Thur, Switzerland (Photo: VAW, F. Maager)

Wohl et al. (2016) give an overview of the current knowledge on the benefits of
LW on different scales:

e Catchment scale: In mountainous catchment areas, single pieces of LW can create
steps and pools or represent flow obstructions. The accumulation of wood allows
the storage of fine sediments and organic matter. Additionally, accumulations pro-
vide overhead cover and create habitat for fish, or invertebrates. In lowland rivers,

wood improves the exchange within the hyporheic zone, creates pools and riffles,
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and provides cover and habitat. Furthermore, it improves the connectivity between
channel and floodplain. LW transport may increase bank erosion and further cre-
ates multi-thread channels.

e Reach scale: The positive effects on a reach scale include the formation of sec-
ondary or multiple channels. Transported logs may increase bank scour, form ob-
structions, thereby creating backwater pools. The areas upstream of log jams allow
for storage of fine sediments and organic matter.

o Channel unit scale: Given a log jam, backwater rise increases habitat diversity, as
it promotes the retention of finer sediments and organic matter. Transported wood
may increase overbank flow and sedimentation. Due to the hyporheic exchange,
the water chemistry and habitat for invertebrates improves. The variability of flow
velocities, flow depths, and morphology provides an enhanced habitat for various

fish species.

From an ecological point of view, removal of wood from the river should therefore

be kept at a minimum.

2.4 Estimation of large wood volume

2.4.1 Overview

The estimation of the available LW volume in a fluvial system is crucial for the flood
hazard assessment and can be assessed on both a reach- and catchment scale. Common
methods include empirical formulae or a quantitative LW recruitment process analysis of
the catchment area, e.g. with the aid of geographical information systems (GIS), remote
sensing tools, field examinations, or a combination thereof. A distinction is made between
the potential and effective LW volume. The potential (subscript pot) LW volume Vpot is
the stock of wood in the catchment area that can theoretically be entrained into the river
during a flood. In comparison, the effective (subscript eff) LW volume Ver is the actual

LW volume entrained during a flood.
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2.4.2 Empirical formulae

Rickenmann (1997) derived empirical formulae based on surveyed LW volumes during
floods in Switzerland (1987 and 1993), USA, Germany, and Japan (Ishikawa 1990) to
estimate both Vpot and Verr. The data base was further extended by Steeb et al. (2017)
including LW volumes of the 2005 flood in Switzerland. Ishikawa (1990) and Uchiogi et
al. (1996) also established empirical formulae for Vpot and Vesr. The empirical formulae
for LW volumes ¥ [m?] are a function of the following characteristics of the catchment
area or the flood:
e Size of catchment area (Rickenmann 1997 and Steeb ef al. 2017):
Vi =b- Acatch%, 2.1)
as solid (subscript s) LW volume Vs with b = 21 for data provided by Rickenmann
(1997) and b = 113 for data of the 2005 flood in Switzerland (Steeb et al. 2017),
Acaich as catchment (subscript catch) area [km?] and with an application range for
Acatch = 0.054 — 6273 km?. To obtain loose (subscript /) LW volumes V7, Vs is cor-
rected with the so-called bulk factor a. It is the ratio between V; and Vs and de-
scribes the compactness of an accumulation. Given a rather compact accumula-
tion, a =2 resulting in b;=45 for data provided by Rickenmann (1997) and
br =242 for data of the 2005 flood (Steeb et al. 2017).

e Discharge volume (Rickenmann 1997):
Ve =4- Vd% ) (2.2)

as Vi with Vy as discharge (subscript @) volume of a flood hydrograph [m®] and
valid for V= 21.6-10° —390-10° m?>.

o Sediment load (Ishikawa 1990, Uchiogi et al. 1996):
Ve =0.02-SL, (2.3)

€

as V; with SL as sediment load during a flood [m?] for SL = 380 — 50'000 m®.

e Type of vegetation (Ishikawa 1990 und Uchiogi et al. 1996):
V.,.=C-A4

ot catch > (2.4)
as Vi1 with C = dimensionless coefficient as a function of the vegetation type in the
catchment area. It can be distinguished between a coniferous (10 < C < 1000) and
a deciduous forest (10 < C < 100). The equation is valid for Acach < 100 km?.

e Forested catchment area (Rickenmann 1997):
V..=90-4

pot f,catch >

(2.5)
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as Vi with Arcach as forested catchment (subscript f,catch) area [km?] and valid
for Acateh = 0.76 — 78 km? and Afcatch = 0.3 — 21.1 km?.

e Forested stream length (Rickenmann 1997):

v =40-Lf2, (2.6)

pot

as Vi with Ly as forested (subscript f) stream length [km] and for Ly < 20 km.

Note that, Egs. (2.1)-(2.3) describe Vetr, whereas Egs. (2.4)-(2.6) Vpot. As the main
data base for these empirical formulae are collected LW volumes after floods, the mag-
nitude of Vesr and Vpot is rather similar (Figure 2.2). Figure 2.2 compares the resulting LW
volume obtained with different empirical equations (Egs. (2.1)-(2.6)) for the Swiss moun-
tain river Renggbach in Canton Lucerne. For Eq. (2.1), the constant b is = 5.5 times higher
for the 2005 flood data compared to the previous obtained data (1987, 1990, and 1993),
indicating an upper limit for b. For Eq. (2.4), the vegetation type coefficient C has a strong
influence on the resulting LW volume. C =400 seems to be an upper limit for the ob-
served LW volumes in Switzerland (SCD, 2017). The empirical formulae for Vpot are a
function of the forested stream length (L) and the type of vegetation (C, Afatch) in the
catchment area. Hence, the results do not correspond to the overall potentially mobilized

stock of wood in the catchment area and tend to underestimate Vpot.

Effective LW volume Potential LW volume
5'000
(a) (b)

£
N
2 2'500
2
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0 ] I
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Empirical Eq. for LW volume

Figure 2.2 Comparison of LW volume using Egs. (2.1)-(2.6) for the Swiss mountain river

Renggbach in Canton Lucerne with Acuch = 12.5 km? (adapted from Schalko et al. 2017)
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None of the above formulae combines some of the main parameters affecting LW volume
as e.g. Afcatch and Va. The application results in a rough estimate, but a detailed analysis

of the catchment is required to obtain reliable results.

2.4.3 Recruitment process analysis

During a flood, LW can be recruited and entrained into the fluvial corridor due to different
processes in the catchment area. The so-called wood budgeting was first introduced by
Keller and Swanson (1979). A wood budget is comprised of input, output, and decay
dynamics for a specific domain, commonly defined as the catchment area. Keller and
Swanson (1979) carried out case studies in Indiana, North Carolina, and Western Oregon
(USA) to develop a conceptual and qualitative wood budget for streams. They distin-
guished between the governing processes for LW recruitment in low (Indiana and North
Carolina) compared to high (Western Cascades, Oregon) gradient streams. In low gradi-
ent streams, the recruitment processes were identified to be bank failure, blowdown due
to high winds, and collapse of trees due to icing during winter storms. In high gradient
streams, wood can additionally be recruited due to snow avalanches and various soil mass
movements.

Benda and Sias (2003) further advanced this concept by introducing a quantitative
and more detailed framework for the mass balance of wood in rivers. Their approach can
be compared to water or sediment mass balances. The data base included various field
measurements over a 20 year period for the Pacific Northwest region in the USA. The
objective was to estimate the wood mass balance over a long time period. The mass bal-
ance is described similar to the wood budget as input, output, and decay processes with:

M:LVVW —LVVout + QLW,in _ QLW,out —LWdc.
At Ax Ax

2.7)

The change in large wood storage is defined as ALW [m?/m] within a river reach of length
Ax over the time interval At. The input (subscript in) or lateral wood recruitment L Wi,
[m?/(m's)] is the sum of various input processes, including forest mortality, downfall of
trees due to fire or windstorms, bank erosion, landslides, debris flow, snow avalanches,
and buried wood pieces or jams. The output or loss (subscript ouf) of large wood is de-
scribed by LWou [m*/(m's)] including the overbank deposition during a flood. The fluvial
transport of large wood (subscript L#) involves the transport into the river reach length

Ax (Qrw, in) and out of Ax (QLw, our) [m?/s]. The large wood decay (subscript dc) processes
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are included in LW4- [m*/(m's)]. Benda and Sias (2003) carried out a sequential analysis
of the wood mass balance including the following steps: (1) definition of forest death and
growth cycles, (2) decay of wood, (3) bank erosion, (4) mass loss, and (5) fluvial
transport. The individual parameters are defined in detail in Benda and Sias (2003).
Lucia et al. (2015) and Comiti et al. (2016) adapted Eq. (2.7) for shorter durations
such as a flood. Consequently, the large wood decay processes L Wac can be neglected and
the change in large wood storage ALW / At is assumed constant. The equation then sim-

plifies to:
QLW, out
Ax

LW, —LW, +

out

QLW,in
e (2.8)

The large wood input parameter L Wi, was further specified by LW recruitment from the
fluvial corridor (LWin, rc) due to bank erosion and LW recruitment from the hillslopes

(LWin, us) due to landslides, debris flow, or snow avalanches (Figure 2.3).

Figure 2.3 Conceptual LW dynamics in a river reach during a short time period, e.g. a flood

(adapted from Lucia et al. 2015)

Similar wood dynamic processes were identified by Swanson (2003), Rickli and
Bucher (2006), Mazzorana et al. (2009), Ruiz-Villanueva et al. (2014a), and Steeb et al.
(2017). The wood dynamic processes may vary depending on the relation between chan-
nel width and log length. LW recruitment due to landslides or debris flows are more likely
to occur in confined mountain streams or torrents and are mostly triggered due to contin-

uous rain. The vegetation or channel widening play a more significant role in lowland
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rivers or unconfined mountain rivers, though (Comiti ez al. 2016). In general, an analysis
of the river reach and catchment area is required to estimate the potential volumes for the
LW mass balance (or wood budget). The approaches vary from aerial surveys, LIDAR
(light detection and ranging), to GIS.

Rimbock (2001) estimated the LW potential based on aerial surveys. The recruit-
ment areas and the stock of wood are determined using aerial images. The potential LW

volume Vpot 1s defined as:

Vpot = Z Arec,i QLW,i ]pz 4 (29)
i=1

with Arec as the recruitment (subscript rec) area for a certain quantity i [m?], Qzw as the
stock of large wood [m*/m?], and f as the reduction ratio [~] (compare Eq. (2.12)). The
aerial images were used to generate a digital elevation model with a resolution of about
10 m. Based on the digital elevation model, the recruitment processes and areas were
determined. Rimbock (2001) investigated bank erosion, landslides, snow avalanches,
wind throw, and in-stream wood storage. The reduction ratios for the different recruitment
processes were estimated based on literature data and previous floods with extensive LW
transport. The presented tool was applied to different catchment areas in Germany and
showed plausible results.

Bertoldi et al. (2013) investigated wood recruitment due to bank erosion and in-
channel wood volume for two study sites at the Tagliamento, Italy. They analyzed air-
borne LiDAR surveys from 2005 and 2010, hourly photographs of the two study sites,
field measurements of trees (standing and deposited) in 2010, and hydrological infor-
mation from a gauging station. The airborne LiDAR data provided information on the
tree height, vegetation density, extent of the riparian forest due to erosion, and bed mor-
phology of areas with previously deposited trees. The hourly photographs were used to
obtain changes in bank position and to quantify the number and position of deposited
trees after floods. The field observations focused on the measurement of standing and
deposited tree characteristics (e.g. species, density, and dimensions). The data analysis
was conducted within three steps. First, the field observations of 2010 were evaluated to
describe the characteristics of the standing trees close to eroding banks and compare them
with deposited trees in the fluvial corridor. Second, the impact of floods on the wood
budgets at the two study sites were analyzed. By comparing the 2005 with the 2010 data
(LiDAR and photographs), information was gained regarding the deposited and retained

wood in the fluvial corridor. Third, the flow conditions, the riverbed topography, and the
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photographs of the tree positions were evaluated, allowing for an analysis of wood reten-

tion.

Several studies on LW volumes have been conducted using a GIS approach. A de-

tailed description of the required steps and formulae are summarized in Méchler (2009),

Mazzorana et al. (2009), Meyer and Rimbdck (2014), or Ruiz-Villanueva et al. (2014a).

Considering landslides and bank erosion as the main wood recruitment processes, the

required steps to estimate the potential LW volume are the following (adapted from

Maichler 2009, Meyer and Rimbdck 2014, Schalko ef al. 2017):

1.

Acquire basic information: Collection of the required basic data sets (e.g. elevation
model, maps of the forested area, stream network) and definition of the perimeter.
Slope gradients: Definition of decisive slope gradients. During the 2005 flood in
Switzerland, the majority of landslides occurred at slope gradients varying from
20°...50° (Bezzola and Hegg 2008). Since landslides at slope gradients higher than
20° do not stop immediately once the slope decreases, it is necessary to include a
buffer zone of = 25 m (Rickli et al. 2008).

Sub-catchment area size: The discharge capacity of the river is decisive for whether
LW can be transported or not. It is assumed that sub-catchment areas with a size
> 1 km? are capable of transporting LW (Waldner et al. 2009).

Forested area: The forested area of the perimeter should be defined.

Hazard areas due to landslides: The hazard areas due to landslides (subscript LS)
Ars [m?] are defined as the forested areas (Step 4) with slope gradients varying from
20°...50° (Step 2) located within the reach of sub-catchment area with > 1 km?
(Step 3). Due to the stabilizing effect of tree roots, it is assumed that not all landslides
within the hazard area will be triggered during a flood. This is considered with the so-
called landslide reduction ratio frs. Based on recommendations by Rimbdck (2003),
fLs can vary between 0.1...0.8 depending on the slope instability within the perimeter.
Hazard areas due to bank erosion: Considering a natural, low gradient river, the
regime width is reached at HQOs-10 leading to LW recruitment due to bank erosion. For
natural high gradient rivers the corresponding flood is roughly HQ30-100. The regime
width Bparker [m] can be calculated using the empirical formula by Parker (1979)

BParker = 44 ' Q s (2 10)
g (s—1)- dSO,AL

with Q as discharge [m?/s] for HQOs.10 for low gradient and HQ30-100 for high gradient

rivers, g = gravity acceleration [m/s?], s = relative sediment density = 2.65 [-], and
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ds0.41 = characteristic grain size diameter of the armor layer [m]. During a flood, either
landslide or bank erosion lead to LW recruitment (Rimbdck 2003). To avoid a double
consideration of hazard areas, the unobstructed, forested stream length Ly should be
identified only for sections with risks of bank erosion. The hazard areas due to bank

erosion (subscript BE) Ask are defined as:
ABE :Lf'(BParker_E)’ (211)

with Bas the average channel width [m].

7. Potential LW volume: The potential LW volume Vpot results to:

Vi = Ry (s - frs) + Agi) (2.12)
with Q7w as the wood stock within the perimeter [m*/m?].

8. Effective LW volume: The potential LW volume is the theoretical amount of wood
that can be entrained into the river during a flood. The effective LW volume can be
estimated based on recorded LW volumes in similar catchment areas of past floods.
Considering a reduction factor fefr, the effective LW volume Verr [m*] can be estimated
to:

Vet = Voot " et (2.13)

The 8 steps represent a simplified estimation approach for the potential and effective LW
volume of a selected perimeter (e.g. sub- or catchment area).

Ruiz-Villanueva et al. (2014a) described a more detailed GIS-approach with differ-
ent scenarios for a likely, intermediate, and maximum wood recruitment. In addition to
the different LW entrainment processes, the vegetation stage (mature, mid-successional,
young, or re-forested) and species (conifer, deciduous, or riparian) were included to con-
sider the vegetation resistance (e.g. the ability of the vegetation to oppose a potential re-
cruitment). A volume correction factor then reduces the potential wood volume for areas
with high vegetation resistance.

A detailed literature study on LW recruitment is provided by Comiti et al. (2016).
Case studies for a specific (sub-)catchment area were conducted by Nakamura and Swan-
son (1994), Wyzga and Zawiejska (2005), Comiti et al. (2006), Lassettre et al. (2008),
Mazzorana et al. (2009), Hassan et al. (2016), and Steeb et al. (2017).
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2.5 Large wood movement

The movement of LW during a flood is of primary importance to estimate the interaction
between wood and river infrastructures, and the resulting hazards. The state-of-the-art of
this subsection will be structured in the order of LW (1) entrainment, (2) transport, and
(3) deposition. Due to the scope of this work, the presented research focuses on theoretical
approaches and physical experiments. The variety of field measures to observe LW move-
ment has increased within the last decades, though. MacVicar et al. (2009) provide an
overview of the existing measurement techniques, including field and aerial surveying,
14C dating, visual and tag tracking, and monitoring (video or wood removal). Other field
investigations on wood dynamics are provided by Curran (2010), Merten et al. (2010),
Mazzorana et al. (2011), Dixon and Sear (2014), Schenk et al. (2014), and Ravazzolo et
al. (2015a).

2.5.1 Entrainment

Lienkamper and Swanson (1987) studied the dynamics of LW transport initiation (i.e.
incipient motion) at a study site in Oregon (USA). Based on their observations, the LW
mobility characteristics can be described by the ratios of log dimensions and channel di-
mensions (i.e. log length to channel width). Logs with lengths less than the channel width
were more likely to be transported.

Braudrick and Grant (2000) studied the entrainment and transport of large wood by
combining a theoretical approach with hydraulic flume experiments. The entrainment
process was described by the force balance acting on wood in streams. Their model ap-
plies for cylindrical logs in uniform flow lying on a smooth impermeable riverbed. The
log movement can be defined by the balance of downstream and upstream force compo-
nents (Figure 2.4). The downstream components are the normal force Fv (force balance
of buoyancy Fp and gravitation F¢) and drag force Farag, whereas the upstream component
is the friction force Ffiction. As logs are commonly not submerged, the lift force Fiitt can
be neglected. The forces are defined as:

e Normal force Fy:

2

Fysinff = (FG _FB)Sinﬂ = (gpLLL %_ngLLAsubjSinﬂ (2.14)
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F, cosp

Figure 2.4 Forces acting on a cylindrical log oriented normal to the flow (cross-section) with

CG = center of gravity (adapted from Braudrick and Grant 2000)

The normal force Fy equals the effective log weight in downstream direction with
Fg— Fp = effective log weight (gravitation force minus buoyant force), = bed angle in
flow-parallel plane, g= gravitational acceleration, pr=log density, Lz =1log length,
dr = log diameter, pw = water density, and 4sus = submerged area of the log perpendicular

to piece length exposed to drag. For a cylindrical log, 4sub resolves to

2
Ay, = {2 cos™ (1 — 62{—h} —sin {2 cos™’ (1 - Z—hﬂ}% . (2.15)
L L

e Friction force Ffiction:

zd?
Ffriction =F, cos Bty = (gpLLL TL —gpyL Ay, J CoS BB oy (2.16)

The friction force is a function of the normal force Fy acting on the log
Fn=(Fc— FB) cosf and the bed friction coefficient ubed.

e Drag force Flrag:

2
v

Floe =—?pWCd (L,hsiny + A, cosy) (2.17)
The drag force equals the downstream drag exerted on the log by moving water with
v = flow velocity, Ca = drag coefficient of wood in water, # = flow depth, y = log position
angle relative to the flow with y = 0° for logs oriented parallel to the flow and y = 90° for
logs oriented normal to the flow. The drag coefficients for cylindrical logs were investi-
gated with flume experiments by Wallerstein et al. (2002) and Gippel et al. (1996). In
addition, field measurements were conducted by Hygelund and Manga (2003), and
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Shields and Alonso (2012). For cylindrical logs Cu strongly depends on y and the blockage
ratio. Values in literature range from Ca= 0.4 for y=15°, Cs=0.8 for y=90° up to
Ca=1.4 fory=0°.

The force balance can then be summarized as:

F

friction

-F,sinfp=F,, ,and (2.18)

rag >

xd; .
(gpLLL 4L _ngLLAsubJ(COSﬁ /’Ibed _SIHﬂ) =
(2.19)

2
v

?pWCd (L,hsiny+ A4, cosy)
Based on Eq. (2.19), the entrainment process is a function of log characteristics (diameter,
length, density, log orientation relative to the flow), channel characteristics (flow veloc-
ity, flow depth, and channel slope), and drag- and friction coefficients.

According to Braudrick et al. (1997), log transport, i.e. flotation, starts if the buoy-
ant depth /5 is equal to the flow depth 4. Given a log without rootstock, entrainment or

beginning of transport is defined by:

2

zd
Fo=F,—>gp L, TL =gpyL A, - (2.20)

The physical experiments by Braudrick ez al. (1997) showed that the flow depth at the
beginning of transport is nearly a linear function of the log diameter, i.e. logs with a
smaller diameter are sooner mobilized.

Bocchiola et al. (2006a) and Crosato et al. (2013) further studied the entrainment
process of logs using hydraulic flume experiments. They stated that the entrainment con-
dition cannot be simplified by the balance of drag and friction forces, as also the flow
around the logs highly affects this process. Due to few experimental data, their findings
were nor parameterized.

The incipient motion of LW can further be described by the ratio between flow
depth / and log diameter d. According to Lange and Bezzola (2006), logs with a density
of = 500 kg/m*® may be transported, if 4 > d/2. Flume experiments at VAW (2001) ex-
tended this recommendation for supercritical flow conditions (flow Froude number

Fo =~ 2) and logs without branches to # > 1.0...1.2 d and with branches to 2> 1.2...1.5 d.
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2.5.2 Transport

Jegorow (1941) conducted flume experiments on LW transport and stated that logs ori-
ented parallel to the flow are more stable than logs normal to the flow. Braudrick and
Grant (2000) tested the stability of transported logs as a function of their position relative
to the flow and confirmed the findings of Jegorow (1941). Based on their flume experi-
ments, logs oriented in flow direction are more stable than logs oriented normal to the
flow or with an angle of y =45°. This was observed for all logs independent of their
length, diameter, or existence of rootstock. Braudrick and Grant (2001) further investi-
gated the position of transported logs with flume experiments. The log orientation relative
to the flow was mainly a function of the velocity distribution. Logs oriented normal to the
flow were observed for non-uniform flow velocity distributions. Still, they observed the
tendency that logs were transported in the thalweg and oriented parallel to the flow with
increasing transport distance.

Braudrick et al. (1997) classified LW transport in rivers in three different transport
regimes: (1) uncongested, (2) congested, and (3) semi-congested LW transport
(Figure 2.5). For uncongested LW transport, single logs move independently without con-
tact. In contrast, congested LW transport represents a single mass movement of logs, e.g.
as a LW carpet. Hence, the movement of a single log depends on the other logs. Semi-
congested LW transport is an intermediate regime. Some logs are then transported in
clumps and others as individuals. Congested LW transport is common for low-order
streams, and uncongested LW transport for higher-order streams. Ruiz-Villanueva et al.
(2018) extended this classification and included ‘hypercongested’ as an additional LW
transport regime. In this regime, unsaturated logs are transported in bulk at the front of a
flood wave. The wood front is either dry (rolling or sliding logs), or wet (floating logs).
The different transport regimes are a function of the so-called log input rate. It is defined
as the ratio of the wood input rate Qrw,i» to the approach flow (subscript o) discharge Qo,
resulting in hypercongested or congested LW transport for high ratios of
Orw,in | Qo> 0.10. This was further confirmed by the flume experiments of Bertoldi et al.
(2014). The correlations between water, sediment, and wood-laden flows are plotted in
Figure 2.6a. According to Ruiz-Villanueva et al. (2018), hypercongested and congested
LW transport were observed at the rising limb of the flood hydrograph, whereas uncon-
gested LW transport commonly occurred after the flood crest (Figure 2.6b).

The different transport modes of LW are resting, rolling or sliding, and floating.
According to Haga et al. (2002) the modes depend on both the ratio of the flow depth to
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the log diameter, and the ratio of hydrodynamic forces to resistance forces, i.e. (Ffric-
tion — FN) / Farag (compare Eq. (2.19)). The beginning of log transport, i.e. floating, is
hereby defined if & > dL.

The wood characteristics highly affect the LW transport modes. Ruiz-Villanueva et
al. (2016c¢) investigated the influence of different wood densities on LW transport. The
density difference of decayed in-stream wood compared to fresh green wood were studied
during field campaigns and accompanying flume experiments. During their experiments,
the log density pz resulted in 800 kg/m? for green wood and 660 kg/m? for in-stream
wood. Logs with a lower density were more likely being transported compared to logs
with a higher density. Additionally, the travelled distance of logs with a lower density
was higher. Ruiz-Villanueva et al. (2016c) concluded that LW dynamics or movement
should not be estimated based on the standard wood density value of pr = 500 kg/m?

found in literature.
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Figure 2.5 Large wood transport regimes, (a) uncongested, (b) congested, and (c) semi—con-

gested (adapted from Braudrick et al. 1997)
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Figure 2.6 (a) Water, sediment, and wood-laden flows and (b) LW transport regimes for a flood
(adapted from Ruiz-Villanueva ef al. 2018)
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2.5.3 Deposition

This section refers to natural deposition of single logs, whereas deposition at river infra-
structures is describes in Section 3.3. According to Braudrick et al. (1997), wood is
mainly deposited in the shallowest areas and oriented normal to the flow for both uncon-
gested and semi-congested LW transport. Braudrick and Grant (2001) confirmed the find-
ings and commented that during their flume experiments, logs were deposited at mid-
channel bars, in shallow zones, and on the outside of river bends. The so-called debris
roughness DR, similar to the hydraulic roughness, describes the factors promoting LW
deposition in a river. DR is a reach-average dimensionless index that can be described by
channel characteristics, i.e. channel width, depth, and sinuosity, and log characteristics,
i.e. log length and diameter. DR was theoretically evaluated as high for low-gradient
headwater streams compared to large streams. The factors influencing the deposition are
similar to the factors for incipient motion, described by Lienkamper and Swanson (1987).
The ratio of log length to channel width is a governing parameter describing LW deposi-
tion. In contrast to the incipient motion of logs, Braudrick and Grant (2001) observed
larger logs to be transported for longer distances compared to shorter logs. Longer logs
may not be strongly affected by local hydraulic variations and exhibit a higher momentum

to not be deposited at obstacles, leading to a more stable log transport.

2.6 Selected past floods with extensive large wood transport

2.6.1 Switzerland, 1987

In 1987, several floods occurred in the Alpine regions of Switzerland and Austria. In
Switzerland, the damage sum amounted to 1'200 Mio. Swiss Francs. In addition to the
high water and sediment discharges, a large volume of wood was entrained, transported,
and deposited during the flood (Figure 2.7). According to Banziger (1989), approximately
41'000 m* of LW was accumulated and the maximum measured water discharge at the
River Rhine (Diepoldsau, Canton St. Gallen) amounted to 2'660 m>/s (= HQ1s0). Even
though the damage due to LW accumulations was rather low, the incidence led to a de-
tailed analysis of the LW processes that occurred. The analysis focused on the quantifi-
cation of LW volumes, sources, and size distributions in various Swiss catchment areas.
It was conducted based on aerial images and individual LW records. In the Swiss Canton

Valais, the majority of entrained LW was classified as deadwood, construction wood, and
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fresh wood due to landslides. The analysis of the flood led to the study and design of

measures for LW retention and safe downstream conveyance.

Figure 2.7 1987 flood in Switzerland in (a) Canton Grisons, Trun (Photo: Community archive

Trun) and (b) Canton Grisons, Poschiavo (Photo: Public works service Grisons)

2.6.2 Switzerland, 2005

The 2005 flood in Switzerland transported approximately 110'000 m? and 30'000 t of LW,
respectively (Bezzola and Hegg 2007, VAW 2008, Waldner et al. 2009). The property
damage amounted to 3 billion Swiss Francs. The return period of the flood at the northern
edge of the Swiss Alps was estimated to be = 80 years. During the flood mainly fresh
wood (50-75%) was entrained in mountainous catchment areas due to landslides and bank
erosion (Bezzola and Hegg 2007) and transported to areas with lower channel slopes and
various river infrastructures, leading to numerous accumulations at bridges and weirs
(Figure 2.8). This resulted in severe problems due to backwater rise upstream of the
blocked cross-sections and consequently flooding of the surrounding area. The negative
impact of transported LW led to a detailed analysis of the LW entrainment, transport, and
deposition processes for three different catchment areas (i.e. River Kander, River Kleine
Emme, and River Grosse Melchaa) in Switzerland. The results were used for future action
planning and risk evaluation and triggered several research projects, as for example the
LW retention rack at the River Kleine Emme in Canton Lucerne (Schmocker and Weit-

brecht 2013).

2.6.3 Italy — Magra River basin, 2011

In 2011, high precipitation events led to flash floods (HQ200-300) in the Magra River basin
in the north-western part of Italy (Lucia ef al. 2015, Rinaldi ef al. 2016). The flash floods
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caused bank erosion due to channel widening. The channel bed width was enlarged by a
factor of 20. Therefore, the majority of LW was entrained due to bank erosion (70-80%).
This resulted in a LW transport of 1270 m*/km and various LW accumulations
(Figure 2.9). After the flood, the dynamics of LW during flash floods were investigated
for two highly affected mountainous catchment areas (Lucia et al. 2015). The geomorphic
changes and their effect on LW transport were analyzed by Rinaldi ef al. (2016). Both
studies highlight the difficulty in predicting LW budgets, LW-related hazards, and mor-

phological modifications.

Figure 2.8 2005 flood in Switzerland, LW accumulation at a bridge in Canton Obwalden
(Photo: belop GmbH)

Figure 2.9 2011 flood in Italy with LW accumulations in (a) Pignone and (b) Borghetto di Vara

(Photos: guatebafti, Panoramio.com)
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2.6.4 Switzerland — Zulg and Emme River basins, 2012

In 2012, a regional flood (= HQ100) with extensive LW transport occurred in the catch-
ment area of the Rivers Emme and Zulg, affecting the downstream regions River Aare
(Figure 2.10) and Lake Biel. The transported LW volume was low compared to the flood
in 2005 and therefore caused less damage. In the River Zulg, approximately 1'000 m? of
fresh- and deadwood were entrained due to bank erosion and landslides (Flussbau AG
2012). The precipitation mainly occurred in the upper catchment area and the base flow
was rather low. This combination resulted in a low flow depth at the front of the flood
wave. Due to the bottom friction, the reduced flow velocity led to backwater rise and to
the formation of a surge wave with a distinct bore front. LW was transported at the front
of the surge wave, forming a compact LW carpet that further increased backwater rise.
This phenomenon was observed both at the Rivers Zulg and Emme and can be described
as hypercongested LW transport (Section 2.5.2; River Emme in Figure 2.10a). At the
River Zulg, maximum backwater rise amounted to = 2 m and was observed at the begin-
ning of the flood (Flussbau AG 2012). LW accumulated mainly in the river channel. Con-
sequently, maintenance works were increased to reduce the potential of LW accumula-
tions. In addition, a LW retention rack is planned and physical experiments were con-
ducted at the University of Applied Sciences Rapperswil to test the setup and retention

efficiency.

Figure 2.10 2012 flood in Switzerland, (a) LW transport in the River Emme (Photo: ener-
gisch.ch), (b) LW accumulation in the River Aare in Bern due to LW recruitment in the River

Zulg (Photo: derbund.ch)
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2.6.5 Japan — Northern Kyushu, 2012

In 2012, an extreme flood occurred in the northern part of Kyushu in the prefectures of
Kumamoto, Oita, Fukuoka, and Saga. The flood caused property damage of approxi-
mately 200 billion JPY (=2 billion CHF). In the coastal area, the accumulated LW
amounted to 17'500 m® (Yano et al. 2015). Due to LW accumulations, several bridges

were clogged and subsequently damaged (Figure 2.11).

Figure 2.11 2012 flood in Taketa (prefecture Oita in northern Kyushu, Japan), (a) LW accumu-
lation at a bridge (Photo: dailymail.co.uk) and (b) debris flow with LW (Photo: democraticunder-

gound.com)
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3 Literature review

3.1 Overview

This section provides an overview of the current knowledge on large wood accumulations
at river infrastructures. It focuses on literature that is directly related to the present work.
Based on the literature review, the research gaps are identified. The review supports the
investigational approach and highlights the main objectives of this thesis. The research
on large wood accumulation probability at river infrastructures with special emphasis on
bridges is presented in Section 3.2. The characteristics of large wood accumulations in
rivers are described in Section 3.3. In Section 3.4, the current state-of-the-art regarding
hazards due to LW accumulations at river infrastructures is summarized, focusing on
backwater rise and local scour. The existing engineering measures for LW accumulation
risk reduction at bridges are depicted in Section 3.5. The recent numerical simulation ap-
proaches for large wood entrainment, transport, and deposition are described in Sec-
tion 3.6. Finally, Section 3.7 identifies the research gaps based on the literature review

and summarizes the objectives of this study.

3.2 Large wood accumulation probability

Transported LW can accumulate at river infrastructures like bridges or weirs. The esti-
mation of the LW accumulation probability is crucial for an integrated flood hazard as-
sessment, as it directly affects the damage potential. Several case studies on LW accumu-
lation probability for a specific bridge or weir exist, but only a few systematic investiga-
tions have been conducted so far. This section will focus on LW accumulation probability
at river bridges. Literature regarding other infrastructures such as weirs, spillways, or
check dams are summarized in Lange and Bezzola (2006), Hartlieb (2012), Hartlieb
(2015), Piton and Recking (2015), SCD (2017), or Furlan et al. (2018).

Bezzola et al. (2002) conducted flume experiments on the LW accumulation prob-
ability p of single logs, single rootstocks, and wood mixtures at different bridge deck
constructions (e.g. truss, baffle, or railing bridge). The flume experiments were conducted
in a 13 m long and 0.6 m wide channel with a fixed channel bed at VAW. The bridge
deck geometry was kept constant, while the flume was adjusted to model rectangular and

various trapezoidal cross-sections. The tested hydraulic conditions included subcritical-,
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supercritical flow, and a hydraulic jump at the location of the bridge deck. The approach
flow conditions were defined by the approach flow Froude number
Fo=vo/(gho)*=0.3...1.1 with v, = approach flow velocity, %, = approach flow depth,
and g = gravitational acceleration, and the ratio of the approach flow depth to the bridge
clearance height /o/Hpridge = 0.5...1.0. The model LW consisted of single logs and single
rootstocks (Figure 3.1), and was transported both uncongested and congested. The exper-
iments were repeated N = three times, resulting in a total of 1'200 test runs. According to
Bezzola et al. (2002), the accumulation probability p is mainly a function of the LW di-
mensions (length and diameter) in combination with the cross-sectional geometry,
whereas the approach flow conditions (relative approach flow depth /o/Hpridge and Fo)
were of minor importance. The maximal (subscript max) accumulation probability
pmax = 80...100% was observed for the trapezoidal cross-section with congested LW
transport including rootstocks, compared to pmax = 30% for the rectangular cross-section.
Single rootstocks resulted in pmax = 50...70% for trapezoidal cross-sections, compared to
pmax = 25% for the rectangular cross-section. The minimum (subscript min) accumulation
probability pmin = 0...20% was observed for single logs independent of the cross-section.
The results for uncongested transport were combined in design equations and the accu-

mulation probability for single logs pr can be described as:
p, =0 for%<0.5,and (3.1

», :0.133%—0.066 for%ZO.S, (3.2)

with B as bridge width [m]. The accumulation probability of single rootstocks (subscript

R) pr depends on the mean dimensions of the rootstock and clearance height, with

pr=0 fori<0.6, (3.3)
HBridgc
d,.
pr=1 for >1.0 , and 3.4)
Bridge
D 29w gy for 0.6<—& <10, (3.5)
Bridge Bridge

with dr+ as the geometric mean of the maximum and minimum dimensions of the root-
stock and the attached log length dr* = (drmax drmin Lz)" [m]. The experiments with con-
gested transport resulted in higher p compared to the uncongested transport but were not

summarized in a design equation due to the limited number of experiments.
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Figure 3.1 Model LW and model rootstocks (adapted from Bezzola et al. 2002)

The effect of different bridge deck types (Figure 3.2) on p for uncongested transport
was studied by Schmocker and Hager (2011). The flume experiments were conducted in
a 13 m long and 0.6 m wide flume at VAW with approach flow conditions varying from
hol Hpridge = 0.9, 1.0, 1.07 and F», = 0.3...1.2. The model LW consisted of logs with dif-
ferent lengths and various types of rootstocks. A single log or rootstock was randomly
added 5 m upstream of the model bridge. It was tested, whether the log or rootstock ac-
cumulated at the bridge deck or not. One test run consisted of N = 8 repetitions to obtain
the accumulation probability p. Increasing p was observed for increasing log dimensions,
decreasing F,, and decreasing relative freeboard (1 — (4o/HBridge)). For a plain bridge deck
without railings (Figure 3.2a and d), single logs and /o/Hpridge = 0.9, p was always zero,
whereas p = 30...100% for /o/Hsridge = 1.07, respectively. Bridge decks with a truss or
railings (Figure 3.2b and c) resulted in higher p. The maximum accumulation probability
for single logs pir, max was defined as a function of the approach flow conditions and can

be described for 0.3 < F, < 0.8 as follows:

pL,max = O for hﬂ S 09 s (36)
HBridge
Py o =0.25z+(4—2)(F, —0.8)°
, ‘ \
z =2 for bridge type a-c for ——=1, (3.7)
z =0 for bridge type d Bridge
Promae =1—2+(F,—0.3)
z =1.0 for bridge type a-c for h, =1.07, (3.8)
Bridge

z=2.5 for bridge type d
with z = constant based on the bridge type [-]. According to Schmocker and Hager
(2011), the maximum accumulation probability of single rootstocks pr, max is only a func-

tion of F» and can be described for 0.5 < F, < 1.2 with:
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Pr.max = 1.17-0.55F, for bridge type a-c, and (3.9)
Prmax = 0.91-0.69F, for bridge type d . (3.10)

The accumulation probability for various flow conditions, bridge types, and LW dimen-
sions can then be calculated using pr, max Or pr, max. Compared to the results of Bezzola et
al. (2002), the governing parameters for p highly differ. According to Bezzola et al.
(2002), Fo has a minor effect on p, whereas Schmocker and Hager (2011) identified F, as

the governing parameter.

(a) (b)

(©) (d)

Figure 3.2 Tested bridge types; Frontal view of (a) reference bridge, (b) truss bridge, (c) railing
bridge, and side view of (d) baffle bridge (adapted from Schmocker and Hager 2011)

Bocchiola et al. (2006b) conducted flume experiments on LW transport in the pres-
ence of obstacles. The test setup consisted of = 30 obstacles made of wood rods with a
diameter of 0.01 m placed vertically on a fixed channel bed. The obstacles were randomly
distributed and represented in-channel vegetation or structures. Based on 810 test runs
(15 starting positions, 6 log types, 3 transportation types, and N = 3 repetitions), p of a
single log was calculated for each wood rod. The spatial distribution of p varied for the
different transportation types (rolling, partially floating, and fully floating). The accumu-
lation probability at a wood rod varied between 0...50%. Long and fully floating logs
resulted in the highest p. The majority of the transported logs accumulated at the begin-
ning of the obstacle area. The probability distribution was not parameterized, as the sam-
ple size was too small.

The LW accumulation probability at bridge decks (type railing bridge) including a
circular bridge pier was investigated by Gschnitzer ez al. (2013). The model LW consisted
of logs with and without branches, a constant diameter, and five different log lengths. The

experiments were conducted for congested (addition of 10 logs at the same time) and
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uncongested LW transport. The logs were inserted parallel to the flow 6.5 m upstream of
the bridge pier. An accumulation was defined, if one log accumulated at the bridge for
more than 30 seconds. To obtain p, each test run was repeated N = 8 times. For the exper-
iments, F, was varied between 0.60, 0.80, and 1.20, resulting in 1'440 test runs. Similar
to previous studies, their findings indicate an increasing p for increasing log length, con-
gested transport, logs with branches, and increasing /.. The results of Gschnitzer et al.
(2013) were not summarized in a design equation.

The LW accumulation probability p at a single bridge pier was tested by Lyn et al.
(2003) for various approach flow conditions (%o, Fo, and approach flow velocity vo). The
modeled rounded bridge pier had a width of 0.0125 m and a streamwise bridge pier length
of 0.105 m (Figure 3.3). The model LW consisted of logs (d. = 0.006 m and L. = 0.1 m)
with and without branches. For selected tests, the effect of a modeled ‘sand bar’ in front
of the bridge pier was tested on pr. In addition, model tests were conducted on the effect
of possible countermeasures to reduce pr. The countermeasures included a submerged
groin-like structure and a vertical cylindrical deflector positioned ~ 0.40 m upstream of
the bridge pier. Within one test run, 70 single logs were inserted 6 m upstream of the
bridge pier in random orientation to the flow. The accumulated logs in front of the bridge
pier or deflector were counted at test end. An accumulation was defined, if at least three
logs accumulated at the bridge pier for a minimum duration of 15 minutes. The tests were

repeated N = 50 to improve statistical significance.

Plan view

\ubmerged groin-like structure
Deflector Bridge pier
T @:} T o cdam

Bridge pier
and sand bar
(2) / (b)

Figure 3.3 Test setup including countermeasures to reduce accumulation probability; (a) sub-

merged groin-like structure and the sand bar, (b) deflector (not drawn to scale; adapted from Lyn

et al. 2003)

In contrast to Schmocker and Hager (2011), no governing effect of F, was found, but p

increased with decreasing vo and /.. If more than six logs with branches accumulated, the
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branches improved the interrelation between the single logs, thereby increasing the accu-
mulation stability. This resulted in higher p compared to accumulations of logs without
branches, which tended to disperse. In addition, p was higher for the experiments with
the modeled ‘sand bar’. The vertical cylindrical deflector reduced the accumulation prob-
ability at the bridge pier. However, logs were also retained at the deflector itself. The
submerged groin-like structures decreased p only for higher discharges. The test results
were not parameterized. Lyn et al. (2003) further summarize recommendations for bridge
design and countermeasures (Section 3.5).

De Cicco et al. (2016) and De Cicco (2017) studied the influence of different single
bridge pier shapes on p. Flume experiments were conducted for uniform logs, steady flow
conditions (F, = 0.3 and 0.5), congested and uncongested LW transport, and a fixed chan-
nel bed. The modeled pier included square, round, triangular, ogival, and trapezoidal
shapes and was placed in the centerline of the 5 m long and 0.30 m wide flume. The model
log length varied in relation to the channel width B, resulting in small (Lz =20% of B),
medium (L. = 30% of B), and large (L. = 50% of B) model logs. The logs were inserted
randomly = 3 m upstream of the bridge pier. To model congested LW transport, a total of
125 logs with various lengths were inserted in bulks of 25 logs every 20 seconds with
N = 10 repetitions. For uncongested LW transport, 50 small model logs were individually
added to the flow every 5 seconds with N = 5. The logs were not removed until test end.
Three different types of accumulation probabilities were defined in the study:

e Blockage probability p1: p1 = 0 was assigned, if none of the added logs accumu-
lated at the pier. In contrast, p1 = 1, if at least one of the added logs accumulated.
The accumulation probability for one configuration was then calculated as the ra-
tio between the sum of p1 and the number of repetitions N. For uncongested LW
transport with N =5, p can be estimated in 20%-steps (1/5...5/5 p). For congested
LW transport, p can be specified in 10%-steps. For Fo = 0.3, p1.max = 60% for un-
congested and pi.max = 40% for congested LW transport were observed for the
trapezoidal pier. For uncongested LW transport and F, = 0.3, p1 was zero for all
other pier shapes. For Fo = 0.5, a square pier exhibited pi.max = 40% for uncon-
gested and p1.max = 90% for congested LW transport. Given an ogival pier, p1 was
zero for all tested F, and LW transport types.

e Effective blockage probability p2: The effective blockage probability p> was de-
fined as the ratio between the number of accumulated logs after a test run and the

number of added logs. The result was then averaged over N. For all tested F, and
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LW transport types, p2 varied between 0...5% for the different pier shapes. Due
to these small differences, no governing effect of the pier shape on p2 can be de-
duced.

e Potential blockage probability ps: The potential blockage probability p3 was the
ratio between the number of logs touching the pier and the number of added logs,
averaged over N. The results are contrary compared to previous studies, as p in-
creased with increasing F, for all tested pier shapes. For Fo = 0.5, p3 = 20% for all
tested pier shapes with deviations of +5%. In contrast, p3 = 10% for F, = 0.3 and
all tested pier shapes with deviations of £10%. As the deviations of p3 are in the
range of +10%, it is rather difficult to derive a governing effect of the pier shape

on p3.

The governing parameters to describe LW accumulation probability are partially
contradictory (Table 3.1). The required test repetitions N to obtain statistically significant
p were defined from N=3...50. According to Furlan ef al. (2018), N> 30 is recom-
mended for statistically significant p. The existing design equations for p are only valid
for bridge decks. Systematic studies on the accumulation probability at bridge piers exist,

but the results were not parameterized.

Table 3.1 Governing parameters on LW accumulation probability determined in past studies.
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o - s
Type Literature SE 255822 85354825
Bridge Bezzola er al. 2002 X X X 3
deck  Schmocker & Hager2011 X X X 8
Gschnitzer et al. 2013 X X X X 8
Eizfge Lyn et al. 2003 X X X X 50
De Cicco 2017 X X  5-10

3.3 Large wood accumulation characteristics

A LW accumulation is commonly described by its shape (cross-section and longitudinal

section), volume and porosity. The LW accumulation characteristics depend on the
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amount of entrained and transported LW (Section 2.4 and Section 2.5), the hydraulic and
topographic conditions, and the accumulation probability (Section 3.2). In river reaches
without infrastructures, LW accumulations are commonly formed in areas of low flow
depths and flow velocities, due to in-channel obstructions, or at river bends (Nakamura
and Swanson 1994, Braudrick and Grant 2001, Bocchiola et al. 2006b, Bocchiola et al.
2008). Those natural LW accumulations highly increase the ecological functions of a river
(Section 2.3, Keller and Swanson 1979, Gurnell et al. 2002, Wohl et al. 2016).

LW accumulations consist of a so-called ‘key member’ or ‘key log’, which can be
described as a long piece of wood (with or without branches or rootstocks) initiating and
stabilizing the accumulation (Nakamura and Swanson 1994, Wallerstein et al. 1996, Abbe
and Montgomery 2003, Manners and Doyle 2008, Davidson et al. 2015). Diehl (1997)
introduced the concept of the *design-log-length’ equal to the potential LW accumulation
width. It can be defined based on the smallest value of either the channel width upstream
of the river infrastructure, the maximum length of stable logs, or 9 m + 7 of the upstream
channel width. Only one study, by Manners et al. (2007), has actually quantified the pro-
portions of different materials making up natural LW accumulations. The Manners study
did this for 3 jams in the eastern United States. Based on the findings of that study, we
here assume that an accumulation volume consists of approximately 69% LW (with 45%
key logs), 17% medium wood (MW, with a trunk diameter 0.01...0.1 m), 5% small wood
(SW, with a trunk diameter < 0.01 m), 7% leaves, and 2% soil. The organic fine material
FM ranges from 3...15% (for leaves and SW). An accumulation body can be described

by its porosity or void fraction ¢ with

V,-V.

_ s 3.11

¢ v (3.11)
or the bulk factor a

a=—_ U (3.12)
1-¢ V,

with 77 as the loose LW volume [m?] and V; as the solid LW volume [m®]. The flow
through the accumulation body is comparable to seepage flow in porous media. Accord-
ing to field measurements after floods in Switzerland, the bulk factor of LW accumula-
tions varied between a = 2...5 (Lange and Bezzola 2006, Waldner et al. 2009), equivalent
to ¢=0.5...0.8. A bulk factor of a =5 describes a rather loose accumulation, and a =2

corresponds to a dense accumulation.
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The formation of a LW accumulation at a retention rack perpendicular to the flow
was investigated by Schmocker and Hager (2013). Approximately the first 5% to 20% of
the LW accumulation volume generate the main increase of backwater rise Ak (Sec-
tion 3.4.1), whereas the following =~ 80% form a LW carpet, leading only to a small ad-
ditional increase of Ak (Figure 3.4).

Figure 3.4 Temporal development of a LW accumulation at a retention rack (adapted from

Schmocker and Hager 2013)

Schmocker and Hager (2013) normalized the length of the LW carpet (subscript C) Lc
using the retention rack (subscript ») width B,. A higher approach flow Froude number
leads to a more compact LW accumulation body (i.e. lower bulk factor @), a higher back-
water rise and a shorter LW carpet. The dimensionless length of the LW carpet was de-
fined for Fo =0.5...1.5 as:

LC

F=6.6—2.6F0. (3.13)

r
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The longitudinal shape of LW accumulations at retention structures in a vertical
plane parallel to the approach flow is triangular or trapezoidal in shape. The initial LW
accumulation volume can be approximated to a box-shape.

For LW accumulations at a single bridge pier (Diehl 1997, Panici and de Almeida
2017) the cross-sectional shape of LW accumulations can be described as a horseshoe.
According to Panici and de Almeida (2017), the accumulation process at a single bridge
pier can be divided into three phases. The first phase is characterized by an unstable
growth of the accumulation body, with logs alternately clogging and resolving from the
accumulation. The second phase describes a stable accumulation, followed by the third
and critical phase involving the detachment of the accumulation from the pier.

Natural LW accumulation characteristics were studied at various field sites and are
provided by Piégay and Gurnell (1997), Gurnell and Sweet (1998), Gurnell et al. (2000),
Andreoli et al. (2007), Wohl and Goode (2008), and Ravazzolo et al. (2015b).

3.4 Hazards due to large wood accumulations at river infrastructures

Large wood accumulations at river infrastructures can lead to backwater rise and conse-
quently to flooding of the surrounding area. In addition, local scour may occur at the river
infrastructure. The current research on these two hazards will be summarized in the fol-

lowing subsections.

3.4.1 Backwater rise

Backwater rise Ah due to LW accumulation was investigated in various studies. Knauss
(1995) tested different LW retention rack configurations (Figure 3.5) and examined the
effect of LW dimensions on A/ using physical modeling. According to Knauss (1995),

Ah can be described with the normalized height difference a:

h—h A
a= 20=—f, (3.14)

v() [

2g  2g

with 4 = flow depth with LW accumulation [m], 4, = approach flow depth without LW
accumulation [m], vo = approach flow velocity representing uniform flow without LW

accumulation [m/s], and g = gravitational acceleration [m/s?]. The value of «a equals
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a = 1.5 for large wood and increases up to a ~ 2.3 for small wood. Compared to a recti-
linear rack, a V-shaped rack (Figure 3.5, B and C) results in smaller A/ due to its larger
rack length. The LW pile up at a V-shaped rack is reduced, which results in smaller Ak
and favors the development of a LW carpet. Furthermore, Knauss (1995) observed an
increase of Ak with increasing approach flow Froude number F, representing uniform
flow conditions without a LW accumulation, which was varied between 1.5 and 2. Even
though different rack types and LW characteristics were investigated within the study,
the parameter range is still rather small. Therefore, the estimation of backwater rise with
respect to the normalized height difference a is not transferrable to other LW retention

structures. In principle, Az depends on vo, LW dimensions, and rack configuration.
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Figure 3.5 Large wood retention rack configurations with A = diagonal rack, B = V-shaped
rack against flow direction; C = V-shaped rack in flow direction, D = rectilinear rack (adapted

from Knauss, 1995)

Rimbdck (2003) conducted flume and field experiments on the design of rope net
constructions for LW retention. The governing parameters for Az were identified as LW
characteristics (mixture and wood type), discharge O, bottom slope Jo, and channel rough-
ness. To reduce A/ and prevent LW from overtopping the net, the flow velocity at the
upper end of the LW carpet should not exceed 0.8...1 m/s. Rimbock (2003) further com-
pared the rope net placement in a straight channel to a setup in a river bend, resulting in
a smaller A/ for the setup in the river bend. However, this configuration was not further
investigated due to the load concentration at the outer bend and the resulting negative
aspects for the rope net dimensioning.

A different rack configuration with the objective to reduce Az was introduced by
Schmocker and Weitbrecht (2013). They presented the so-called bypass retention where
LW is retained parallel to the main stream in a bypass channel. The bypass channel is

located at the outer bend of a river and the rack is placed parallel to the river axis. Due to
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the secondary currents in the bend, LW is transported at the outer bend and into the bypass
channel. The approach flow is parallel to the LW retention rack, which leads to smaller
Ah. As the bed load remains in the main channel, the bypass retention has further a posi-
tive effect on the sediment continuity.

Further flume experiments on A4 due to LW accumulation at a rectilinear rack were
conducted by Schmocker and Hager (2013). The objectives were to identify the governing
parameters for the accumulation process and to simplify small-scale model tests. The ef-
fect of the rack pole diameter d», LW watering time ¢, loose LW volume V7, test duration
tr, Fo, and LW characteristics (including mixtures) on Az were investigated. The experi-
mental results identified F, and V7 as the governing parameters for the accumulation pro-

cess. The resulting backwater rise Az can be estimated for F» = 0.5...1.5 with:

Ah+h,=(1.4+19F )h,, (3.15)

Based on Eq. (3.15), Ah is primarily a function of the approach flow conditions. In con-
trast, neither the pole diameter, nor the watering time, or test duration had an influence
on Ah. The floatability of the model logs only changed after watering the logs for approx-
imately one week. Furthermore, the accumulation process and Az were almost independ-
ent of the tested LW mixtures. However, no FM was included in the mixtures.

Hartlieb (2015) performed a dimensional analysis to parameterize Ah due to LW
accumulation and evaluated various experimental results and field observations of LW
accumulations at hydraulic structures. As a result, F» and the compactness of the LW
accumulation were identified as the governing parameters for A4. The compactness of the
LW accumulation is affected by F, and the log density. The higher these two parameters,
the higher the compactness and the higher A4. For one LW accumulation test run with
Fo =0.35, Hartlieb (2015) additionally added F’M (small branches, leaves, spruce needles)
to the flow. Due to the FM, the accumulation body was considerably less permeable, and
the relative backwater rise Ah/ho at least 35% higher compared to test runs without FM.
As the addition of FM was limited to a single test run, no general conclusions could be
drawn.

Case studies for Az due to a LW accumulation at a specific river infrastructure were
summarized amongst others by the following authors: Elliot et al. (2012) calculated the
potential effects of LW accumulations on A/ and bridge scour for a study site in the USA
using a 2D numerical program. Ruiz-Villanueva ef al. (2014b) described the influence of
LW during a flood in 1997 in Central Spain. The extensive LW transport led to a bridge

clogging, resulting in A/ and a flooding of the adjacent area.
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Table 3.2 summarizes the governing parameters for A/ due to a LW accumulation
identified in previous studies. The existing formulae to estimate A/ are limited to a certain
parameter range and are not consistent in terms of the different governing parameters.
The effect of FM on Ah was neglected in the majority of previous studies mentioned
above. Branches and leaves may change the accumulation characteristics and therefore
affect Ah. Furthermore, the majority of the studies was conducted with a fixed bed. Hence,
the knowledge on the interactions between A/ and scour is still limited. A movable bed

may decrease Ak, while the resulting scour may damage the river infrastructure itself.

Table 3.2  Summary of relevant parameters for backwater rise due to LW accumulation
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Knauss, 1995 X X X X
Rimbock, 2003 X X X X
Schmocker & Weitbrecht, 2013 X X X
Schmocker & Hager, 2013 X X
Hartlieb, 2015 X X

3.4.2 Local scour

Erosion and deposition are common processes for flows with a movable riverbed. Due to
local changes of the geometry or flow conditions, additional erosion processes occur, de-
fined as local scour (Graf and Altinakar 2017). Local scour may result due to hydraulic
structures, constriction, or vertical or horizontal jets and may be considerably affected
due to LW accumulations. The presented studies herein were conducted under clear-water
conditions (i.e. no sediment feeding).

Local scour at bridge piers can be described as an abrupt decrease of the channel
bed elevation around the pier. Chiew (1984) described the mechanisms of local scour
based on the vortices-system created around the bridge pier (Figure 3.6). They can be
divided into (1) downflow in front of the pier, (2) horseshoe vortex, (3) wake vortex, and

(4) trailing vortex in case the pier is submerged. A bridge pier changes the flow pattern
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causing an adverse pressure gradient. Hence, part of the approach flow is directed down-
ward in front of the bridge pier. According to literature, the downward movement is the
main cause of local scour.

The dimensions and temporal evolution of local scour at bridge piers were studied
in detail in various flume experiments (Chiew 1984, Hager and Unger 2010). According
to Melville and Chiew (1999), the resulting scour depth is approached asymptotically.
Oliveto and Hager (2002) proposed an equation to predict temporal scour evolution for
steady approach flow. The equation has been further developed for unsteady approach
flow conditions by Hager and Unger (2010).

Downflow ||

==

Horseshoe vortex

Figure 3.6 Vortex system around a bridge pier (adapted from Bezzola 2017 based on Melville
and Coleman 2000)

Only a few studies have investigated the influence of LW accumulations on local
scour, thereby focusing mainly on bridge pier scour. Laursen and Toch (1956) studied
local scour around bridge piers and abutments using physical modeling, focusing on scour
depth for various bridge pier shapes commonly used in lowa (USA) at that time. Addi-
tional model tests included LW transport and accumulation, and the qualitative effect on
local scour. The LW accumulation was either formed naturally or predefined. For the
naturally formed accumulation, a certain LW volume was continuously added to the flow

upstream of the bridge pier. The predefined accumulation consisted of single logs tied
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together with cloth strips to account for different porosities (Figure 3.7). Some tests were
conducted using Masonite boards to model an almost impervious LW accumulation. The
LW accumulation at the bridge pier changed the approach flow conditions and led to
deeper and larger scour holes. The results are only qualitative, as the influence of the

permeability and dimensions of the accumulation were not investigated in detail.

o

'w " 5‘5'% 5
Figure 3.7 Bridge pier scour pattern due to large wood accumulation (adapted from Laursen and

Toch 1956)

Melville and Dongol (1992) modeled a LW accumulation at a bridge pier as a raft
with smooth, impermeable, regular shapes. The raft was mounted on the bridge pier at
water level height. The raft shapes varied between cylindrical, conical, and elliptical; the
cylindrical shape resulted in the largest scour. Melville and Dongol (1992) introduced the
effective pier diameter desr (Figure 3.8), defined as:
_0.52h,d,+(h,—0.52h,)d,

p ,

o

ey (3.16)

with 44 as effective height of LW accumulation [m], d4 as diameter of the LW accumu-
lation [m], %o as approach flow depth [m], and dp as pier diameter [m]. To estimate the
scour depth S, dp is replaced by defr using the proposed scour equation by Melville and
Sutherland (1988). The local scour reached the maximum magnitude for 4./dp =4 and
decreased again for higher values of %o/dp. In summary, local sour was mainly affected
by the LW accumulation characteristics, the approach flow depth and velocity, sediment
size and grading, as well as pier size, shape, and orientation to the flow.

Lagasse et al. (2010) conducted flume experiments with different accumulation po-
rosities (impermeable versus 25% porosity). According to Lagasse et al. (2010), the con-
cept of the effective pier diameter by Melville and Dongol (1992) tends to overestimate

local scour. In addition, it does not consider the effect of the LW accumulation shape or
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carpet. Lagasse et al. (2010) proposed a modification of the effective pier diameter for-

mulae dett to:

K,
Khd, (%J w(h —Kh)d, .
d .= 2 for =4 >1, and 3.17
eff ho ho ( )
Kihd, +(h —Kh)d I
a. =K A+(ho LALR for £ <1, (3.18)

with L4 as the upstream length of the LW accumulation [m]. K1 is a dimensionless accu-
mulation shape factor with K1 =0.79 for rectangular and K1 = 0.21 for triangular shape
(compared to 0.52 in Eq. (3.16)). K2 considers the intensity of the plunging flow due to
the LW accumulation with K> = —0.79 for rectangular and K> = —0.17 for triangular shape.
The largest scour was observed for a rectangular LW accumulation with L4 = ho. Com-
pared to the size, shape, and location of the LW accumulation, the porosity had only a

minor effect on the resulting local scour.
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Figure 3.8 Experimental setup for local scour due to LW accumulation with S as the resulting

Y

scour depth (adapted from Melville and Dongol 1992)

Pagliara and Carnacina (2011) experimentally studied the influence of the trans-
verse section of LW accumulations on local scour at bridge piers (Figure 3.9). The test
setup is comparable to the studies of Melville and Dongol (1992) and Lagasse et al.
(2010) (Figure 3.8). As Lagasse et al. (2010) stated that porosity has a minor effect on
the local scour, Pagliara and Carnacina (2011) only modeled impervious accumulations.
The LW accumulation was varied to account for rectangular, cylindrical, and triangular

shapes (front view). They introduced the equilibrium LW contraction factor K4 as the
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ratio between the maximum scour depth with (Smax, 4) and without (Smax,0) LW accumu-

lation, defined as:

S
Kd — max, 4 ,
Smax,O
K, =1+0.036 A4"’ (rect. and tr.), (3.19)

K,=1+0.018 A4" (cylindrical).

In Figure 3.10, K4, Eq. (3.19), and data points from Melville and Dongol (1992) are plot-

ted versus the blockage ratio A4 (= ratio of LW accumulation area to the flow area).

LW
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:

Figure 3.9 Flume experiments on local scour due to LW accumulation; (a) scour around bridge

pier, (b) side view of test set-up, and (c) final scour (adapted from Pagliara and Carnacina 2011)

Note that Eq. (3.19) predicts Kz well for the different accumulation shapes. The results
confirmed the findings of Melville and Dongol (1992) and Lagasse et al. (2010). In addi-
tion, A4 was identified as the governing parameter affecting Ks. LW accumulations with
a rectangular or triangular shape resulted in larger scours compared to a cylindrical accu-
mulation shape. For A4 < 0.03, the LW accumulation shape had a negligible effect on K.
As this approach mainly considered the frontal area of LW accumulations, it was sug-
gested to further examine the effect of downstream extension of LW accumulation on
local scour at bridge piers.

Wallerstein et al. (2001) conducted flume experiments to study constriction scour
due to a partial LW blockage in sand-bed channels. The flow conditions were chosen
below the threshold for incipient motion to investigate geomorphic effects solely due to
the LW elements. The LW element size was the governing parameter for scour depth and
size. Wallerstein (2003) developed a model to describe constriction scour due to LW ac-
cumulations. The analytical model was validated with field and experimental data from
the Mississippi River (Wallerstein ef al. 2001) and facilitates estimation of both scour rate

and depth due to partial LW blockage.



42 Literature review

K, a rectangular accumulation
» triangular accumulation
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Figure 3.10 K, versus AA for (a) rectangular and triangular accumulation shape and Eq. (3.19),

(b) cylindrical accumulation shape, data points from Melville and Dongol (1992), and Eq. (3.19)

Studies on local scour due to LW retention racks have not been conducted so far.
However, the flow through a LW accumulation at a retention rack is comparable to a

horizontal jet. Local scour due to horizontal jets was described by e.g. Eggenberger and

Miiller (1944) as

S+h2:W%, (3.20)
with §=scour depth [m], 42 = downstream flow depth [m], W = constant for jet type
[m®3/5%], Ah = difference between upstream and downstream flow depth (i.e. backwater
rise) [m], ¢ = unit discharge [m?/s], and doo = characteristic grain size diameter [mm]. For

a free jet W was set to W= 10.35, whereas W = 15.4 for a submerged jet.
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3.5 Large wood accumulation risk reduction measures

This section focuses on measures at river infrastructures. An overview on measures at
weirs or spillways is summarized in SCD (2017), including a hazard assessment diagram.
The risk of LW accumulations at river infrastructures can be mitigated using active or
passive measures. Active measures are either maintenance works within the catchment
area (i.e. forest maintenance, removal of deadwood, or bank erosion prevention) or struc-
tural measures such as retention structures and countermeasures to ensure the safe down-
stream conveyance of LW. Passive measures include organizational tasks such as early
warning systems or evacuation plans, and strategic tasks including the designation of haz-
ard zones and land use planning (Figure 3.11). An outline of possible LW accumulation
risk reduction measures is provided by Zollinger (1983), Béinziger (1989), Lange and
Bezzola (2006), and Schmocker and Weitbrecht (2013).

Large wood accumulation risk reduction measures

Active Passive
Maintenance measures Organizational measures
- forest maintenance - early warning systems
- removal of deadwood - evacuation plans
- bank erosion prevention
Structural measures Strategic measures
- LW retention structures - hazard zones
- LW downstream conveyance - land use planning

Figure 3.11 LW accumulation risk reduction measures (adapted from Lange and Bezzola 2006,

Schmocker and Weitbrecht 2013)

The two strategies of active and passive measures are comparable to existing frame-
works regarding flood protection in Switzerland (BWG 2001). Due to the scope of this
study, the literature review on LW accumulation risk reduction measures concentrates on
structural measures for a safe downstream conveyance of LW. The characteristics of LW
retention structures are well documented in Perham (1987), Wallerstein et al. (1996,
1997), Hartlieb and Bezzola (2000), Rimbock (2003), and Schmocker and Weitbrecht
(2013).
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The objective of structural measures for a safe downstream conveyance of LW is

the prevention of LW accumulations at river infrastructures, especially bridges. Accord-

ing to Bradley et al. (2005) the following measures are suitable to enable or improve the

downstream conveyance of LW.

Rectifier / Fin: A rectifier orients transported logs parallel to the flow direction
(e.g. longitudinal alignment of LW). A fin is installed as an extension upstream of
the bridge pier (Figure 3.12).

Rectifier / Deflector: A deflector has the same purpose as a fin and orients the
transported logs parallel to the flow direction. It is located upstream of the river
infrastructure. The shape of a deflector may differ between ‘V-shaped pointing
against flow direction’ or ‘circular’ (i.e. a pole; Figure 3.3, Lyn et al. 2003, Lange
and Bezzola 2006). The efficiency of rectifiers was tested at VAW for a case study
at the sediment bypass tunnel Campo Vallemagia (VAW 1991, Lange and Bez-
zola 2006). The results of the flume experiments showed that the rectifier loosens
up the LW carpet. The shape of the rectifier was of minor importance.

Instream River Training Structures: These structures are placed on the channel
bottom to alter the flow by inducing secondary currents and thus transported logs
are not accumulated at the bridge pier. Common types are micro groins (i.e. sub-
merged sills), lowa vanes, spurs, or meandering ramps. Micro groins may cover
the entire or partial river width and are placed inclined or declined to the flow
direction. The various types, their function, and applicability are summarized in
Werdenberg et al. (2014).

Sweeper: A sweeper consists of a polyethylene device mounted on a vertical
beam. This construction is attached at the upstream side of the bridge pier. The
vertical height of the sweeper 1s adjusted according to the current flow depth. The
objective is to avoid LW accumulation at the bridge pier. The sweeper rotates due
to the motion of water, thereby deflects transported LW (Figure 3.13).

Design features: New river infrastructures should be designed to reduce the risk
of LW accumulation. According to Bradley et al. (2005) this includes: (1) suffi-
cient dimensions of the freeboard, (2) alignment of bridge piers to the flow direc-
tion and adequate spacing between two or more bridge piers to avoid LW accu-

mulation, (3) design of superstructure to prevent LW accumulation at the bridge

deck.
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(a) Side view (b) Plan view
Bridge pier
/ ]
Bridge pier
AN
l LW fin

Figure 3.12 LW fin as a countermeasure to orient transported logs in flow direction, (a) side view

and (b) plan view (adapted from Bradley et al. 2005)

Figure 3.13 Double-stacked installation of a LW sweeper at the Mississippi River, USA (adapted
from Bradley et al. 2005)

Lange and Bezzola (2006) summarized possible measures to ensure a safe down-
stream conveyance of LW at bridges. In general, the following recommendations were
made to prevent LW accumulations at river infrastructures:

e (ross-section dimensions: The bridge width should be at least two times the ex-
pected log length.
e Bridge dimensions: The clearance height of the bridge should be at least 1.7 times
the dimension of the expected rootstocks.
Furthermore, they differentiated between permanent and temporary measures. The char-
acteristics of permanent measures are: (1) sufficient river cross-sections, (2) smooth de-

sign of the bridge bottom and casings at the front side of the bridge (Figure 3.14), (3)
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consistent design of the river cross-section (e.g. avoidance of jutting abutments), and (4)
longitudinal alignment of LW (compare Figure 3.3 and Figure 3.12). Temporary
measures include solutions during a flood such as LW removal using an excavator. An-
other possible measure is the installment of movable bridges. During a flood, the flow
cross-section can be enlarged, thereby improving the downstream conveyance of LW. A
movable bridge was installed in Switzerland (Canton Valais) after a flood in 1993 with
extensive LW transport. The efficiency of this measure was proven during a flood in 2010
(Lange and Bezzola 2006). According to Schmocker and Hager (2011), a baffle bridge
considerably favors LW passage without damage. The accumulation probability for root-
stocks at a baffle bridge was almost halved compared to a truss bridge.

Franzetti ef al. (2011) presented a protection structure for a bridge at the River Po
in Italy. The bridge is characterized by two narrow parallel rows of piers. The measure
consists of a plate mounted at the upstream side of the bridge piers and is built on pillars
(Figure 3.15). The efficiency of the measure regarding LW accumulation reduction and
bridge scour was evaluated with model tests and extended by field observations after

measure completion.

(a) (b) (©)
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Figure 3.14 Casing countermeasures at bridges; (a) complete casing of the bridge bottom side,

(b) single casing: nose, (c) single casing: baffle (adapted from Lange and Bezzola 2006)
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Figure 3.15 Plate as a countermeasure at bridge pier rows (adapted from Franzetti ez al. 2011)
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3.6 Numerical studies on large wood in rivers

Various researchers have recently started to numerically investigate LW entrainment,
transport, and accumulation. The majority of previous studies applied a one-dimensional
(1D) or two-dimensional (2D) model to estimate the hydraulic conditions, providing the
basis for further calculations of LW mobilization (Section 2.5, Merten et al. 2010). In
addition, results of flume experiments on LW accumulation served as a basis to include
e.g. backwater rise due to LW accumulation in a 2D numerical model for inundation
mapping (Gems et al. 2012).

Bocchiola ef al. (2002) presented an analytical and numerical approach for channel
flow dynamics including LW transport. The LW transport was assumed as a continuous
LW carpet layer; the structure and porosity of the LW accumulation was neglected. The
flow was considered as uniform, steady, and quasi two-dimensional. For turbulent flow,
the Reynolds averaged Navier Stokes (RANS) equations were solved, applying the mix-
ing length theory for closure. Their approach shows that LW transport leads to increased
bed shear stress and flow velocities. As their proposed model was established for smooth
surfaces, further research is deemed necessary.

How to simulate floating objects, including LW or ice blocks, was studied by
Stockstill et al. (2009). It combines a two-dimensional depth-averaged hydrodynamic
model with a three-dimensional discrete element model (DEM). The hydrodynamic
model solves the 2D shallow-water equations in conservative form using finite elements.
The DEM simulates floating objects as discrete elements. It solves the acting forces on
the elements, 1.e. gravitational, drag, buoyancy, and inter-particle contact forces. The mo-
tion of a floating object, e.g. a log, is calculated based on the total force acting on each
particle, combined with the log characteristics, comprised of size, density, and stiffness.
The DEM can further account for log rotation and log-log collision by computing the
forces (normal and friction force) between two logs. To model the interaction between
flow and floating objects, first the hydrodynamic model is solved. The flow depth and
velocity for each finite element are passed to the DEM at the end of every time step.
Based on these results, the drag and buoyancy forces acting on a log are calculated. These
are then combined with inter-particle and gravitational forces to obtain the motion of the
floating object. Then this procedure is repeated for the next time step. The coupling be-
tween the hydrodynamic and discrete element model is based on how often the infor-

mation of the flow is passed to the DEM. The coupling of the DEM to the hydrodynamic
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model was not included in their study. Therefore, backwater rise due to LW accumula-
tions cannot be computed.

A similar approach to model LW entrainment, transport, and deposition is repre-
sented by the 2D hydro-numerical model ‘Iber’ (Bladé ef al. 2014) with an implemented
sub-module called ‘IberWood’ (Ruiz-Villanueva 2012). An extensive summary of ‘Iber-
Wood’ is provided by Ruiz-Villanueva et al. (2014c). ‘Iber’ can be used to model free-
surface flows, morphodynamics, and transport processes in rivers. It was developed by
the International Center of Numerical Methods in Engineering (CIMNE), the Water and
Environment Engineering Group (GEAMA), and the Flumen Research Institute (Univer-
sitat Politeécnica de Catalunya, Spain). ‘Iber’ has three computational modules, namely
hydrodynamic, turbulence, and sediment transport module. The hydrodynamic module
solves the 2D shallow-water equations. The turbulence model includes the turbulent
stresses in the hydrodynamic computations using e.g. the k-g-model. The sediment
transport module solves the Exner sediment conservation equation as well as (suspended)
bedload transport equations. The three modules are solved using the finite volume method
with a second order, time explicit scheme (extension of Roe’s upwind scheme). ‘Iber-
Wood’ can be used to simulate single or multiple cylindrical logs (without branches) and
is coupled with ’Iber’ by a Lagrangian discretization. For every time step, the flow is
calculated with the hydrodynamic module. Based on the results, the position and velocity
of the logs is calculated. In contrast to Stockstill ef al. (2009), the effect of logs on hydro-
dynamics can also be included. LW entrainment and transport is based on the force bal-
ance at incipient motion for a cylindrical log on the riverbed (Figure 2.4 and Sec-
tion 2.5.1). The LW movement always depends on the force balance, which is continu-
ously re-calculated. Depending on the LW density, the model logs are either floating or
sliding. For the present thesis, all logs are considered floating and LW entrainment, roll-
ing, or sliding has not been studied. The common log transport method is kinematic, as-
suming the velocity of floating logs to be equal to the flow velocity. Based on the log
velocity, the log position can be calculated for every time step. Transported logs may
turn, if one log end is transported faster than the other log end. To account for this rotation
and to obtain log orientation, velocities at the two log ends are calculated. Log orientation
further depends on the mesh size in relation to the log size, as a finer mesh may lead to a
log rotation, as the two log ends are positioned in different mesh elements. To model the
effect of LW on the hydrodynamics, an additional shear stress is included in the 2D shal-

low-water equations. The additional shear stress is defined as twood = Farag/4. The drag
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force is calculated for every log at every finite volume or mesh element, and is divided
by the area of mesh elements containing a log. The model further includes the interaction
between logs and channel topography (Figure 3.16) by adapting the log velocity. Given
a collision of two logs, the resulting log velocity changes as a function of a restitution
coefficient, assuming elastic interaction. If a log touches a wall, it either bounces off or
slides, depending on the angle between log and boundary, with a threshold value of 45°.
Hydraulic structures can be modeled as an internal condition or by adapting the geometry.
The log dimensions, position, number, angle, and density as well as the drag coefficient
of the log have to be entered as an initial condition and can be varied for a scenario-based
analysis. This 2D numerical approach was applied for different case studies and validated
with physical experiments (Ruiz-Villanueva ef al. 2014b, Ruiz-Villanueva et al. 2014c,
Ruiz-Villanueva et al. 2016d, Bladé et al. 2016).
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Figure 3.16 Example of LW transport (black lines) simulated with ‘IberWood’. The flow depth,

flow velocity, and Froude number are illustrated (adapted from Ruiz-Villanueva et al. 2014c)

A three-dimensional (3D) model was presented by Xu and Liu (2016) to simulate
the streamflow resistance due to LW. The objective of this study was to analyze turbulent
flow around LW with branches and twigs. The numerical simulation was carried out with
the open access program OpenFOAM and the two-phase solver interFOAM using the
Volume of Fluid (VOF) method. Besides the continuity and momentum equation, an
equation regarding the volume fraction of the fluid phase has to be solved (Ferziger and
Peric 2008). The two-equation k- SST turbulence model, a mixture of the k-®- and k-g-

model, was applied. The model approach was validated with flume experiments, placing
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a 3D printed tree on the channel bottom. The angle of the LW placed at the channel bot-
tom was varied and the resulting drag force calculated. The drag force was estimated by
the momentum equation and the pressure integral. The results of the drag force highly
vary, but the wave patterns induced by the tree were modeled correctly using the 3D

numerical simulation.

3.7 Summary and identified research gaps

The presented literature review highlights the past studies on hazards related to large
wood in rivers. Given a certain LW volume transported in the river, the related hazard at
river infrastructures comprises the three interconnected topics: (1) LW accumulation
probability, (2) LW accumulation characteristics, resulting backwater rise and local
scour, and (3) design of suitable measures for LW accumulation risk reduction.

Previous studies on LW accumulation probability focused mainly on the effect of
the bridge deck. Design equations were elaborated for single log and single rootstock
transport, but the governing parameters of the existing approaches highly vary. A series
of case studies were conducted on LW accumulation at single bridge piers, but the results
have not been parameterized. Furthermore, the effects of more than one bridge pier, a
movable bed, or multiple logs on the accumulation probability have not been considered
so far.

The number of investigations on natural LW accumulation characteristics have in-
creased, but a systematic analysis of the influence of various LW accumulation shapes,
rates, or composition on backwater rise is still missing. The available formulae for back-
water rise were established for a limited number of tests and apply mostly to a specific
LW retention rack placement. To further improve the estimation of backwater rise, the
effect of organic fine material (e.g. branches and leaves) in LW accumulations must be
considered. It is hypothesized that organic fine material changes the LW accumulation
characteristics and increases backwater rise.

Only a few physical experiments have examined local scour due to LW accumula-
tion. Existing studies focused on bridge piers and simplified the LW accumulation body
as a rectangular or triangular shape. In addition, the interactions between backwater rise

and local scour due to LW accumulations have not been studied so far.
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Measures to ensure the safe downstream conveyance of LW are necessary to reduce
the accumulation risk at bridges, especially at bridge piers. A detailed analysis of existing
measures, i.e. fins or instream river training structures, may increase their efficiency.

The objectives of the present work can be described as follows:

e Establish physical model test setup to investigate LW accumulations at river in-
frastructures

e Improve general process understanding of LW accumulations

e Determine governing parameters for LW accumulation probability

e Examine LW accumulation shape

¢ Investigate scale and model effects for backwater rise due to LW accumulation

e Provide estimates for backwater rise due to LW accumulation

e Study local scour due to LW accumulation and effect on backwater rise

e Analyze the efficiency of measures for LW accumulation risk reduction at bridge
piers

e Compare experimental results with numerical simulation results for evaluation

Physical experiments in three different flumes and 2D numerical simulations with
‘IberWood’ were performed to achieve these objectives. Systematic parametrical and ad-
ditional analytical analyses were conducted to describe accumulation probability, back-

water rise, and local scour due to LW accumulations.
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4 Methodology

4.1 Overview

The research questions of this thesis were investigated using mainly physical modeling,
complemented by a 2D numerical simulation. Similitude and scale effects of the physical
model tests are discussed in Section 4.2. The test accuracy and error analysis are depicted
in Section 4.3. Then the experimental setup including instrumentation, model large wood,
test program, and procedure is described for the investigation of LW accumulation prob-
ability (Section 4.4), -characteristics (Section 4.5), and measures for LW accumulation
risk reduction (Section 4.6). The setup of the numerical simulation with ‘IberWood’ is

summarized for the LW accumulation probability and backwater rise in Section 4.7.

4.2 Similitude and scale effects

The objective of a physical scale model is to perform similarly to the prototype, achieved
by maintaining geometric, kinematic, and dynamic similitude (Hughes 2005). The rela-
tion between prototype and model is described by the scale factor A:

_ Prototype value
Model value

4.1)
For geometric similitude, the length, area, and volume are scaled according to the selected
A, the premise for building a scale model in the laboratory. Kinematic similitude implies
geometric similitude and a constant ratio of parameters of motion and time, e.g. flow
velocity or acceleration (Heller 2011). In order to achieve perfect similitude, dynamic
similitude has to be met as well. This includes the identical translation of all acting forces,
e.g. gravity, viscosity, or pressure. Perfect similitude would further comprise the scaling
of g, or atmospheric pressure and could only be achieved in a miniature universe (Heller
2011). Therefore, physical scale models are based on one governing scaling law. In open-

channel flow, the common scaling law is according to Froude, with inertia as the retaining

and gravity as the driving force. The Froude number is defined as:

Inertla
Grav1ty \ / L’

with v = flow velocity [m/s], g = gravitational acceleration [m/s], and L = characteristic

(4.2)

length [m], defined as the flow depth /4 in rectangular open-channel flow. Other scaling
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laws typically used in hydraulic engineering are according to Reynolds or Weber. The
Reynolds number is defined by the ratio of inertia and viscosity, i.e.:

Inertia  vL

:m == (4.3)
with v = kinematic viscosity = 1.01:10° m?/s for T = 20°C. This scaling law is commonly
used for modeling intake structures or air models, where the viscous force is predominant
(Heller 2011). Given the surface tension as governing force, the Weber number (ratio of
inertia and surface tension) is chosen as the scaling law.

The physical experiments in this thesis were scaled according to Froude similitude
(Table 4.1). By selecting this scaling law, the other force ratios (e.g. inertia to viscosity
or surface tension) are not identical and scale effects occur. However, model and proto-

type similitude may still be achieved by quantifying scale effects or by defining limiting
criteria to neglect them (Heller 2011).

Table 4.1 Scale factors according to Froude similitude

Parameter Scale factor
Length A
Area 2?2
Volume 23
Time A2
Velocity A2
Discharge 22
Force 23

Scale effects can be quantified by investigating a scale series, which was herein
performed for backwater rise due to a predefined LW accumulation (Section 4.5). The
physical experiments were conducted for 4 = 6 (close-to-prototype), 4 =30, and 4 = 50.
In addition, backwater rise due to a natural LW accumulation was investigated for A = 6
(close-to-prototype) and A = 30 to further enable the analysis of model and scale effects.
The setup is described in Section 4.5.1 and 4.5.2, and the final results of the scale series
are discussed in Section 5.3.1.4.

To enable the upscaling of the experimental results, the dimensions of the model
LW, percentage of FM, and the compactness of LW accumulations were based on natural

observations (Bezzola and Hegg 2007, Manners et al. 2007). However, natural wooden
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dowels were used to model LW, leading to an overestimation of the strength characteris-
tics (tensile, bending, and flexural), and the Young’s modulus of the model logs. Model
LW is consequently too stiff and shows a different fracture and deformation behavior
compared to prototype. Accumulated logs in prototype may break in smaller pieces,
thereby increasing the compactness of the accumulation. In addition, transported logs
may break when hitting bridge piers, thereby decreasing the accumulation probability.
This was not observed during the physical experiments. The higher the prototype log
stiffness, e.g. for logs with a large diameter, the smaller the scale effects when using nat-
ural wood in small-scale model tests (Hartlieb 2015). For the experimental setup with a
predefined LW accumulation, the compactness was defined. Therefore, scale effects due
to equal tensile strengths and Young’s moduli in model and prototype are estimated to be
negligible for this specific test setup.

To avoid viscosity and surface tension effects, Reynolds number R = vo-4Ri/v> 10*
(Hughes 2005) and 4, > 0.05 m (Heller 2011) were selected for the experiments on LW
accumulation probability, respectively, where R» = Bho/(B+2ho) = hydraulic radius. The
flow is in the rough turbulent regime for R > 10%; and the viscous force is therefore inde-
pendent of R (Hughes 2005). For the experiments on backwater rise due to LW accumu-
lation, possible viscosity and surface tension effects were examined in the scale series
and the results are presented in Section 5.3.1.4.

For the experiments with a movable bed (Section 4.4.3 and 4.5.5), scale effects due
to cohesion can be neglected, as the model mean grain size diameter d» was chosen to be
> 2.0 mm and is significantly higher than the proposed limit of 0.22 mm by Zarn (1992).

To generalize the results of the physical experiments, the governing parameters de-
scribing (1) LW accumulation probability p, (2) backwater rise Ak and (3) scour S due to
LW accumulation were identified with a dimensional analysis based on the Buckingham
theorem IT (Buckingham 1914). According to Heller (2011), a physical problem is de-
scribed by independent parameters n with reference dimensions » ([M] mass, [L] length,
[T] time), resulting in n — r = I'T1, I, ... I1»—» non-dimensional parameters. To obtain si-
militude, the non-dimensional parameters have to be identical in model and prototype.
The dimensional analyses for p, Ak, and S are presented in Section 5.2.7, Section 5.3.1.7,

and Section 5.3.2.2, respectively.
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4.3 Accuracy and error analysis

The test setup, test procedure, and measurement systems all inhibit a certain error, classi-

fied in systematic and random errors (Martin and Pohl 2015). Systematic errors are caused

by the test setup and procedure and can be summarized for the present experiments as:

e Flume geometry +2 mm

e Flume slope +0.1%o

e Ultrasonic distance sensors UDS +0.3 mm

e Laser distance sensors LDS +1 mm

e Point gauge +0.1 mm

e Traverse +1 mm

e Magnetic inductive flow meter IDM +1%

e Bulk factor a +10%

e Mean log diameter drm +0.5 mm

e Organic fine material FM +5%

e Accumulation length L4 +]1 mm

e Personal errors indeterminable
e Temperature variation of £2 C° indeterminable
e Atmospheric pressure variation indeterminable

Systematic errors are reduced by improving the test setup and procedure, or with
calibration. Random errors are caused by indeterminable variations of the measurement
systems or analysis. They are reduced with increasing test repetitions /, until converging
to the expected value x. The total error ex is the sum of systematic and random errors,
and describes the confidence interval. A certain measured quantity x therefore consists of
the expected value x and the total error ex:

e.. 4.4)

X

I+

x=X
The relative standard error " is a common measure to assess the quality of the data series

(test reproducibility, Section 4.5.7) and is defined as:

. e o
— S — n R 4.5
¢ X X«n (4-5)

with es = standard error, ¥ = mean value, o» = standard deviation of sample, and » = num-

ber of samples.
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A target value X can be calculated based on the measured parameters x. In order to
determine the error of the target value ex, an error propagation analysis is required. The

error propagation law is defined as (Martin and Pohl 2015):

2 2 2
e, = G_Xeﬂ + a—Xe)r2 +..+ a—XeW , (4.6)
ox, 0ox, ox, -

with ex» = total error of measured parameter x». The error propagation analysis will be

applied to the following target values of this thesis: LW accumulation probability p, back-
water rise Ak, and local scour S. The results are presented and discussed in Section 5.2.7,

Section 5.3.1.7, and Section 5.3.2.2, respectively.

4.4 Tests I: Large wood accumulation probability at bridge piers

The main objective of this part is to analyze the LW accumulation probability as a func-
tion of (1) the approach flow conditions, (2) the bridge pier characteristics with different
pier roughness, -shape, -diameter, -number, (3) the LW characteristics, involving various
log lengths, log diameters, log densities, LW with and without branches, and uncongested
versus (semi-)congested LW transport, and (4) the channel bed, i.e. fixed versus movable

bed.

4.4.1 Model flume I — tilting flume

The experiments were conducted in a 10.7 m long, 1.0 m wide, and 0.8 m deep tilting
flume at VAW (Figure 4.1). The 2.0 m long intake is equipped with a flow straightener
to generate undisturbed inflow. The channel has a fixed bed (ks prototype = 30 m'’*/s) and
side walls made of glass and PVC. The channel slope can be varied between 0 < J, < 15%.
The downstream flow conditions are regulated with a flap gate. A filtering basket was
installed at the flume outlet to collect wood and sediment. For the movable bed experi-
ments, a 1.0 m long ramp of boulders with a diameter of ~0.10 m was installed 3.5 m
downstream of the inlet to provide a smooth flow transition. The movable bed (subscript
b) had a height 4» = 0.20 m, length L» = 3.0 m, and was fixed at the downstream end using
a 2.5 m long plate with a roughness coat. The tests were performed according to Froude

similitude with a model scale factor of A = 20.
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Sensor and LDS = Laser Distance Sensor

4.4.2 Instrumentation

The model flume I is equipped with two pumps of a combined maximum discharge ca-
pacity of Q =265 1/s. The inflow discharge Q is measured in the supply pipes with an
electromagnetic flow meter (IDM) and regulated with a valve. The approach flow condi-
tions (subscript o) are controlled by adapting J,, O, and the downstream flap gate and are
characterized by %o, vo= Q/(Bho), and Fo=vo/(gho)"?, with B = channel width, and
g = gravitational acceleration. An Ultrasonic Distance Sensor (UDS) ‘UNAM 30’ and a
Laser Distance Sensor (LDS) ‘ODAM 21°, both manufactured by Baumer Electric, Swit-
zerland, were placed on an automated traverse. The UDS was used to measure /,. For the
experiments with a movable bed, the bed topography was scanned in a 2.5x2.5 cm? grid
with the LDS. For selected approach flow conditions, 3D flow velocity measurements for
transverse and longitudinal cross-sections were conducted using an Acoustic Doppler Ve-
locimeter (ADV) ‘Nortek AS Vectrino 3D water velocity sensor Lab Probe’ with an ac-

curacy of +1% of the measured value +1 mm/s and a sampling rate of 25 Hz.
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4.4.3 Model large wood and sediment

The model LW consisted of natural wooden logs with and without branches. The log
lengths varied between Lz =0.08 m, 0.10 m, 0.20 m, and 0.40 m and the log diameter
dr=0.015m, 0.03 m, and 0.004 m. Two different types of logs with branches were used
for the experiments: The “2D” type corresponds to logs with alternate branches on two
sides, whereas the “3D” type has alternate branches on four sides (Figure 4.2). The
branches were 0.04...0.05 m long and 0.004 m thick. For the majority of the tests, the
model LW was not watered and always fully floating. Hence, the transported logs did not
interact with the channel bed. To investigate the effect of the log density on the accumu-
lation probability, the logs were watered for durations of #w = 2...5 months. The movable
bed model tests were conducted with uniform material with a mean grain size diameter

dm=5.6 mm.

, Type “3D”
T
0.10m h J
+—> 11 4
[ P ] SR = ; e
s ’ o
i T e cézD”
0.20 m ot WS

Figure 4.2 Model large wood with d; = 0.015 m and model sediment

4.4.4 Test procedure and program

The LW accumulation probability p was examined within six test series (A-F, Table 4.2),
comprising a total of 153 tests and 10'020 added logs. The test setup is illustrated in Fig-
ure 4.3. The basic experimental setting included a single circular bridge pier with a diam-
eter dp = 0.05 m placed 5 m downstream of the inlet in the channel centerline. The mate-
rial of the bridge pier was aluminum (i.e. smooth bridge pier). The approach flow condi-
tions were set by adapting O and slope Jo. The approach flow Froude number F, varied

between 0.2, 0.5, 0.8, and 1.2 to model common flow conditions during floods ranging
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from subcritical to slightly supercritical flow. For a selected range of approach flow con-
ditions, the effect of different bridge pier shapes, number of piers, LW characteristics,
LW transport types, and a movable bed on p was tested. For the movable bed experiments,
an initial equilibrium scour was induced around the bridge pier for F, = 0.8 and non-
dimensional bed shear stress 8 = 0.061. The accumulation probability p was then tested

for Fo = 0.8, 0.5, and 0.2.

“ S?Zr shapes: @ * @]ILP

UDS d, SR
>,
= Bridge pier d, L,
Bridge pier(s)
d,+Qmi— X
—= L2 T —— N\ Q B
L
ho Fo’ vo
AN
Side view Plan view

Figure 4.3 Experimental setup with notation of model tests on LW accumulation probability
with (a) side and (b) plan view; c = circular, sq = square, tr = triangular bridge pier, dp = bridge

pier diameter, and Lp = bridge pier length

To model the worst-case scenario of p, the logs were added perpendicular to the
flow (log position angle y = 90°) 1 m upstream of the bridge pier. Whether the log accu-
mulated at the bridge pier was noted, and then the log was extracted from the flume. The
following effects were investigated in test series A:

- Given the experimental randomness, the required number of repetitions to obtain
statistically significant accumulation probabilities were studied in test Al
(Table 4.2).

- The reproducibility was evaluated by conducting four tests with identical approach
flow conditions twice (A2-A9).

- The effect of y = 0°, 45° and 90° on p was investigated in tests A10-A18.

Test series B studied the effect of the approach flow conditions, Lz, and dr. on p. Various

combinations of v, and /4, were investigated for each value of F, = 0.2, 0.5, 0.8, and 1.2:

- For F»=0.2,0.5, and 0.8 (B2-B36), L. was varied to 0.10 m, 0.20 m, and 0.40 m.
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- For F, =0.08 and slightly supercritical flow (B1, B37-B39), L. was kept constant
to 0.20 m.

- The effect of a wide range of %, with a constant v, was tested in B40-B43.

- The log diameter di. was kept constant for B1-B43 with dz = 0.015 m, and varied to
dr =0.004 m and 0.03 m in B44-B55.

In test series C, the experiments were conducted for selected approach flow conditions.
The bridge pier characteristics were studied in series C:

- The pier roughness was increased to model concrete material (i.e. rough bridge
pier), with an equivalent sand roughness of ks protonpe = 3 mm (C1-C4).

- For tests C5-C37, the test setup was adapted to model two circular bridge piers with
dp=0.05 m (C5-C16), a single triangular bridge pier with a length Lr = 0.10 m and
square bridge pier with Lr = 0.05 m (C17-C28, Figure 4.3b), and single circular pier
with dp=0.01 m and 0.025 m (C29-C37).

Different types of LW were investigated in test series D, including two types of logs with

branches (D1-D7) and logs with higher density (D8-D11).

Test series E focused on the impact of wood transport on p:
- For the experiments with semi-congested LW transport, a bulk of 3 or 5 logs was
added simultaneously to the flow 1 m upstream of the bridge pier (E1-E17).
- To model continuous LW transport, 40 logs were added consecutively to the flow
(E18-E21).
- For congested LW transport, 40 logs were added simultaneously to the flow (E22-
E25).

Test series F studied the effect of a movable bed and the respective scour around the

bridge pier on p (F1-F6).

4.4.5 Test repetitions and reproducibility

To obtain statistically significant results for the LW accumulation probability p, the re-
quired number of test repetitions N is essential. In previous studies, N was defined in a

wide range (N =3...50, Table 3.1), without quantifying the standard deviation o of p.
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Furlan et al. (2018) recommended N > 30. For the current study, the required Nreq was
investigated in test run Al (Table 4.2). A single log with Lz = 0.20 m was inserted into
the flume N = 300 times for Fo = 0.2, 4, = 0.15 m, and v, = 0.24 m/s. Figure 4.4a shows
p and the corresponding o as a function of N. The standard deviation o increases to a
maximum of o= 0.20 for N = 6, and decreases to o= 0.05 for N = 300. The accumulation
probability p depends on the corresponding N and varied between 0% and 50%, converg-
ing to p =34% for N=300. To guarantee statistically significant results, a maximum
standard deviation of o=0.10 was defined. This results in test repetitions of N =40,
which is feasible regarding test effort. Selected tests were repeated N = 60, if o> 0.10 for
N = 40. The experiments on continuous and congested LW transport (E18-E25) were re-
peated N = 3 times.

The test reproducibility was investigated with various L. for four approach flow
conditions (A2-A9). In Figure 4.4b, p is plotted as a function of N for tests A6-A7, and
B27. All three tests converge to a final value p = 25% with o= 0.01. Test reproducibility
is consequently confirmed. Note that if N is selected to N < 10, a value used in previous

studies, the accumulation probability would range between 0% and 67%.

0.25 1 )
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/\/\ .......... B27
0.125 05
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Figure 4.4 Test results of (a) p and ¢ versus N for test Al, (b) p versus N for reproducibility
tests A6, A7, and B27
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Table 4.2  Test program of test series A-F on LW accumulation probability; varied parameters

are marked in bold. Parameter definition is shown in Figure 4.3.

Tested F, h, Vo dr L N .
TS effect -] [m] (msl [m]  [mp W Fler
Al Neg 02 015 024 0015 020 300
A2-3 02 005 0.14 0.10 IxReg
A4-5 0.5 005 035 0.20 -
ac7 BP0 005 o0se 0015 gg 0 7m0
A8-9 02 020 028 0.20 Ixe
A10-12 02 0.0 020 IxReg.
A13-15  y 05 010 050 0015 040 40 p=0°,45°,
Al6-18 08 0.0 0.79 90°
Bl 0.08 010 0.08 0015 020 40
B2-4 0.05 0.4 0015 0.10-0.40
B5-7 0y 010 020 0015 010040
B8-9 0.15 024 0.015 0.10+0.40
B10-12 020 028 0015 0.10-0.40
BI3-1s 0.05 035
gig:g FoL. 0.5 gig 3:2‘1’ 0.015 0.10-0.40 40
B22-24 020 0.70
B25-27 0.05 0.56
B28-30 0.10  0.79
3133 08 1o g9y 0015 010040 40
B34-36 020 1.12 IxReg. e
B37 0.05 0.84 o 7=
B38 F, 12 010 1.19 0015 020
B39 0.15 1.46 20
B40 02 052 045
B41 03 023 045
542 hove 05 oos ogs 0015 020 40
B43 0.7 004 045
B44-45 02 0.10 020
B46-47 05 0.0 050 0.004 0204040 40
B48-49 05 015 061
B50-51 L 702 010 020
B52-53 05 0.0 050 0.03 0204040 40
B54-55 05 015 061
Cl 0.05 035
C2 0.10 0.50 I1xReg. rough
C3 05 g1s o6 0015 020040 o Ixc
C4 020 0.70
C5-7 e 02 010 020
C8-10 0.5 0.0 0.50 1/3/5xReg.
cii-i3 - P o8 o010 o079 OO0 04040 o 2xe
C14-16 08 015 097
C17-18 02 0.0 020
C19-20 0.5 0.10 050 0.015 0.20+0.40 40 ;X_Rgeg; Ixtr

C21-22 0.8 0.10 0.79




64 Methodology
Tested F, h, Vo dr L N .
TestS  effect [-] [m] [m/s] [m] [m] -] LW Pier
C23-24 02 0.0 020 R
C25-26 0.5 0.10 050 0.015 0.20+0.40 40 - 966‘%; Ixsq
C27-28 08 010 0.79 v
€29 N 0.05 035 R 1xc
C30 oo 05 000 050 0015 008 40 a ;Og(; dp=
C31 b 0.15 0.6l v 0.01 m
C32-33 0.05 035 R Ixc
C34-35 0.5 0.10 050 0.015 0.10+020 40 X: 965(; dp=
C36-37 0.15 0.6 7 0.025 m
DI 0.05 035 0015 020 60 1x2D
D2-3 05 010 050 2D, 13D
D4-5 7015 061 0015 020 60 %
D6-7 LW 020  0.70 y .
DS type 0.5 0.05 0.35 R ¢
D9 0.5 0.10 0.50 *IRCE.
40 —90°
D10 05 o015 o6 015 020 7 9?
DIl 0.5 015 0.61 -
) 0.05 035 3/5xReg.
E3-5 0.10  0.50 3/5xReg.
40 g
E6-8 05 o1s o6 0015 020 3x3D
E9-11 020 0.70 y=90°
E12-13 Lw 05 010 020 .
E14-15 trans- 0.5 010 050 0015 040 40 e Ixe
El16-17 port 08 0.0 0.79 Y
E18-19 02 0.0 020 40xReg.
+
E20-21 05 010 o050 0015 0201040 3 Cont.
E22-23 02 0.0 020 40xReg.
+
E24-25 05 010 o050 015 0201040 3 Cong.
FI2  Mova- 02 0.0 020
F3-4 ble 05 010 050 0015 0204040 40  IxReg. Ixc
F5-6 bed 08 0.10 0.79
Note: Nreq = required repetitions,
Reg. = regular smooth logs,
Repr. = reproducibility tests,
Ixc = one circular bridge pier,
2xc = two circular bridge piers,
rough = rough bridge pier,
tr= triangular bridge pier,
sq= square bridge pier,
Cont. = continuous addition of 40 logs with N =3,
Cong. = congested LW transport of 40 logs in N = 3 bulks, and

a)

test run stopped after N = 20, as p = 0%.
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4.5 Tests II: Large wood accumulation characteristics — Backwater rise and local

scour

This part focuses on the characteristics of LW accumulations and in particular on their
effect on backwater rise and local scour. The physical experiments were conducted in two
different model flumes (small and large) at VAW and can be divided in three test series:
e Series A modeled a predefined LW accumulation with a fixed bed and studied
the effect of the approach flow conditions and LW accumulation characteristics
on backwater rise Ak in three different scales: small-scale with A = 50 and A = 30
(small flume) versus close-to-prototype with A = 6 (large flume).
e Series B investigated a natural LW accumulation with a fixed bed and the ef-
fect of approach flow conditions and LW accumulation volume on Ak in two
scales: small-scale with A = 30 versus close-to-prototype with A = 6.
e Series C studied a natural LW accumulation with a movable bed and the effect
of approach flow conditions, LW accumulation volume, and bed material on Ak

and local scour S in small-scale model tests with A = 30.

The flume experiments were partially conducted in the context of Master and pro-
ject theses at VAW by Brindli (2014), Bertram and Schérer (2015), Schaller (2015), and
Lageder (2016).

4.5.1 Model flume II — small flume

The small-scale model tests were conducted in an 8.0 m long, 0.4 m wide, and 0.7 m deep
channel (Figure 4.5). The intake is 0.66 m long and equipped with two flow straighteners
to suppress secondary currents and surface waves. The bottom slope can be varied man-
ually between Jo =0...10%. The downstream conditions were regulated with a sharp
crested weir for the experiments with a fixed bed (series A and B) and with a needle weir
for the experiments with a movable bed (series C).

For the predefined LW accumulation (series A), two rack rows were placed 3 m
downstream of the intake. For the natural LW accumulation (series B and C, A = 30), only
one rack row was set 3.4 m downstream of the intake. For A = 30, each rack row consisted
of seven vertical aluminum bars with a circular cross-section of 0.008 m diameter and an
axial spacing of 0.05 m. For A = 50, each rack row consisted of eleven vertical aluminum

bars with a circular cross-section of 0.005 m diameter, an axial spacing of 0.036 m, and
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a distance between side wall and axis of the next bar of 0.020 m, respectively. The rack
itself had a negligible effect on the approach flow conditions and did not induce backwa-
ter rise.

In series C, a 0.5 m long ramp of boulders with a diameter of 0.08 m to 0.11 m was
installed at the upstream end of the flume to provide a smooth flow transition from the
channel to the movable bed. The movable bed had a height 4, = 0.35 m, length L» = 5.5 m,

and was fixed at the downstream end using a 2 m long plate with a rough coating.

Hi

—— :’UDSO! _:;iTravers.e With LDS - _Weir

Rack rows -

Figure 4.5 Photo of model flume II (small flume) at VAW with LDS = Laser Distance Sensor

and UDS = Ultrasonic Distance Sensor

4.5.2 Model flume III — large flume

The close-to-prototype scale tests were conducted in a 30 m long, 1.50 m wide, and
1.20 m deep channel with a horizontal bottom (Figure 4.6). Two flow straighteners placed
at the channel inlet suppressed secondary currents and surface waves. The downstream
conditions were controlled with a flap gate to enable pseudo-uniform flow (Hager and
Hutter 1984). To model a predefined LW accumulation (series A), two racks were placed
10 m downstream of the intake. For the natural LW accumulation (series B), the upstream
rack row was removed. Each rack row consisted of five vertical aluminum bars with a
circular cross-section of 0.04 m diameter, an axial spacing of 0.30 m, and a distance be-
tween side wall and axis of the next bar of 0.15 m, respectively. The rack itself did not

induce backwater rise.
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lo-@ Traverse with UDS
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Figure 4.6 Photo of model flume III (large flume) at VAW

4.5.3 Instrumentation

The inflow discharge is measured with an IDM and regulated with a valve to a maximum
of 70 I/s for the small flume and 1,200 I/s for the large flume. In both flumes, the flow
depths (4, and h = water depth with LW accumulation) were measured with UDS
(‘UNAM 30’) and manually using a point gauge to obtain Az = h — ho.

In series C, the bed topography was scanned after each run in a 2.5 x 2.5 cm? grid
with an LDS (‘ODAM 21°) placed on a positioning system, which was manually moved
in the x- (flow direction) and y-direction (spanwise direction). The origin of the x, y-co-
ordinate system was located at the rack at the height /5. In addition, the scour depth at the

rack (subscript r) Sr was measured with a point gauge.

4.5.4 Model large wood and organic fine material

The model large wood consists of natural wooden logs without branches. For the small-
scale model tests, the logs lengths varied between L. = 0.05...0.30 m and the mean log
diameter (subscript Lm) drm = 0.004...0.013 m (Figure 4.7a). The model FM was repre-
sented by a plastic fir tree made of polyvinyl chloride (PVC). The density of the plastic

fir tree pryv.pvc was measured with a powder pycnometer (GeoPyc 1360, Micrometrics
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USA). Based on the average of 40 samples, prv prc resulted in 1,330 kg/m? (£7.4 kg/m?).
The plastic fir tree was selected to reduce the test effort compared to natural organic fine
material. The effect of the material density can be neglected for series A, as the FM was
manually placed and evenly distributed within the accumulation. For series B, the results
will be compared to the close-to-prototype model tests, where natural material was used
to model F’M. The values of FM =2...8% in the accumulation body were selected based
on field observations by Manners ef al. (2007). Branches and leaves in an accumulation
body affect the din of the LW accumulation and increase the compactness (i.e., lower a).
Due to the ease of measurement, dzm and a of an accumulation body were quantified prior
to the addition of FM. Hence, the effect of FM was included as a separate parameter.

For the close-to-prototype model tests, L. varied between 0.45 m to 0.90 m and
drm = 0.035...0.065 m. Natural willow and fir branches were used as model FM
(Figure 4.7b). The amount of FM used was again selected based on natural observations
by Manners et al. (2007), but included a wider range of FM = 2.5...17% compared to the
small-scale model tests. The density of the willow (subscript w) and fir (subscript f)
branches was measured with a powder pycnometer (GeoPyc 1360, Micrometrics USA)
based on each 40 samples to pryvw =610 kg/m*® (£6.2 kg/m®) and prys= 600 kg/m?
(£8.6 kg/m?), respectively.

(b)

Figure 4.7 Examples of model LW (d) and FM for (a) A= 6 and (b) A =30

4.5.5 Sediment

In teste series C, three different uniform grain sizes were tested in order to avoid effects
due to armoring (Wallerstein et al. 2001, Figure 4.8). The mean grain size diameters var-

ied from dm = 2.7 mm, 5.4 mm to 13.1 mm and were verified with a sieving analysis. The
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different dn were defined to cover both subcritical and slightly supercritical flow condi-

tions, resulting in a range of Fo = 0.5...1.5.

d =2.imm . : . dm=13.1 mm

m

Figure 4.8 Uniform bed material with standard deviation of grain size distribution 6, = 1.1

4.5.6 Test procedure and program

The test setup and notation for series A, B, and C are illustrated in Figure 4.9. The test

procedure and program for the different test series are described consecutively below.

Series A — predefined LW accumulation with a fixed bed

A given solid LW volume Vs (=0.0015m? for L =50, =0.005m’ for L =30, and
~ 0.240 m? for A = 6) was placed between two racks, thereby representing a box-shaped
accumulation. The LW accumulation has a length L4 and a constant height /4. During all
experiments, an overtopping of the accumulation was prevented. The LW accumulation
consisted of logs with a mean diameter di» and length L. and had a compactness described
by the bulk factor a = Vi/V;. The bulk factor a was varied to obtain loose (a = 4.0...5.0),
medium (a = 3.0...4.0), and dense (a =2.0...3.0) accumulation bodies. The value range
was chosen based on natural observations after floods with extensive LW transport, re-
sulting in a = 2...5 (Lange and Bezzola 2006, Waldner et al. 2009). For selected experi-
ments, F'M was added to the LW accumulation as a percentage of Vs, varying from
2...17%. Different types of FM were used to model branches and leaves. As the densities
of the different F'M types vary for the three tested scales, the volume percentage slightly
differs (£0.5%). The log length L. was not systematically investigated, as it mainly affects

the accumulation compactness. This was, however, accounted for with the bulk factor a.
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Series A
F.O LW accumulation:
N L.,d, , a FM
Series B UDS, UDS,
— ]
o f
L [
| I A

= | LW accumulation:
‘ LL’ dLm’ a, Vs

Series C UDSs, UDS,
= =
f _
Y
7777777 7777}[777’777777777 ‘- \\/ 4
F.o h, : 1 LW accumulation: h
o’ L » d , a, v ’
\/\ - L Lm N
) Ramp a L Bed fixation

b
Figure 4.9 Test setup and notation for series A, B, and C. F,, /,, and Q were measured without
LW accumulation and flow depth # was measured using UDS, and UDS;. Resulting backwater
rise is Ah = h — h,. LW accumulation characteristics comprise Ly, #4, Lz, dim, a, FM, and V5. Bed

material characteristics are 4y, Ly, dn, Gg, and S,
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The experimental procedure for series A can be described by the following steps:

(1)

2)

€)

measurement of approach flow depth 4, for a certain approach flow condition without
LW accumulation,

addition of a specific LW accumulation between two racks with the respective L4,
dim, a, LW volume, and FM, and

measurement of /2 upstream of the LW accumulation for the respective approach flow

condition.

The test program for series A is listed in Table 4.3 and comprises a total of 586 test runs

with three different scale factors A. For A =30 (A1-A66; small flume):

Each test (e.g. Al) consisted of three to nine test runs where F, was continuously
increased.

The reproducibility was evaluated by conducting several tests up to three times (A1-
AlS).

The effect of the approach flow characteristics 4, and F, on A4 was analyzed with
all other parameters kept constant (A16-A21).

The LW accumulation characteristics were tested by the individual variation of a
(A7-A15; A22-A29), L4 (A30-A38), dum (A39-A43), and percentage of FM (A44-
A66).

Selected experiments were conducted for a constant F, with increasing /4, to allow

a comparison with A = 6 (e.g. A47-A50 and A63-A66).

For 2 =6 (A67-A94; large flume):

ho was continuously increased from 180 mm to 440 mm for each test, as F, could
not be specifically adjusted due to the horizontal flume bottom.

Two different tests were conducted several times (A67-A74) to verify the test re-
peatability.

a was varied between 2.8 and 4.3 for two different drm (A75-A90) to study the LW
accumulation characteristics.

The effect of FM on Ah was analyzed by varying the percentage (A75-A90) and
type (A83-A86 compared to A91-A94), with all other parameters kept constant.

For A =50 (A95-A106; small flume), experiments with selected approach flow conditions

and LW accumulation characteristics (a, L4, dLm, and FM) were conducted to investigate
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a scale series. For each test, either F, or 4, was continuously increased to allow a com-
parison with both 4 =30 and 4 = 6. In particular, tests A95-A106 (4 = 50) are compared
with A47-A49, A63-A65 (4 =30) and A67, A75-A76, A83-A84 (1 = 6).

Series B — natural LW accumulation with a fixed bed

For the majority of the tests, the same solid LW volume Vs as in Series A (= 0.005 m® for
L =30, and = 0.240 m’ for A = 6) was now added stepwise to the flow, thereby represent-
ing a flood with a natural accumulation. The LW accumulation can be described by the
length L4 and height /44, and consisted of logs with dr» and Lz. For selected experiments,
FM was added to the LW as a percentage of Vs, varying from 8...10%. The FM was
modeled with both natural fir branches and a plastic fir tree made of polyvinyl chloride.
The experimental procedure for series B can be described by the following steps:

(1) measurement of /%, for a certain approach flow condition without LW accumulation,
(2) stepwise addition of packages of 5...10% of Vs with the respective dim, Lz, and FM,
(3) measurement of 4 upstream of the LW accumulation for the respective approach flow

condition, and
(4) determination of }; based on side view photographs of the accumulation and deter-

mination of bulk factor a= Vi/Vs after each added package of Vs.

The test program for series B is listed in Table 4.4, comprising 100 single test runs:
- The reproducibility was evaluated by conducting the same test three times (B1-B3).
- Two different model scales were analyzed with identical test setups (B1 vs. B7).
- The effect of F» and Q on Ah was studied with all other parameters kept constant
(B3+B4, B7-B9).
- The LW accumulation characteristics were tested by the individual variation of FM

(B5+B6, B10).
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Table 4.3 Test program for test series A on LW accumulation characteristics; varied parame-

ters are marked in bold.

Tests Tested 1 h, F, 0 a L, dim FM
effect |[-] [m] -1 [1/s] - [m] [mm] [%]
Al-3 02-12  8-48 36 37 0
A4-6 Repr. 30 005010 14 36 38 M9 03 0
A7-8 0208 832 25 0
A9-10 Repr., 02-12  8-48 3.1 0
All-12 a 30 0.05-0.10 0.2-14  8-56 4.3 0.10 7 0
Al13-15 02-08 832 33 0
A16-18 0.05, 36 37 0
N loo] hooFo 30 o 00ys 0214 856 Le 010 L
24,
A22-24 010 02-14 856 3% 11 0
A25 4 30 005 0214 856 33 010 15 0
A26-27 0.10  02-12 848  3.3,4.4 15 0
A28-29 0.05,0.10 02-14 856 3.4 23 0
A30-32 40  0.05, 23 0
0.05,0.10 02-14  8-56 )
A33-35 . %0 : 38 020 103 0
A36-37 4 02-0.6 824 34 0,25
A38 0.05-0.10 02-14  8-56 5.9 0.20 7 0
2.3,
A39-41 36 5 0
do 30 010  02-14 856 0.10 812
A42-43 38 37,6 0
0,25,
A44-46 02-08 832 25 7 s
A47-50 02-12 848 33 7 0’52‘75’
A51-54 02-14 856 43 7 0’52'75’
FM® 30  0.05-0.10 0.10 0
A55-58 02-08 832 28 KR
A59-62 02-14 856 38 13 0’52;;5’
0,2.5,
A63-66 02-14 856 42 139
A67-72 0
wrigs  Repr. 6 018044 0203 85371 31 05 35 0
25,5,
A75-78 31 3 o1s
0,5,
A79-82 43 3 01
FM® 6 0.18-044 02-03 85-371 0.5 0, 5.5,
A83-86 o0 =0 42 : 65 11,
165
0,5.5,
A87-90 2.8 65 11,
16.5
0,55,

A91-94 FM* 6 0.18-044 0.2-03 85-371 4.2 0.5 65 11.17
b
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Tests Tested A h, F, 0 a L4 dim M
effect  [] [m] -] [Vs] [ [m] [mm] [%]
A95-97 0.06 0.2-1.4 3.6-25.7 4.3 0.08 0, ';"5’
0,2.5,
A98-100 0.03-0.06 0.2 1.3-3.6 4.3 0.08 P
A 50 0.06 0.2.5
A101-103 0.06 0.2-0.6 3.6-25.7 32 0.04 ’5' ’
0,2.5,
A104-106 0.03-0.06 0.2 1.3-3.6 3.2 0.04 s
Note: Repr.=  Reproducibility tests,

Y plastic fir tree,
®  natural willow branches, and
© natural fir branches.

Table 4.4 Test program for test series B on LW accumulation characteristics; varied parame-

ters are marked in bold.

Tests Tested A 0 h, F, dim Vi FM
effect [-] [Vs] [m] -] [m] [m’] [%o]
B1-B3 Repr., A 370.8 0.44 0
B4 0 908.0 0.75 0.035 0-0.24 0
B5 FM 6 3708 044 0203 16Y
B6 FM 620.0 0.60 0.052 0-0.54 109
B7 Fo, A 11.90 0.31 0
B8 Fo 23.78 0.62 0
B9 F, 30 55.65 0.10 1.46 0.007  0-0.0056 0
B10 M 23.78 0.63 8>
Note: 9 Natural fir branches, and

® plastic fir tree

Series C — natural LW accumulation with a movable bed

As in Series B, a given solid LW volume Vs (= 0.023 m? for A = 30) was added stepwise
to the flow to model a natural accumulation. However, the LW volume was increased by
a factor of = 5 to study the effect of Vs in more detail. To investigate local scour solely
due to LW accumulations, the initial flow condition (subscript /C) was chosen to repre-
sent weak transport. The bed shear stress 6ic was slightly below the critical bed shear
stress Oc- for incipient motion (6 = 0.047 from Meyer-Peter and Miiller 1948). The re-
quired value for bed shear stress was visually examined. For a given dn and Q, the slope
Jo was continuously increased until weak transport occurred. The respective 6ic was de-
termined to Gic = 0.04 for dn=2.7 and 5.4 mm, and 6ic = 0.05 for dn = 13.1 mm. The
experimental procedure for series C can be described by the following steps:

(1) measurement of 4, for a certain approach flow condition without LW accumulation,

(2) stepwise addition of packages of 5...10% of Vs with the respective din and L.
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(3) after an equilibrium scour was reached, measurement of 4 upstream of the LW accu-
mulation for the respective approach flow condition,

(4) measurement of the scour depth at the rack Sy,

(5) determination of accumulation compactness, i.e. bulk factor a, for each package of
Vs as in Series B, and

(6) after the addition of 100% of Vs, the bed topography was scanned in a 2.5 x 2.5 cm?
grid to obtain the scour depth S.

The test program for series C is listed in Table 4.5, comprising 200 single test runs:
- The reproducibility was evaluated by conducting the same test three times (C1-C3).
- The effect of the bed material on S and A/ was analyzed by varying dn (C1-C12)

for different approach flow conditions.

Table 4.5 Test program for test series C with A =30 and di» = 0.10 m on LW accumulation

characteristics; varied parameters are marked in bold.

Tests  Tested 0 A h, F, Vs dn Oic
effect [V/s] [%] [m] ] [m?] [mm] ]

C1-C3 20 0.70 0.08 0.74  0-0.023 5.4 0.04
C4-C5 R‘;p"" 30 0.53 0.11 068  0-0.023 5.4 0.04
C6-C7 " 40 0.45 0.13 065 00023 54 0.04
C8 20 0.29 0.09 057 0-0.023 27 0.04
C9 30 0.23 0.13 051 00023 27 0.04
C10 d 40 0.20 0.17 047  0-0.023 27 0.04
Cl1 20 3.00 0.05 153 0-0.023  13.1 0.05
C12 30 2.30 0.07 124  0-0.023  13.1 0.05

4.5.7 Test reproducibility

The reproducibility was evaluated for all three test series A-C by conducting a test with
the same approach flow conditions several times. Tests A1-A15, A67-A74, B1-B3, C1-
C3 confirmed the reproducibility of the relative backwater rise Ah/ho and backwater rise
Ah for model scales 4 =30 and 4 = 6, respectively. Due to the identical test setup for the
tests with 4 = 50, it is concluded that the reproducibility is likewise given. Tests C4-C5
approved the reproducibility of the scour depth at the rack S;. In Figure 4.10a, Ah/h, is
plotted as a function of F, with all other parameters kept constant for tests A13-A15. In

Figure 4.10b, A/ is depicted as a function of 4, with all other parameters kept constant
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for tests A70-A72 (0% FM), and A73-74, A77 (10% FM). In Figure 4.10c and Fig-
ure 4.10d, Ah/h, is plotted as a function of Vs with all other parameters kept constant for
tests B1-B3 and C1-C3. In Figure 4.10e, Sr is plotted as a function of Vs with all other

parameters kept constant for tests C4-CS5.

The test reproducibility was evaluated using the relative standard error e (Eq. (4.5),

Section 4.3), and the results are summarized in Table 4.6.

Table 4.6  Evaluation of test reproducibility with relative standard error e for Test series A-C

Test A Parameter Relative standard Average relativg
series error e standard error ¢
A 30 Ah 0.3...15.0% 5.0%
6 Ah 0.7...6.0% 3.4%
B 6 Ahlho 5.1...12.6% 9.0%
C 30 Ahlho 0.5...5.0% 2.5%
30 Sr 1.6...16.7% 6.1%.
3 1
(a) (b)
—O—A73 10% FM
T ;/E‘ _ ~O-—A74 10% FM
< 15 , g ; O ATT 10% FM
s 3 ; ——A70 0% FM
< —0—A13 —-0-=A71 0% FM
—g—l‘[ﬂ‘sl O A72 0% FM
0
0 0.5 1
A
1
B1
(c) (e)
- | T BT
AL N P B3 . <
< 05 < _ s
N ) < //
< / < ~ | ——cC4
2T === C5
0 I
0 50 100 0 25 50
V(%] V. [%]

Figure 4.10 Reproducibility of (a) Ah/h, versus F, for A =30 (A13-A15), (b) Ak versus A, for
A=6 (A70-A72: 0% FM, and A73-74, A77: 10% FM), (c) Ah/h, versus Vs in % for A= 6 (BI1-
B3), (d) Ah/h, versus Vi in % for A =30 (C1-C3), (e) S, versus V; for A = 30 (C4-C5)
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4.6 Tests II1: Measures for large wood accumulation risk reduction

The objective of this part is to examine and evaluate existing and new measures at bridge
piers regarding their accumulation risk reduction. The physical experiments were con-
ducted in model flume I (tilting flume, Section 4.4.1 and Figure 4.1). The instrumentation

and model LW are described in Section 4.4.2 and 4.4.3.

4.6.1 Test procedure and program

The accumulation risk reduction was examined for two types of measures: A =LW fin
mounted upstream of the bridge pier and B = bottom sill mounted on the channel bottom.
The test setup is illustrated in Figure 4.11. The experiments were conducted for a selected
range of approach flow conditions and LW characteristics with a model scale factor of
A= 20. Similar to the experiments on LW accumulation probability (Section 4.4.4), a sin-
gle circular bridge pier with a diameter dp = 0.05 m was placed 5 m downstream of the
inlet in the channel centerline. The logs were added perpendicular to the flow (y = 90°)
I m upstream of the bridge pier with 40 repetitions. The resulting accumulation probabil-
ity p was then compared to that of the pier without measures.

The two measures comprise nine different variations (A.1-A.6, B.1-B.3, Table 4.7).
Measure A is made of polyvinyl chloride (PVC). The experiments were conducted with
two different vertical fin angles 61 = 45° and 20°. The horizontal fin angle, i.e. fin position
to the flow, was varied between 62 = 90° (in flow direction) and 2 = 30°. For selected

experiments, a A-shaped aluminum top was placed on the fin (Figure 4.11a).

Table 4.7 Definition of tested measures

o o1 02 A-shaped top Ax

Measure Description ] ] [yes/no] (m]
Al 45 90 no
A2 45 30 no
A3 45 30 yes

A4 LW fin 45 30 yes -

A5 20 90 yes
A.6 20 90 no

B.1 2 declined cross sills 0.15

B.2 1 declined sill B 0.15

0.00

B.3 2 declined serial sills - 0.15

0.30




78 Methodology

(a) A— LW fin A-shaped aluminum top e LW
T\

o0, = Vertical fin angle

d, = Horizontal fin angle

Fo’ Vo
A
\ 0,

Side view Plan view

(b) B — Bottom sill

UDS d,
m >
-~ @

Side view
B.1 = 2 declined sills, V-shaped B.2 =1 declined sill B.3 =2 declined serial sills
B.1
Fo’ vo
NI \ Ax
Plan view

Figure 4.11 Experimental setup with notation of model tests on risk reduction measures with side

and plan view of (a) measure A — LW fin versus (b) measure B — bottom sill

The bottom sills are made of PVC, half-cylinder shaped, 0.50 m long and 0.015 m high.
For measure B.1, two sills were placed as a V-shape pointing in flow direction (i.e. de-
clined) on the channel bottom. Measure B.2 consists of one declined sill, whereas this
setup was further adapted for measure B.3 consisting of two consecutive declined sills.

For B.3, the distance to the bridge pier Ax was varied between Ax =0 m, 0.15 m, 0.30 m.
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The test program is listed in Table 4.8, comprising 34 tests and 1'840 added logs:

The efficiency of measure A.1 was examined for various Fo, two Lz, and single

versus semi-congested LW transport (M1-M12).

The experiments with measures A.2-A.6 were conducted for selected Fo, Lz, and

single LW transport (M13-M19).

For the measures B.1-B.3, the tests were performed for three different 4, with

Fo=10.50, LL = 0.40 m, and single LW transport (M20-M34).

The model tests with B.3 (M26-M34) further include the variation of Ax =0 m,

0.15 m, and 0.30 m, whereas Ax = 0.15 m for tests M20-M25.

Table 4.8 Test program for measure A.1-A.6 and B.1-B.3 on LW accumulation risk reduction;

varied parameters are marked in bold.

F, h, Vo d; L; N
Tests Measure ] [m] [m/s] [m] [m] ] LW
M1-2 0.20 0.20
M3-4 050 0.0 050 0015 0204040 40 1X_R9e§c;
M5-6 N 0.80 0.79 r=
M7-8 ' 0.20 0.20
M9-10 0.50 0.0 050 0.015 020+040 40 3X_R9e§c;
MI11-12 0.80 0.79 '
M13 0.20 0.20 0.20
M14 A2 0s0 10 o590 OO 0.40 40
M15 A3 020 0.0 020 0015 0.20 40
M16 020 0.0 020
M17 Ad 050 010 050 012 040 40
MI8 A5 050 0.0 050 0015 0.40 40
M19 A6 050 0.0 050 0015 0.40 40
M20 1 0.71  0.05
M21 g5y 050 000 050 0015 0.40 40
M22 036 0.20
M23 52 0.71  0.05 IxReg.
M24 AmG1sm 050 000 050 0015 0.40 40  y=90°
M25 036 0.20
M26 0.71  0.05
M27 B.3 050 0.10 050  0.015 0.40 40
Ax=0m
M28 036 0.20
M29 B3 0.71  0.05
M30 mgism 050 000 050 0015 0.40 40
M31 036 0.20
M32 B3 0.71  0.05
M33 Areg30m 050 010 050 0015 0.40 40
M34 036 0.20
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4.7 Numerical modeling of large wood accumulation

This part focuses on the evaluation of the 2D numerical simulation model ‘IberWood’
from a practical point of view. Selected experimental results on LW accumulation prob-
ability at bridge piers and backwater rise due to LW accumulation were compared with

the results of the numerical model.

4.7.1 Model setup and test program

The 2D numerical model to simulate wood transport and deposition ‘IberWood’ is de-
scribed in Section 3.6. The code is embedded in the pre- and post-processing software
GiD (GiD 2012). The simulation steps can be summarized as follows:

1. Create or import a geometry: The geometry was created by inserting the x-, y-, z-
coordinates of model flume I (tilting flume) and II (small flume). A bridge pier or
retention rack was modeled by cutting out a hole to the geometry with the respective
dimensions.

2. Set the problem data: The maximum simulation time was set to 360 s with a time
interval of the results of 1 s. According to pre-tests, ~ 100-150 s simulation time are
required to establish the approach flow conditions and to start with the modeling of
LW transport. A 2" order numerical scheme was defined and the Courant-Friedrichs-
Lewy (CFL) number, the ratio between the flow velocity v and the discrete length
interval Ax and time step Az of the numerical model, was set to the default value of
CFL = v At/Ax < 0.45. The Wet-Dry limit was defined as 0.001 m. The wall friction
was considered with the Manning coefficient 1/ks; and set to 1/ks; = 0.01 s/m'>. The
used turbulence model is k-€. The simulation of wood transport was enabled with a
drag coefficient Cs = 1.4, a common value for wood logs (Bocchiola et al. 2006a).
The bed friction coefficient uved (Figure 2.4) influences the incipient motion of logs.
The default value of 0.47 was used, as all logs are fully floating during the simulation
and the friction coefficient does not affect the results. The wall bouncing an-
gle =0.78 rad = 45° is a threshold value, defining whether a log touching a wall or
boundary is sliding (incidence angle < wall bouncing angle) or bouncing off (inci-
dence angle > wall bouncing angle). The default value is based on flume experiments
conducted by Ruiz-Villanueva ef al. (2014c). The restitution coefficient describes the
interactions between logs and the default value is 1, equivalent to the elastic collision

of rigid bodies. The method to model LW transport is defined as kinematic, so logs
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are transported with the flow velocity. For the wood initial conditions, the following
parameters are entered: log number, -diameter, -length, -density, x- and y-position,
y = log position angle relative to the flow [rad], entering time [s], and root coefficient.
For the model tests on LW accumulation probability, log density was set to
pL =480 kg/m? and for the tests on backwater rise to pz = 600 kg/m>. Both values are
based on density measurement of the model LW used in the physical experiments.
3. Define input parameters, initial and boundary conditions: The input parameters,
initial and boundary conditions are listed in Table 4.9. The roughness of the channel
bottom, bridge pier, and poles were based on the physical model setup. The initial
condition for the turbulence model was set to zero. The hydraulic initial and boundary
conditions were defined according to the physical experiments. Two wood gauges

were defined to count the passing logs up- and downstream of the pier or rack.

Table 4.9 Input parameters, initial and boundary conditions for the numerical simulation of

LW accumulation probability and backwater rise

Parameter Accumulation probability p Backwater rise Ah
3 Channel bottom = 0.017 Channel bottom = 0.017
Roughness 1/ks [s/m ] Pier =0.011 Rack poles = 0.011
Turbulence k-¢ Type: Uniform flow; initial conditions defined as 0
Initial conditions ho=0.10m
Inlet: Q, = 0.0197 m’/s Inlet: Q, = 0.0118 m’/s
Boundarv conditions critical / subcritical critical / subcritical
y Outlet: 4, =0.10 m Outlet: 4, =0.10 m
subcritical subcritical
Wood boundary condition —
Wood gauge Up- and downstream of pier Up- and downstream of rack

4. Build a numerical mesh and start the computation: The flume geometry was di-
vided in three parts (Figure 4.12). An unstructured mesh with a size of 0.05 m was
assigned to the areas up- and downstream of the pier or rack. For the area near the
pier, the mesh size was set to 0.02 m, whereas a value of 0.008 m was defined for the
simulation of the retention rack.

The test program is summarized in Table 4.10. LW accumulation probability was
studied for a setup with a single circular pier (N1-N2) versus two circular piers (N3). The
pier diameter dp amounts to 0.05 m. For all test setups, approach flow conditions were set
to Fo=0.20, vo=0.20m/s, and 4, =0.10 m. Log diameter was kept constant with
dr=0.015 m and log length varied to test L. = 0.20 m and 0.40 m. The test procedure is
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comparable to the continuous addition of LW, described in Section 4.4.4. For one simu-
lation, 40 logs were added perpendicular to the flow every 5 seconds, and 1 m or 0.20 m
upstream of the bridge pier. For N1-N2, the simulation was repeated N =3 times to de-
termine accumulation probability and to compare it with the physical model test results.
For N3, a single run with 40 added logs was used for the comparison. The corresponding
physical model tests are E18-E19 for N1-N2, and C5 for N3 (Table 4.2 versus Ta-
ble 4.10). The effect of a LW accumulation on backwater rise was numerically investi-
gated for a selected set of approach flow conditions (N4). For N4, LW accumulation with
Vs=0.0056 m® and pr = 600 kg/m’ (Test B7, Table 4.4) was modeled using =990 logs
with identical dimensions. The logs were added homogeneously across the transverse
cross-section at the channel inlet with varying log position angles to simulate a full block-

age of the rack.

(a) Model setup with 2 bridge piers (Tilting flume)

Mesh size 0.05 m 0.02 m 0.05m

A
¥
A

A 4
A
v

(i '
2 bridge piers

1
:

i 1.0m
dP =0.05m I
Q 1
|
I

y I
|

§ L . | . ,
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(b) Model setup with retention rack (Small flume)
Mesh size 0.05 m 0.008 m

P
<
VA

Figure 4.12 Numerical mesh for simulation of (a) tilting flume (model flume I) with two circu-

lar bridge piers and (b) small flume (model flume II) with a retention rack (drawn not to scale)

Table 4.10 Test program of numerical simulation

Tested F, h, Vo dr L; . N
Tests effect ] (m] [m/s] [m] (m] LW Pier/Rack ]
N1 0.20- _
N2 p 020 010 020 0015 040 A0wer Do dm0Bm 3
N3 040 2xc.dp=005m 1
N4 A 030 010 030 0007 0.5 290xreg.  7rackpoles, 1

y = 0-90°

dr =0.008 m
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5 Results and discussion

5.1 Overview

The LW accumulation process at river infrastructures and its impact were investigated in
physical scale models to obtain information required for flood hazard assessment. The
current section presents the experimental results, data analysis, and discussion, subdi-
vided in four parts: LW accumulation probability (Section 5.2), LW accumulation char-
acteristics with particular focus on backwater rise and local scour (Section 5.3), measures
for LW accumulation risk reduction (Section 5.4), and numerical modeling of LW accu-
mulation (Section 5.5). The results of the physical model tests contain a general process

description, followed by the analysis of the governing parameters and a generalization.

5.2 Large wood accumulation probability

Parts of this subsection have been published in Schalko I. (2017): “Large wood accumu-
lation probability at a single bridge pier”, in the proceedings of the 37" IAHR World

Congress in Kuala Lumpur, Malaysia.

5.2.1 General process description: Incipient log detachment

The accumulation process of a single log with length L. = 0.40 m is illustrated in Fig-
ure 5.1. The approach flow conditions (Figure 5.1a) are characterized by the flow velocity
vo =0.70 m/s, flow depth %, = 0.20 m, and flow Froude number F, = 0.50 (Test B24, Ta-
ble 4.2). The added log hits the bridge pier center at the water surface level with a log
position angle y=90° and with a slight eccentricity, i.e. the log centerline is shifted
~ 5 mm to the right of the pier centerline (Figure 5.1b). With a uniformly distributed hy-
draulic load acting on the log, the resulting force leads to a counter-clockwise log rotation
(Figure 5.1c¢). If the log position angle decreases to a critical value (subscript cr) y < yer,
the accumulated log detaches and is transported downstream (Figure 5.1d).

In section 2.5.1, the acting forces on a log at the channel bottom, defining incipient
log transport, are described. Similar to this concept, the acting forces and the force bal-
ance at an accumulated log at a bridge pier are illustrated in Figure 5.2. The acting hy-

draulic force F (Figure 5.2a) can be defined as:
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Figure 5.1 Log accumulation process with v,=0.70 m/s, h,=0.20m, F,=0.50, and

L; =0.40 m; (a) approach flow condition, (b) log accumulation with y = 90°, (c) y = 25°, and (d)
log detachment (B24, Table 4.2)

2 2

A% v
F=|C,Ap,=|+|C,A4 - |, with
fr spW 2 d prpW 2 , (5.1)

A =L,d, cos(y)r and Ap, =L,d, sin(y)
with Cp = friction coefficient [-], Ca= drag coefficient [-], 4s = lateral area [m?], and
Apr = projected area [m?]. In literature (e.g. Schiitz 2013), Cs commonly implies the fric-
tion coefficient Cs, as the friction component is small compared to the drag component
of the hydraulic force. Given a cylinder perpendicular to the flow, the friction component

is ~10%, whereas the drag component is 90%. Therefore, Eq. (5.1) was simplified to
2
)%

F=Cydypy = (5.2)
For Cu, the values were set as a function of y according to Gippel (1995), ranging from
Ca=0.90 for y=90°, Ca=0.80 for y=45°, C4=0.50 for y=15° and Ca=1.20 for
y = 0°. In addition, F' can be described as the vector sum of the horizontal force component
Fr and the normal force component Fy (Figure 5.2a). F increases, whereas Fy decreases

with decreasing .

F=F,+F,=Fcos(y)+Fsin(y). (5.3)
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The force balance in Figure 5.2b is based on the following assumptions:

e Log position angle y = 45°,

e uniformly distributed hydraulic load, and

e eccentricity e, so L = L1 + L2 and L1 > Lio.
For y = 45° and e, the hydraulic load F/LLp- results in a larger resulting force on the left
side, leading to a counter-clockwise log rotation. If the log is still accumulated at the pier,
a reactive drag force has to act to inhibit log detachment. In this simplified model, a re-
active drag force is the friction force Ficiion parallel to the log, defined as:

Fhicion = 1y, (5.4)

with ¢ = constant roughness coefficient [—]. This coefficient depends on the two interact-

ing materials and was set to ¢ = 0.6 based on literature data for wood and aluminum (He-

ring et al. 1995).

(a) Acting forces; y = 45° (b) Force balance with eccentrictiy e; y = 45°
Logsresolve if F, . <F, Logs turn if /| # F/, |
Wlth Ffriction THu FN " : " ¢

[+ v v v v v v v

Lprl

friction

Figure 5.2 (a) Acting forces on an accumulated log with y =45°, and (b) simplified force bal-

ance for an accumulated log with eccentricity and y = 45°.

During the flume experiments, it was observed that accumulated logs remained in
an eccentric position (0.005...0.04 m) for y <40°. The incipient log detachment was ex-
perimentally investigated for different Lz and vo. A transparent tapeline was mounted on
alog and the eccentricity was manually increased until the log detached from the idealized

pier (e.g. e = 0.02 m in Figure 5.3). The values for the maximum eccentricity emax and the
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respective critical log position angle y.r were noted and are listed in Table 5.1. The ob-
served emax lie in the range of emax/Lr = 0.025...0.125, and emax increases up to 0.04 m for
increasing Lz and decreasing vo. Longer logs transported with low flow velocities may hit
the bridge pier with an eccentricity of +20%, but still remain attached to the pier. Given
the reactive drag force, i.e. Fiiction, @ log therefore detaches from the pier, if the horizontal

force component exceeds the friction force Fr > Friction.

Figure 5.3 Flume experiments on log eccentricity e at an idealized pier, v, =0.20 m/s,

h,=0.10m, L; =0.40 m

Table 5.1 Experimental results for observed maximum eccentricity and critical log position

angle y.,, where the log remained attached; theoretical values for y.. are marked in bold.

R Vo Ly €max  €max/LL Yer F Fy Fy  Friction  Frriction — Fir
[-]  [m/s] [m] [m] [(m] [ INI IN] IN] [N] [N]
60 0.04 0.02 0.04 0.02 0.00
104
39107020 0.20 0025 0.125 40 0.03 0.03 0.02 0.01 -0.01
’ 60 030 0.15 026 0.15 0.01
105
1L.010" 050 0.005 0025 20 0.12 0.11 0.04 0.02 -0.09
60 0.09 0.04 0.08 0.05 0.01
104
78100 0.20 0.40 004 0.100 40 0.07 0.05 0.04 0.03 -0.03
20105 0.50 0.03 0.075 60 0.59 0.30 0.1 0.31 0.01

25 029 026 0.12  0.07 -0.19
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The required (subscript req) critical log position angle for incipient log detachment
ver-req Was calculated based on Eq. (5.4) to meet Fu = Fiiction and are marked in bold in
Table 5.1. Given a constant roughness coefficient 4 = 0.6, ycrreq resulted in = 60°, which
is up to 3 times higher compared to the observed values y.- =~ 20°...40°. This points at
additional, indeterminable forces and processes inhibiting log detachment. If the log ro-
tates, the downstream part of the log can be in the wake area of the pier (Figure 5.1c),
exposed to lower flow velocities compared to the upstream part of the log. Due to the
difference in flow velocity along the log length, the force acting on the upstream part of
the log is higher compared to the force on the downstream part. Given that the log rotation
due to eccentricity is counter-clockwise (Figure 5.3), the upstream force would then lead
to a clockwise rotation, and the log may remain accumulated. Due to the velocity and
hydraulic force fluctuations, respectively, the log starts a rotational movement with alter-
ing directions (counter- versus clockwise). This specific log movement has been observed
for a number of physical model tests, especially for longer logs and low v.. In addition, a
complex three dimensional flow field establishes around the pier, including vortex struc-
tures as a function of R. The resulting vortex structures in combination with the vortex
shedding frequency may affect the force balance (acting forces) and therefore log detach-
ment. However, the complex flow structures and forces acting on an accumulated log, as

well as dynamic forces based on vortex shedding, were not the focus of this present thesis.

5.2.2 General process description: Log transport

For the majority of the flume experiments, the logs were added perpendicular to the flow
1 m upstream of the bridge pier to obtain maximum p, corresponding to the worst-case
scenario. This setup was evaluated by testing p for a single log with Lz = 0.40 m added to
the flow with y =90° (perpendicular to the flow), y =45°, and y=0°. For y=90° and
vo =0.20...0.50 m/s, p increased by a factor of =2 and = 6 compared to y=45° and
v = 0°, respectively (Figure 5.4a). Tests A10-A18 therefore confirmed the setup with
v = 90° as a worst-case scenario of p.

In addition, a log with L, = 0.40 m was added to the flow 4 m upstream of the bridge
pier to investigate whether y changes until the log reaches the bridge pier. The test was
conducted for initial (subscript I/C) log position angles of yic=90° (Figure 5.4b),
yic = 45° (Figure 5.4c), and yic = 0° (Figure 5.4d) with N = 40. For more than half of the
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tests (> 55%), the log was transported with yic along the channel length, indicating a ho-
mogeneous velocity profile in the transverse direction. The ratio between channel width
B and approach flow depth 4, is B/ho = 10. Because this ratio is >> 1, it represents shallow
flow, characterized as unidirectional (Jirka and Uijttewaal 2004). This is supported by
velocity measurements (vx and vy) x = 0.5 m upstream of the bridge pier for a transverse
cross-section at y = 1/4, 2/4, and 3/4 of B (y-position 0 is set at glass-wall side of the
flume; Figure 4.1) and z =0.05 m (Tests A10-A18; Figure 5.5). The flow velocity in x-
direction vx is constant (£3%) over the transverse cross-section. In addition, the flow ve-
locity in y-direction vy is close to zero, with v, ranging from 0.011...0.023 m/s. Due to

the unidirectional flow, the position of transported logs remained constant.
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Figure 5.4 (a) Accumulation probability p versus v, for different log position angles y and

(b-d) observed log position angle y in [%] at pier versus v, for different initial y;c (A10-A18)
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Figure 5.5 Transverse cross-section 0.50 m upstream of the bridge pier of flow velocities in (a)

x-direction v, and (b) y-direction v, at z = 0.05 m

5.2.3 Approach flow conditions and log dimensions

The effect of the approach flow conditions and log dimensions on p was studied in test
series B (Table 4.2; Section 4.4.4). Figure 5.6 shows a photo series of approach flow con-
ditions during flume experiments with v, = 0.20 m/s up to 0.97 m/s (a-d).

F =050
I5 =010m =
v, =0.50m/s.

R 'M'.ﬂ-\

Figure 5.6 Approach flow conditions during flume experiments with increasing v, (a)

vo = 0.20 m/s (B5), (b) v, = 0.50 m/s (B16), (c) v, = 0.79 m/s (B28), and (d) v, = 0.97 m/s (B31)
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With increasing v,, the flow around the bridge pier becomes more turbulent. In addition,
the surface roller upstream of the pier (Figure 5.6¢ and d) is more prominent and surface
waves occur.

The accumulation probability p is plotted in Figure 5.7a as a function of v, for
L. =0.20 m and F, = 0.08...1.20, ranging from subcritical to slightly supercritical flow.
The accumulation probability p decreases with increasing v,. Given a constant
Lz =0.20 mand F, = 0.50, p varied between 10% to 38%. For the lowest tested F, = 0.08
with vo = 0.08 m/s and L. = 0.20, the maximum accumulation probability pmax amounts
to 40%. In contrast, p approaches zero for vo > 0.8 m/s and results in p = 0% for Fo = 1.2,
i.e. slightly supercritical flow regime. For small vo, logs tend to accumulate as soon as
any of their parts touch the bridge pier. In contrast, logs transported with high v, may
touch the bridge pier, but disperse due to increased turbulence and waves. The more
prominent surface roller and the surface wave for large flow velocities result in an in-
creased eccentricity, thereby decreasing the accumulation probability. As described in
Section 5.2.1, the observed maximum eccentricity emax for incipient log detachment also
decreased with increasing vo, thereby supporting the results illustrated in Figure 5.7a.

The effect of the approach flow conditions on p was further investigated by keeping
vo constant and varying 4, and Fo. In Figure 5.7b, p is plotted versus /4, for L. = 0.20 m
and v, = constant = 0.45 m/s. The accumulation probability p varies by +5% for
ho=10.04...0.52 m, which is below the range of reproducibility (£10%). This trend can
be further confirmed by Figure 5.7¢c, where p is plotted versus Fo = 0.20...0.70 and does
not change significantly. If logs are transported at a fully floating stage, they do not in-
teract with the channel bottom. Hence, the effect of 4, and consequently F, on p is negli-
gible for a given flow velocity and log length.

Figure 5.8 illustrates an accumulated log with Lz = 0.10 m versus Lz = 0.40 m at the
model bridge pier. Note that the pier diameter dp was kept constant in test series B to
dp = 0.05 m, resulting in ratios of dr/LL = 0.5 to 0.125. A longer log is transported with
more stability in the flow, exhibits a larger eccentricity before detaching (Section 5.2.1),
and is therefore more likely to hit the bridge pier and stay accumulated compared to

shorter logs.
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Figure 5.7 Accumulation probability p for L, =0.20 m versus (a) v, and various F, (Al, Bl-
B39), (b) A, and constant v, = 0.45 m/s (B40-B43), (c) F, and constant v, = 0.45 m/s (B40-B43)
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Figure 5.8 Plan view of accumulated log with (a) L; =0.10 m (B19) and (b) L, = 0.40 m (B21)

Figure 5.9a shows p as a function of v, for L. = 0.10 m, 0.20 m, and 0.40 m (B2-
B36, Al). The accumulation probability for vo = 0.14 m/s is p =21% (L. = 0.10 m), 40%
(Lr=0.20 m), and 58% (L. = 0.40 m), demonstrating a governing effect of the log length.
Furthermore, p is decreasing with increasing v, for all tested log lengths. Therefore, a

governing effect of v, on p can be deduced, whereas various p result for the same Fo. The
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effect of vo on p is not linear (Figure 5.9a), and p significantly decreases for vo > 0.50 m/s
(model scale), as surface waves and turbulence increase (Figure 5.6b-d compared to lower
vo in Figure 5.6a). Considering the various tested Lz, accumulation probability is p < 15%
for a threshold value of vo > 0.80 m/s (model scale).

The effect of the log diameter d. on p was tested for d. =0.03 m, 0.015 m, and
0.004 m with two different log lengths L;=0.20 m and 0.40 m (Figure 5.9b). For
vo = 0.20 m/s, p varies between +15% for both L., whereas p is almost independent of dr.
for larger velocities. On average, the deviation of p is +5%. As this average deviation is
within the range of reproducibility and no general trend of di can be deduced, the effect
of dr on p is of minor importance within the tested range. As the tested logs exhibit similar
densities, they are transported in a comparable pattern and d. does not affect p. According
to Eq. (5.1), the projected area A,r increases with increasing dz, leading to a higher hy-
draulic force F acting on the log, possibly affecting the accumulation process. However,
no differences in the accumulation or detachment process were observed during the flume

experiments.

(a) (b)

LL =020 m
0 0
0 0.6 1.2 0 0.5 1
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A\ LL=0.10m —A N dL=0.004m

Figure 5.9 Accumulation probability p versus v, for (a) various L; with d; = 0.015 m (B2-B36,
Al) and (b) various d; with L; = 0.20 m and 0.40 m (B6-B7, B17-B18, B20-B21, B44-B55)

In summary, p increases with increasing Lz and decreasing vo, whereas no effect of
ho or di. was observed. Past studies often used F, as the governing parameter for the ac-

cumulation probability. However, the current tests showed that a constant F, results in a
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large range of accumulation probabilities for a given L.. Consequently, no governing ef-
fect of Fo on p can be concluded, and vo is used as the decisive parameter for the design
equation (Section 5.2.7). These results confirm the findings by Lyn et al. (2003), as they

also defined v, instead of F, as the governing parameter for LW accumulation probability.

5.2.4 Pier characteristics

The effect of the pier characteristics, comprised of pier roughness (Figure 5.10), -number
(Figure 5.11), —shape (Figure 5.12), and —diameter (Figure 5.13), on p was tested for var-
1ous vo and Lz (Test series C, Table 4.2 and Section 4.4.4).

Figure 5.10 Side view of LW accumulation with a rough bridge pier with L; = 0.20 m and (a)
vo = 0.60 m/s (C3) versus (b) v, = 0.70 m/s (C4)

The results of p with a smooth versus a rough bridge pier for Lz = 0.20 m are de-
picted in Figure 5.14a. In prototype, the smooth bridge pier corresponds to steel and the
rough bridge pier to concrete, thereby representing common materials for bridge piers.
For the majority of the tested v, p 1s slightly higher for the rough bridge pier. Due to the
increased pier roughness, the friction between log and pier is increased. The constant
roughness coefficient ¢ between wood and concrete amounts to ~0.90 (Schneider 2001),
leading to an increased reactive friction force compared to wood and aluminum (Sec-
tion 5.2.1). Hence, accumulation probability generally increases for rougher piers. How-
ever, the mean difference between smooth and rough pier is = 8.4% of p, and conse-
quently within the range of test reproducibility. The tested bridge pier roughness in the
present study has no governing effect on p.

In Figure 5.14b, p is plotted versus v, for a test setup with two circular piers com-

pared to one circular pier. The two piers were placed into the flume with an axial spacing
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0f 0.33 m (Figure 5.11). Similar to the test procedure with one pier, logs with L. = 0.40 m
were added 1 m upstream of the bridge piers in the centerline of the flume to investigate
maximum accumulation probability p. The log length was chosen to allow for a spanwise
accumulation (i.e. Lz > axial pier spacing) compared to a single log accumulation in front
of a single pier. The mean accumulation probability with two piers is = 24% higher,
whereas the difference in p increases with increasing vo from 17.5% up to 35%. The ac-
cumulation process can be described as follows: the log was added to the flow with
vic = 90°, and for y = yic = 90°, the log touched the two piers with both log ends, leading
to a spanwise accumulation. For y <yic = 90°, one log end touched one of the two piers,
resulting in either (1) a tilting log movement and again in a spanwise accumulation, or
(2) the log being transported between the two piers further downstream. For increasing
Vo, the flow is more turbulent and surface waves occur. Therefore, logs may slightly turn
and are transported between the two bridge piers with y < yic = 90°, resulting in lower p.
Compared to the setup with one pier, a spanwise accumulation leads to increasing p, given

the logs approach the two piers with y = yic = 90° and L. > axial pier spacing.

Figure 5.11 Plan view of LW accumulation with two bridge piers with L; =0.40 m and (a)
vo = 0.20 m/s and 5 logs (C7) versus (b) v, = 0.50 m/s and 1 log (C8)

The effect of the pier shape on p versus v, is plotted in Figure 5.14c for Lz = 0.20 m
and 0.40 m. For both tested L., the square pier shape (Figure 5.12a) exhibits the largest
p, followed by the triangular (Figure 5.12b) and circular pier shape. The contact area be-
tween pier and log is higher for a square bridge pier compared to a triangular or circular
pier shape. This leads to increased friction force and eccentricity (Section 5.2.1), thereby
favoring log attachment and hence increasing p. The deviations of p between a square and
triangular pier shape are 2.5...15% for Lz = 0.20 mand 5...7.5% for L. = 0.40 m. In com-
parison, p for a circular pier is 2.5...18.75% smaller with L. = 0.20 m and 0.08...2.5%
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smaller with Lz = 0.40 m than p for a square pier shape. On average, the deviations be-
tween all shapes in p are £8.5% for Lz =0.20 m and +4% for L. = 0.40 m, and conse-
quently within the range of test reproducibility. The deviations decrease with increasing
log length and flow velocity. A governing effect of the pier shape on the accumulation
probability consequently cannot be derived for the present model test. According to the
findings by De Cicco (2017), p varied between 0...5% for the different pier shapes and
the two tested Fo. These deviations are rather small, so for both studies, no governing

effect of the pier shape on p can be deduced.

Figure 5.12 Plan view of LW accumulation with Z; =0.40 m and v, = 0.50 m/s for (a) square
(C26) and (b) triangular bridge pier (C20)

The setup of the physical tests with pier diameters dp = 0.01 m compared to 0.025 m
is shown in Figure 5.13. Figure 5.14d illustrates p versus v, for different pier diameters
dp=10.01 m, 0.025 m, and 0.05 m. The effect of dr was investigated by keeping the ratios
of pier diameter to log length constant with dp/L = 0.125 versus 0.250, resulting in tested
L1 varying from 0.08 m to 0.40 m. Note that for dp=0.01 m only dr/L. = 0.125 was in-
vestigated, as the required L. = 0.04 m for dr/L. = 0.250 was very unstable in the flow
and the log transport was not comparable to other tested log lengths. The accumulation
probability p increases with decreasing ratio dp/Lr. For dp/LL =0.250, p is 2.5...6.25%
higher (= 4.6% on average) for dr=0.05 m compared to dp = 0.025 m. The differences
in p between dp=0.05m and dp=0.025 m increase for dr/LL=0.125 in a range of
2.5...15% (= 8.4% on average). The resulting p for dp=0.010 m with dp/LL =0.125 is
20...40.8% lower compared to the other two pier diameters, indicating a stronger effect
of Lz on p compared to dr. In addition, the flow around the pier may be different for

increasing pier diameter, due to an increase in flow acceleration at the pier sides.
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Figure 5.13 Plan view of flow around pier with v, = 0.50 m/s for (a) dp = 0.025 m (C34) and (b)
dp=0.01 m (C30)
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Figure 5.14 Accumulation probability p versus v, for (a) smooth (B14, B17, B20, B23) versus
rough pier with L; = 0.20 m (C1-C4), (b) one versus two circular bridge piers with L; = 0.40 m
(B7, B18, B30 versus C5, C8, Cl11), (c) circular, triangular, and square pier shape with
L;=020m and L;=0.40m (B6-B7, B17-B18, B29-B30 vs. C17-C22 vs. C23-C28), (d)
dp/L; =0.125 and 0.250, i.e. dp = 0.05 m vs. dp = 0.025 m vs. dp=0.010 m (B14-B15, B17-B18,
B20-B21 vs. C29-C31 vs. C32-C37)
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In summary, p increases with increasing number of piers and decreasing ratio dr/LL,

whereas only a minor effect on p was observed for bridge pier roughness and pier shapes.

5.2.5 Large wood characteristics

The tested LW characteristics include logs with branches (Figure 5.15), different log den-
sities, semi-congested, and congested LW transport. The experiments were conducted for
various Vo, Lz, and with one versus two circular bridge piers (Test series D and E, Ta-

ble 4.2).

(a)

E F =0.50
. th,=010m | .
: %, =050 mis.

Figure 5.15 Accumulated log with L; = 0.20 m and (a) 2D versus (b) 3D branches (Tests D2-D3)

The effect of single logs with and without branches on p is shown in Figure 5.16a.
Regular logs (L. = 0.20 m) without branches are compared to logs with two types of
branches (2D and 3D in Figure 4.2; Test series B vs. D1-D7; Section 4.4.4). No experi-
ments with alternate branches of type 3D were conducted for v, < 0.50 m/s (4o < 0.10 m),
since the branches touched the channel bed and the logs were not fully floating. For
vo =0.50...0.61 m/s, p is 2.5% to 8.75% higher for logs with branches (2D and 3D) com-
pared to regular logs, whereas p is 5% lower for vo = 0.70 m/s. The branches exhibit an
alternating effect on p. Depending on how the logs accumulated at the pier; branches
either entangled on both sides of the pier, or pushed the log away from the pier. The
former process led to increasing p, whereas the latter to decreasing p. In prototype,
branches may break, when touching the pier (Section 4.2). This process was not observed
during the flume experiments, as the material of the branches was too stiff. However, as
the spacing of natural branches is very random, a general behavior of branches favoring

accumulation probability is rather difficult to deduce. It can be hypothesized, though, that



98 Results and discussion

logs with branches favor the accumulation of approaching logs, once one log is accumu-
lated, as the interrelation between logs with branches increases. Based on the results of
the flume experiment, no clear trend of the effect of branches on p was observed and the
differences are within the range of test reproducibility. Similar to the findings by Lyn et
al. (2003), the effect of branches on p is negligible for uncongested LW transport.

Figure 5.16b compares p for logs with different densities pz (Test series B vs. D8-
D11). For the majority of the experiments, the logs were not watered and the measured
log density resulted in pz = 460 kg/m>. In comparison, logs watered for a duration of
tw =2 months resulted in pz = 850 kg/m>, and tw = 5 months in pz = 1'320 kg/m>. The ac-
cumulation probability p for logs with pz = 460 kg/m? compared to pr = 850 kg/m? varies
on average by +3.75%. For p < 1'000 kg/m>, log density does not affect p, as the logs are
all fully floating and transported in a same manner. For pz = 1'320 kg/m>, logs were not
fully floating and transported at the channel bottom, resulting in an increase of p by 7.5%
for vo = 0.61 m/s. As rolling or sliding LW transport was not the focus of this study, p for
logs with pz > 1'000 kg/m* was only investigated for a selected vo = 0.61 m/s.

(a) (b)
P[] P -]
0.5 0.5
2]
0 0
0 0.5 1 0 0.5 1
v, [m/s] v [m/s]
—+— Branches type 2D —m—p = 1320 kg/m >
—¥— Branches type 3D L 3
—{—No branches Reference —&—p, =850 kg/m
——p, = 460 kg/m 3 Reference

Figure 5.16 Accumulation probability p versus v, for (a) logs without branches versus logs with
2D and 3D branches, L; = 0.20 m (B14, B17, B20, B23 vs. D1-D7), (b) logs with different den-
sities, L; =0.20 m (B14, B17, B20 vs. D8-D11)
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The LW transport types are illustrated in Figure 5.17a-b for semi-congested, in Fig-
ure 5.17¢ for continuous, and in Figure 5.17d for congested LW transport. The effect of
LW transport type on p is plotted in Figure 5.18 (Test series B vs. E) for the setup with
one pier. The investigated LW transport types comprise uncongested and semi-congested
transport for logs with Lz =0.20 m (Figure 5.18a) and Lz = 0.40 m (Figure 5.18b). For
semi-congested LW transport, 3 or 5 regular logs, as well as 3 logs with 3D branches
were added to the flume. Note that for semi-congested LW transport, it was sufficient to
count as accumulated, if at least one log accumulated at the pier. Logs with 3D branches

were only tested for Lz = 0.20 m (Figure 5.18a).

F =05

ﬁ o

§F=010m ;oo
ivo =0.50 m/siigs it

Figure 5.17 (a) Semi-congested LW transport with 3 regular logs and Z; = 0.20 m (E3), (b) semi-
congested LW transport with 5 regular logs and L, =0.20 m (E7), (¢) LW accumulation after
continuous addition of 40 regular logs with L; = 0.40 m (E19), (d) congested LW transport with
40 regular logs and L; = 0.40 m (E23)

For L; = 0.20 m, p increases by 5% to 33.75% for congested LW transport (average in-
crease of +20.7%). The increase in p is higher for smaller v, and increasing number of
added logs. For v, > 0.5 m/s, p is also higher for logs with branches, as the interrelations
between the single logs improved, leading to an increased stability of the accumulation.
The higher velocity further results in a more compressed accumulation. However, the

model branches were rather stiff and did not break as they hit the bridge pier, which may
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be the case in prototype (Section 4.2). In addition, the symmetrical arrangement of the
model branches may have favored the accumulation, leading to an overestimation of p.
For L. = 0.40 m (Figure 5.18b), p increases by 10% to 26.7% for congested LW transport
with an average increase of + 17.2%. Again, the increase in p is higher for smaller vo,
whereas p was similar for both 3 and 5 added logs. For semi-congested LW transport, the
total length of e.g. 5 accumulated logs or blocked area in flow direction, respectively, was
higher compared to the individual log length. Due to the increase in length, emax increases,

which may further inhibit log detachment.

LLZO.ZOm LL:0.4Om
1 1
(a) (b)
P[] P[]
0.5 X 0.5
0 0
0 0.5 1 0 0.5 1
v, [m/s] v, [m/s]

—@— Semi-congested: 5 logs

—¥— Semi-congested: 3 3D logs
—WF— Semi-congested: 3 logs

—{F— Uncongested: 1 log — Reference

Figure 5.18 Accumulation probability p versus v, with 1 pier for uncongested versus semi-con-
gested LW transport with (a) L, =0.20 m (B14, B17, B20, B23 vs. E1-ES5, E6-E8, E9-E11),
(b) L, =0.40 m (B7, B18, B30 vs. E12-E17)

In Figure 5.19, p is illustrated versus v, for semi-congested and uncongested LW
transport with L, = 0.40 m and with two piers (Test series C). Similar to the setup with
one pier, p increases with increasing number of added logs. Compared to uncongested
LW transport, p increases up to 30% for congested LW transport with an average increase
of + 17.5%. For vo = 0.5 m/s and 5 added logs, p reaches a maximum of 100%. In addi-
tion, the setup with two piers results in p > 77.5% for vo = 0.97 m/s, whereas p < 12.5%
for one bridge pier. Note that for L. > axial spacing of bridge piers and semi-congested

LW transport, p > 75%, thereby significantly increasing the flood hazard.
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prl- 2 piers; L, =040m

0.5 —@— Semi-congested: 5 logs
—WF— Semi-congested: 3 logs
—L— Uncongested: 1 log — Reference

0 0.5 1
v [m/s]

Figure 5.19 Accumulation probability p versus v, with 2 piers for uncongested versus semi-con-

gested LW transport with L; = 0.40 m (C5-C16)

The effect of continuous addition of 40 logs and congested LW transport (i.e. addi-
tion of 40 logs in bulk) on p was investigated for selected approach flow conditions and
for one pier (Figure 5.20). For both L., the continuous addition of LW led to an increase
of p up to 33% compared to uncongested LW transport. Compared to semi-congested LW
transport and vo = 0.20 m/s, p is = 20% higher for continuous transport, but decreases by
~ 5% for vo = 0.5 m/s. For semi-congested and continuous transport, p increases with in-
creasing number of added logs. In contrast, congested LW transport resulted in
p=3...23% for L =0.20m and p =41...47% for L. =0.40 m, which is on average
~15% lower compared to p for uncongested LW transport. The transport of 40 logs in
bulk was rather difficult to reproduce in model tests. During the flume experiments, part
of the LW bulk touched the pier, but bounced off due to the subsequent approaching logs.
In addition, the interrelation between the model logs was observed to be different com-
pared to natural logs. The variety in natural log roughness (i.e. due to bark), geometry,
flexibility, and density was not modeled in the flume experiments, but may form a more
compact accumulation body and result in higher p. Therefore, no general conclusion on
the effect of congested LW transport on p can be drawn for this selected set of approach

flow conditions and LW characteristics.
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L,=020m L,=0.40m

(a) (b)

P[] \ P[]
0.5 0.5

0 0.5 1 0 0.5 1
v, [m/s] v [m/s]

—W— Continuous: 40 logs added consecutively
—U— 1 log— Reference
—@— Congested: 40 logs added in bulk

Figure 5.20 Accumulation probability p versus v, with 1 pier for uncongested versus continuous
and congested LW transport with (a) L; =0.20 m (B6+B17 vs. E18+E20 vs. E22+E24), (b)
L;=0.40 m (B7+B18 vs. E19+E21 vs, E23+E25)

In summary, accumulation probability increases for continuous LW addition and
semi-congested LW transport. The combination of two bridge piers and semi-congested
LW transport results in the highest observed accumulation probability. The first experi-
ments on congested LW transport resulted in comparatively low accumulation probabili-
ties, which may be due to the interrelation between model logs, as the entire bulk bounced
off the bridge pier. Only a minor effect of LW branches on p was observed for uncon-

gested and semi-congested LW transport.

5.2.6 Movable bed

The effect of a movable bed and the resulting scour on p was studied for selected approach
flow conditions in test series F (Table 4.2; Section 4.4.4; Figure 5.21). Scour evolved
around the bridge pier for approach flow conditions set to Fo =0.8, 4, = 0.10 m, and
vo = 0.79 m/s. The approach flow conditions were set, so the respective bed shear stress
amounted to = 0.061 and was higher than 8 for incipient motion with 6. = 0.047. After
an equilibrium scour developed, p was determined for vo=0.79 m/s. To test p for
vo =0.50 m/s and v, = 0.20 m/s, Q and J, were decreased. The flow velocities were cho-
sen, so € was smaller than 0.047, to keep the scour formed for vo =0.79 m/s. For

vo = 0.20 m/s (Figure 5.21a) and v, = 0.50 m/s (Figure 5.21b), observed log transport and
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accumulation processes were similar to the setup with a fixed bed. For vo =0.79 m/s
(Figure 5.21c¢), logs were pulled downward to the bottom as they touched the bridge pier,
indicating a more prominent downward flow upstream of the pier. Resulting scour topo-
graphy is illustrated in Figure 5.21d and plotted in Figure 5.22. The maximum scour
depth was Smax = 0.045 m or put as the ratio between scour depth and mean grain size
diameter Smax/dm = 6.82. The eroded material deposited downstream of the pier with a

maximum deposition height of Dmax = 0.0185 m (Dmax/dm = 2.80).

Figure 5.21 Photo series of flume experiments with movable bed; (a)-(c) accumulated log with

L; =0.40 m and increasing approach flow velocity v,, (d) final scour depth S (F1-F6)

Accumulation probability p is plotted versus v, for fixed and movable bed and for
logs with Lz =0.20 m and Lz =0.40 m in Figure 5.23a and Figure 5.23b, respectively.
The deviations in p between fixed and movable bed are on average +£12% and slightly
above the reproducibility range of +10%. Note that p for a movable bed and vo = 0.50 m/s
is higher for L. = 0.20 m, whereas it is lower for L. = 0.40 m compared to p for a fixed
bed. The resulting scour did not strongly affect the flow around the bridge pier and had
therefore only a small effect on p. As no governing trend can be deduced and the devia-
tions are close to reproducibility range, the effect of a movable bed on p can be neglected

for the present model tests. However, given a larger scour and increasing flow velocity,
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the downward flow may further increase. Consequently, logs would be pulled toward the

bottom and stay accumulated due to lower flow velocity at the bottom.

500 |
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Figure 5.22 Topography of final scour around bridge pier (F5-F6)
L, =020m L, =040m
1 1
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pl-] pl-] %
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Figure 5.23 Accumulation probability p versus v, with 1 pier for fixed bed versus movable bed

(a) L, = 0.20 m (B6, B17, B29 vs. F1, F3, F5), (b) L, = 0.40 m (B7, B18, B30 vs. F2, F4, F6)
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5.2.7 Normalized large wood accumulation probability: Design equation

To generalize and predict the obtained results on LW accumulation probability, the gov-
erning parameters are discussed hereafter. LW accumulation probability p can be de-
scribed by the basic parameters listed in Table 5.2 and by Eq. (5.5):

p=f(Ly,d,sdp,v, by Py P80,V (5.5)

The selected » =10 independent parameters include » =3 reference dimensions
([M] mass, [L] length, [T] time). Therefore, n — » = 7 non-dimensional parameters ;.7
need to be defined based on a dimensional analysis. ITi-7 are the relative velocity head
ITi = vo*/(2gLz), relative pier diameter Il»=dp/Lr, approach flow Froude number
I3 = vo/(gho)'?, relative LW density I14 = pr/pw, relative log length Is = Li/d1, Reynolds
number ITs = (vodL)/ v, and Weber number I17 = (pivo°ho)/o. The non-dimensional param-
eters were defined based on the experimental results. The flow velocity and log length
indicated a governing effect on p. Therefore, the velocity head was normalized using the
log length to define ITi. As the flume experiments were primarily conducted to study
floating logs, the approach flow depth and log density had no significant effect on p. In
addition, the log diameter, pier shape, branches, and the movable bed exhibited no appar-
ent effect on p. The water viscosity and surface tension are assumed constant for all tests.

Therefore, I13...I17 are not included in the further analysis.

Table 5.2  Basic parameters for LW accumulation probability p

Parameters

Log length L [m]
Log diameter dr [m]
Pier diameter dp [m]
Approach flow velocity Vo [m/s]
Approach flow depth ho [m]
Water density pw [kg/m?]
Log / wood density pr [kg/m?]
Gravitational acceleration g [m/s?]
Water surface tension o [kg/s?]

Water viscosity v[m?/s]
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In addition to the non-dimensional parameters I1i-2, a pre-factor x» is introduced to
account for uncongested versus semi-congested LW transport. Note that tests C29-C31
(dp=0.01 m), D11 (pz > 1'000 kg/m?), and E22-E25 (congested LW transport) are not
included in the fit equation, as the type of LW transport was not comparable to the ma-
jority of the test runs. The pre-factors and exponents of the governing parameters were
quantified with a non-linear regression analysis. Accumulation probability p can therefore

be defined by the normalized LW accumulation probability parameter L Wp:

P 0.43 d 0.60
LW, =x,| == uid
201, ) \1,

with . (5.6)
x,=1.00 for uncongested LW transport

x,=0.65 for semi-congested and continuous LW transport

According to Eq. (5.6), L. exhibits the largest effect on p, with an exponent of —1.03,
followed by v, with an exponent of 0.86, and dr with 0.60. For the present test range (Test
series B-F, Table 4.2), LW accumulation probability at a single bridge pier for uncon-
gested, semi-congested, and continuous LW transport can be described by the following
relationship for F, = 0.08...1.2 and 0 < LW, < 0.53 (R*> = 0.83):
p=e (5.7
Figure 5.24 shows p as a function of LWp for uncongested, semi-congested, and
continuous LW transport for test series B-F and Eq. (5.7). The Root Mean Squared Error
(RMSE) of Eq. (5.7) is 0.094. The maximum accumulation probability pmax = 94% results
for vo = 0.20 m/s, L. = 0.40 m, and continuous addition of 40 logs with LWp =0.019. For
vo > 1.0 m/s (model scale) and LWp > 0.25, p tends to zero.
For increasing number of bridge piers, the following recommendations can be sum-
marized based on the relation between log length L. and axial spacing between the piers:
e L1 > axial spacing: p resulted in p > 50% for uncongested and p > 75% for semi-
congested LW transport for flow velocities ranging from vo = 0.20 m/sup to= 1 m/s
(model scale). Therefore, cross-sections with two or more bridge piers are prone for
LW accumulations. Further steps to evaluate the hazard potential are deemed nec-
essary. As a next step it 1s recommended to estimate expected backwater rise due

to spanwise accumulation and evaluate the adjacent flood embankments (Sec-

tion 5.3.1.7).
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o L <axial spacing: p should be determined using Eq. (5.7), as the accumulation
process can be compared to the experiments with a single bridge pier. Given
p = 30%, backwater rise (Section 5.3.1.7) should be determined, as a LW accumu-

lation can likewise form at a single bridge pier.

The practical application of Eq. (5.7) to determine the accumulation probability at

bridge piers is demonstrated in a computational example, provided in Section 6.

Series B: dL= 0.015m
Series B: dL =0.030 m
Series B: dL =0.004 m

Series C: rough pier
Series C: square pier
Series C: triangular pier
Series C: d,,=0.025 m

Series D: branches
Series D: p, = 840 kg/m 3
Series E: semi-congested 3 logs

Series E: semi-congested 5 logs
Series E: continuous 40 logs

mpom Ox +DOvV A0

Series F: movable bed

Figure 5.24 Normalized LW accumulation probability at a single bridge pier for Test series B-F,
and Eq. (5.7) (black line)

As the experimental setup represents a worst-case scenario for p (non-parallel log
placement directly upstream of bridge pier), the application of Eq. (5.7) is considered a
conservative estimation. In Figure 5.25a, relative prediction error ¢ is plotted versus

measured LW accumulation probability p. ¢ is defined as

~127LW,

oo predicted value —observed value _ e )4 (5.8)

3

observed value p
and describes the relative deviation of the proposed fit equation (Eq. (5.7)) compared to
the observed accumulation probabilities p. The majority of the data points are within a
+30% prediction range, and ¢ decreases with increasing p. Note that seven data points are

not shown in Figure 5.25a, as ¢ > 1. The residuals » defined as

r=p e 27 , (5.9)
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are plotted as a function of p in Figure 5.25b. A positive value of 7 indicates an underes-
timation of p, whereas a negative value of 7 corresponds to an overestimation of p. Based
on the residuals plot, the proposed Eq. (5.7) tends to generally overestimate p, confirming
a conservative approach. The residuals plot further indicates no clear pattern, and is clus-
tered in the range of » +0.15. However, the x-axis exhibits a slight unbalance, which is
due to the majority of measurements in the range of p <0.5.

An error propagation analysis was conducted for Eq. (5.7) to estimate the target
value p and is summarized in Table 5.3. The procedure and formula are described in Sec-
tion 4.3 and Eq. (4.6), respectively. The total error of p (exp) was determined for a range
of input parameters, namely approach flow velocity vo, gravitational acceleration g, log
length L., pier diameter dp, and pre-factor x,». The corresponding total errors of the input

parameters were estimated according to Section 4.3 and set to:

- Vo +0.05 m/s — dp: +0.001 m
- g +0 m/s’ - Xt %0
- L +0.001 m

The total error ex, depends on p obtained with Eq. (5.7). The relative total errors exp,r
(exp,r = exp / X) vary between 5.3% and 17.2% for the different input parameters; exp, is
higher for low v, and Lz. On average, exp,- obtained with Eq. (4.6) of £10% is small com-
pared to the scatter of the final data evaluation (Figure 5.24 and Figure 5.25), but similar
to the RMSE = 0.094 of Eq. (5.7).
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Figure 5.25 (a) relative prediction error ¢ versus measured LW accumulation probability p, and

(b) residuals 7 versus p
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Table 5.3 Total and relative error ey, to estimate p with Eq. (5.7) for various input parameters

Input parameters Eq. (5.7) Total error Relative error
Vo g L; dp Xn D exp Eq. (4.6) exp,r
[m/s] [ms] [m] [m] [1]| [] [] [%]
020 | 9.81 1040 005 1 | 0.686 +0.056 8.1
0.50 | 9.81 {040 005 | 1 | 0437 £0.031 7.2
0.79 9.81 50.405 0.05 1 | 0293 +0.020 6.9
0.97 | 9.81 {040} 005 i 1 | 0231 +0.016 6.7
0.08 i 981 (020 005 1 | 0771 +0.133 17.2
020 | 981 {010} 005 | 1 | 0421 +£0.070 16.7
020 | 9.81 1020} 005 1 | 0565 £0.077 13.6
020 | 9.81 (0100025 1 | 0285 +0.021 7.4
0.20 9.81 0.20 0.025 1| 0437 +0.033 7.5
0.20 | 9.81 {040 0.05 | 0.65| 0.783 +0.041 5.3
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5.3 Large wood accumulation characteristics — Backwater rise and local scour

Parts of this subsection have been published in

o Schalko et al. (2018a): “Backwater rise due to large wood accumulations”. Jour-
nal of Hydraulic Engineering.

o Schalko et al. (2018b): “Hazards due to large wood accumulations: Local scour
and backwater rise”, in the proceedings of the 9" River Flow Congress in Lyon,
France.

o Schalko et al. (2016): “Modeling the effect of organic fine material in a driftwood
accumulation on backwater rise”, in the proceedings of the 8" River Flow Con-

gress in St. Louis, USA.

5.3.1 Backwater rise

Backwater rise due to LW accumulations was investigated in three test series (A-C; Sec-
tion 4.5 and Table 4.3-Table 4.5). First, the results for series A with a predefined LW
accumulation and a fixed bed are summarized and discussed in Sections 5.3.1.1-5.3.1.4.
Second, the findings of series B with a natural LW accumulation and a fixed bed are
presented in Section 5.3.1.5, followed by the results of series C with a natural LW accu-
mulation and a movable bed in Section 5.3.1.6. The normalized results for all test series

are summarized in Section 5.3.1.7.

5.3.1.1 Approach flow conditions

The effect of approach flow conditions, namely approach flow depth %, and approach
flow Froude number F,, on backwater rise A4 was investigated in small-scale model tests
with A =30 (A16-A21; Table 4.3; Section 4.5.6). The flume experiments were conducted
in the range of /4, =0.05 m, 0.10 m, 0.15 m and F, =0.2...1.4. Figure 5.26 shows two
photos of test A47 with F, =0.20 compared to F, = 0.80. In Figure 5.27a, Ah is plotted
as a function of F, for various 4, with all other parameters kept constant (A16-A18). The
experiments for 4, =0.10 m and 0.15 m could only be conducted for F, <1.20 and
Fo <0.60, respectively, as otherwise the 0.40 m high accumulation would have been over-
topped.

According to Figure 5.26 and Figure 5.27, Ah increases linearly with increasing Fo.
For /o =0.10 mand Fo, = 1.2, Ak is 6.5 times higher compared to F, = 0.2 (Figure 5.27a).

Given a constant /o, vo and consequently the velocity head are higher for increasing Fo.
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Due to the LW accumulation, v, is reduced and the flow depth upstream of the accumu-
lation 4 increases up to the energy head. The increase in energy for increasing Fo results
in higher backwater rise. The flow depth downstream of the accumulation is equivalent
to the approach flow depth 4, (Figure 4.9a). Given a constant /4., the pressure gradient
Aplpg = (ho + Ah) — ho = Ah increases for increasing F, due to increased Ak. In contrast
to the accumulation probability p (Section 5.2.3), F, has a governing effect on backwater
rise Ah. Based on Figure 5.27b, the data for all three 4, collapse when plotted against the

relative backwater rise Ah/ho. Consequently, 4, has no effect on Ah/h, for a given Fo.

Figure 5.26 A/ for (a) F,=0.2, 0=81/s and (b) F,=0.8, O =32 1/s with all other parameters
kept constant (4, =0.10 m, a = 3.3, L, = 0.10 m, and dy,, = 7 mm; A47)

0.4 (a) 4 (b)
) a
N 1A

i
s}
Al_\ 3
~
=
<

Ah [m]

0 1 2 0 1 2
F O[] F [

_D_h0=0.15 m _Q_h0=0.10m _A_h0=0.05 m

Figure 5.27 (a) Ah and (b) Ah/h, versus F, for three different %, with all other parameters kept
constant (dy, = 3.7 mm, L4 = 0.10 m, and a = 3.6; A16-A18)
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5.3.1.2 Large wood accumulation characteristics

The impact of (1) bulk factor a (Figure 5.28), (2) accumulation length L4 (Figure 5.29),
and (3) mean log diameter di» (Figure 5.30) on Ak were analyzed in tests A7-A15 and
A22-A43 (Table 4.3; Section 4.5.6).

The compactness of a LW accumulation is described by the bulk factor a
(Eq. (3.12)). It is comparable with the porosity parameter in groundwater flow, as it de-
scribes the flow through a certain medium. The two photos in Figure 5.28 indicate an
increase of Ak for a = 2.5 (dense accumulation, A8) compared to a = 4.3 (loose accumu-
lation, A11). In Figure 5.31a, Ah/h, is plotted as a function of F, for various a with all
other parameters kept constant (A8, All, and A13). The experiments for a = 2.5 and
a = 3.3 were limited to F, < 0.8 to prevent an overtopping of the LW accumulation. For
Fo = 0.8, Ah amounted to 0.30 m for a = 2.5 compared to Az = 0.14 m for a = 4.3. Hence,
Ah increases with decreasing a. A compact LW accumulation body represents a higher
flow resistance due to lower porosity, leading to higher A4. These findings were observed

for all tested log diameters and approach flow conditions.

Figure 5.28 Ah for (a) a=2.5 and (b) a=4.3 with all other parameters kept constant
(h,=0.10m, F,=0.8, L4=0.10 m, d,, =7 mm; A8 and Al11)
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The accumulation length was predefined based on the distance between the two
racks and varied between L4 = 0.05 m (Figure 5.29a), 0.10 m, and 0.20 m (Figure 5.29b).
In Figure 5.31b, Ah/h, is plotted as a function of F, for various L4, with all other param-
eters kept constant (A4, A34-35). The experiments for L4 =0.20 m were limited to
Fo < 1.2 to prevent an overtopping of the LW accumulation. For F, = 0.6, A% resulted in
0.08 m for L4 =0.05 m compared to A2 = 0.13 m for L4 = 0.20 m. Since a long accumu-

lation body exhibits a higher flow resistance, A4 increases linearly with increasing L4.

Figure 5.29 A# for (a) L4= 0.05 m and (b) L4 = 0.20 m with all other parameters kept constant
(ho=0.10m, F, = 1.2, dp,n = 10.3 mm, a = 3.8; A34-A35)

The effect of dum on Ah was investigated in tests A39-A43 (Figure 5.30). The ex-
periments were conducted for various di» with all other parameters kept constant. In Fig-
ure 5.31c, Ah/ho is plotted as a function of F, for the log diameters drm = 2.3, 8.5 and
14 mm (A39-A41). For Fo = 0.8, Ah = 0.24 m for dim = 2.3 mm compared to A2 =0.15 m
for dim = 14 mm. Consequently, A/ increases with decreasing dim. A small log diameter
allows for more individual logs within an accumulation. Due to the higher number of
logs, the flow is diverted more often and friction losses of the seepage flow increase,
resulting in higher Ai. The accumulation with small dw represents a consistent accumu-
lation body whereas large dr» form a more inhomogeneous accumulation body. The over-
all flow resistance is consequently higher for smaller dim.

In summary, backwater rise A/ increases with increasing F, and L4 and decreasing

a and drm. Compared to F, and a, the effect of L4 and dim on Ah is rather small.
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Figure 5.30 A# for (2) diw = 2.3 mm (A39) and (b) dr.» = 10.3 mm (A4) with all other parameters
kept constant (b, =0.10m, F,=1.2,L4;=0.10 m, a = 3.7)
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Figure 5.31 Ah/h, versus F, for (a) three different a, L4 =0.10 m, and dz,, = 7 mm (Tests A8,
All, and A13), (b) three different L4, @ = 3.8, and dr, = 10.3 mm (A4, A34-A35), (c) three dif-
ferent dym, a = 3.6, and Ly = 0.10 m (A39-A41)
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5.3.1.3 Organic fine material

The effect of organic fine material FM in LW accumulations on backwater rise Ak was
investigated in both small (A = 30) and close-to-prototype (A = 6) scale experiments (A44-
A66, A75-94; Table 4.3). Branches and leaves were defined as FM (Section 4.5.6), so the
effect of suspended fine material was not considered in this present study. Due to the ease
of measurement, F'M was included as a separate parameter (Section 4.5.4) and the param-
eters a and drm correspond to the accumulation characteristics prior to the FM addition.

Figure 5.32a-d shows a photo series of the small-scale model tests and the increase
of Ah for 0%, 2.5%, 5%, and 7.5% FM with all other parameters kept constant
(dim =13 mm, Fo=0.4, ho=0.10 m, L4 = 0.10 m, a = 4.2). The same parameter config-
uration but for F, = 0.8 is illustrated in Figure 5.32¢-h. For both F» = 0.4 and F», = 0.8, Ah
is increasing with increasing FM.

In comparison, Figure 5.33a-h shows the increase of A4 for 0%, 5.5%, 11%, and
~16.5% FM in close-to-prototype model tests. The other parameters are din = 65 mm,
Fo=0.30, 7o=0.36 m, and a=4.2. In Figure 5.33a-d, FM consists of fir branches,
whereas willow branches are illustrated in Figure 5.33e-h.

For all tested FM types, Ah increases with increasing FM. The branches and leaves
within an accumulation decrease the porosity (i.e. decrease the bulk factor) and generate
a higher flow resistance and a more heterogeneous flow path. This results in an increase
of friction losses and consequently an increased Ak, as more potential energy and thus
hydraulic head is required for the flow to seep through the accumulation body.

In Figure 5.34, Ah/h, is plotted as a function of F, for increasing FM with all other
parameters kept constant and A = 30 (A63-A66). To prevent an overtopping of the accu-
mulation body, the experiments for 5% and 7.5% FM were limited to F, <1.2 and
Fo < 0.8, respectively. For a =4.2 and F, = 0.6, Ah = 0.087 m for FM = 0% compared to
Ah=0.182 m for FM =7.5% (Figure 5.34a). In comparison, for a =2.8 and F, = 0.6,
Ah=0.187 m for FM = 0% compared to Ah = 0.305 m for FM =7.5% (Figure 5.34b).

Hence, Ak increases linearly with increasing FM.
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s
: mqa

|2.5% FM

Figure 5.32 Ah with increasing FM and all other parameters kept constant (4, =0.10 m, a = 4.2,
Ls=0.10 m, and dr, = 13 mm; A63-A66); (a-d) F,=0.4; (e-h) F,=0.8
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5.5% FM

0 11% FM

Figure 5.33 Ah with increasing FM and all other parameters kept constant (F, = 0.3, 2, = 0.36 m,
a=4.2,L,=0.50 m, and dr,, = 65 mm); (b-d) fir branches (A91-A94), and (f-h) willow branches
(A83-A86)
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Figure 5.34 Ah/h, versus F, for different % of organic fine material (FM) with all other param-
eters kept constant (L4 = 0.10 m, dz,, = 7 mm); (a) loose LW accumulation a = 4.2 (A63-A66),
(b) dense LW accumulation a = 2.8 (A55-A58)

To compare the effect of fir to willow branches, A% is plotted as a function of 4, for
various percentages of FM, with all other parameters kept constant and A =6 in Fig-
ure 5.35. The reproducibility tests without M (A83, A91) resulted in an average relative
standard error for A/ of 12%. For 5.5%, 11%, and =17% FM, the relative standard errors
for Ah varied between 0.2%...9.5% (A84-A86, A92-A94). The deviations in Ak decrease
with increasing FM, as a more homogeneous accumulation is easier to install for higher
FM percentages. Backwater rise was slightly higher for fir branches, due to the increased
cumulative area of fir branches compared to willow branches. As the density of fir and
willow branches are similar (prvw = 610 kg/m® and prvy= 600 kg/m?), no effect of prur
on Ah can be deduced. According to Figure 5.35, both types of FM are suited to model
branches and leaves in an accumulation body, as both types result in a comparable back-
water rise, and the deviations are within the range of reproducibility.

The results highlight the relevance of accounting for FM when estimating As. Based
on the results for series A, FM affects the LW accumulation characteristics, leading to a
smaller porosity (smaller @) and an increased flow diversion due to a longer and more

sinuous flow path.
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Figure 5.35 Ah versus /, for different types and percentages of FM with all other parameters
kept constant (F, = 0.3, a =4.2, Ly = 0.50 m, di,, = 65 mm; A83-A86 versus A91-A94)

5.3.1.4 Scale series

To determine possible scale effects, a scale series was investigated for different approach
flow conditions and LW characteristics. The flume experiments were conducted for
A =150 (A95-A106; Table 4.3), 1 =30 (A47-A49, A63-A65), and 1 =6 (A67, A75-A76,
A83-A84). A photo series of the flume experiments with the three scale factors A =6,
A =30, and A = 50 is illustrated in Figure 5.36.

The results were upscaled to prototype dimensions according to Froude similitude
(Heller 2011). Potential scale effects exist, if the results of the small-scale (A = 50 and/or
A =30) deviate significantly from the close-to-prototype model (A = 6). In Figure 5.37a
and b, Ak is plotted as a function of /4, for all investigated scale factors, with a =4.2,
without FM (A63, A91, A98), and with =5% FM (A65, A92, A100), respectively. Back-
water rise Ak is slightly smaller for A = 30 compared to A = 50 and A = 6 (Figure 5.37a).
The results for a = 3.2 are depicted in Figure 5.37¢ and d, comparing experiments without
FM (A47, A83, A104) and with 5% FM (A49, A84, A106), respectively. The relative
standard errors for A range from 2% up to 27% with an average relative standard error
of 8.6%. The deviations decrease with increasing compactness (i.e. decreasing a) and
increasing FM. For a = 3.2 and 5% FM, the average relative standard error amounts to

2.8% compared to 22% for a = 4.2 and 0% FM.
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i=6.h =044m

Figure 5.36 Al for scale series with all other parameters kept constant (F,~0.2, a~4.2,

5% FM); (a) L = 6 (A92), (b) & = 30 (A65), (c) . = 50 (A100)
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Figure 5.37 Ah versus A, (prototype values) for three model scales (A = 50, 30, 6); (a) a = 4.2 and
0% FM (A98, A63, A91), (b) a=4.2 and 5% FM (A100, A65, A92), (c) a~=3.2 and 0% FM
(A104, A47, A83), (d) a=3.2 and 5% FM (A106, A49, A84)

Note that the comparably high deviations for a rather loose accumulation (e.g. for a = 4.2
and 0% FM) are due to the tests with A = 50 and their manual model setup. For A = 50, it
was rather difficult to install an evenly distributed accumulation, especially close to the
bottom. To allow an upscaling of the results with A = 50, flow depths of /4, > 0.03 m had
to be investigated, resulting in small effective flow cross-sections compared to the other
two tested scales. However, the results from A = 50 do not generally deviate from the two
other scales and no scale effect can be identified based on the observed backwater rise.
The physical experiments were scaled according to Froude similitude (Section 4.2).

As the flow through an accumulation is comparable to groundwater flow, possible scale
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effects may exist due to the force ratio of inertia to viscosity, described by the Reynolds
number R. The Reynolds number R = (vadrn»)/ v in the accumulation, with flow velocity
in the accumulation v4 = vo/@, and viscosity of water v=1.01:10° m?s’! for 7= 20°C,
varied for all tests between R =375...3200 for A = 50, compared to R =210...8'300 for
A =30, and R=6'000...37'000 for A = 6. Ah/h, is plotted versus R in Figure 5.38a for all
tests, indicating two areas: R < 10'000 for A = 50 and A = 30 and R > 5'000 for A = 6. The
flow is in the fully turbulent regime for R > 10'000 (Section 4.2), so for A = 6 the viscous
force is largely independent of R. Given the same initial conditions, no clear trend of
Ahl/ho versus R, hence no viscous effects, for the different scales can be deduced
(Figure 5.38b for a = 3.2 and Figure 5.38c for a = 4.2). As the relative standard errors for
Ah are still within the range of reproducibility, it is assumed that possible scale effects
can be neglected. Based on the conducted flume experiments and due to the ease of meas-

urement and log dimensions, scale factors < 50 are recommended.

o O

Il
N W W

(b) a~3.2 (c) a~4.2

0.5 0.5

Figure 5.38 Ah/h, versus R for three model scales (A = 50, 30, 6); (a) entire range of tested R,
(b) a=3.2 (A104, A47, A83), (c) a=4.2 (A98, A63, AJ1)



Results and discussion 123

5.3.1.5 Natural large wood accumulation

The impact of a natural LW accumulation on A/ was analyzed in test series B for A =30
and A = 6 and a fixed bed (Table 4.4; Section 4.5.6), as well as in test series C for A =30
and a movable bed (Table 4.5; Section 4.5.6). To model a natural LW accumulation, a
given LW volume was added continuously along the transverse section of the flume to
achieve a homogeneous accumulation across the rack (Figure 5.39a). In comparison, test

series A simplified the LW accumulation as box-shaped (Figure 5.39b).

Figure 5.39 (a) Natural (B5) and (b) predefined LW accumulation (A94) with V5= 0.240 m’,
A=6,0=3701/s, h,=0.440 m, d; = 35 mm, and FM = 17%

A photo series of the formation of a LW accumulation and backwater rise A/ for
increasing relative added LW volume, i.e. Vs,ret = Vi/(Bho?) (total added Vs = 0.540 m?) is
illustrated in Figure 5.40 (B6). The first 10% to 20% of added LW (Figure 5.40a) hit the
retention rack at water level /.. As the upper portion of the rack is blocked, the flow
velocity below the accumulation is increasing and the flow is deflected downward. Addi-
tional LW is dragged to the bottom part of the cross-section, thereby extending the LW
accumulation vertically downwards. For Vsrel < 40% (Figure 5.40b), the shape can be ap-
proximated as box-like. Once the entire cross-section is blocked (Figure 5.40c and d), the
LW accumulation changes to a trapezoidal or triangular shape. Additional LW then starts
to form a “LW carpet”. Backwater rise due to the formation of the LW carpet leads only
to a minor decrease of flow velocity (Figure 5.40¢) compared to the first percentages of
added LW. However, additional LW volume still increases flow resistance and compact-
ness of the LW accumulation, thereby increasing backwater rise. Due to the smaller ac-
cumulated area for the natural setup, the resulting backwater rise for the same amount of
wood was lower (A4 =0.29 m; B5) compared to the predefined, box-shaped setup
(Ah=0.39 m; A94).
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Figure 5.40 Development of a LW accumulation for (a)-(e) Vi ;= 20-100% and A = 6 (B6)



Results and discussion 125

The definition of the LW volume generating the primary backwater rise prior to the
formation of a LW carpet is of particular relevance for flood hazard assessment. This
volume is herein defined as the characteristic LW volume V¢, leading to the main increase
of backwater rise and attributed to the LW volume accumulated along the rack. V. was
determined for the experiments with a natural LW accumulation, i.e. test series B and C.
(1) Reference development of Ah/ho = f (Vs.rel): For the majority of the model tests in se-

ries B, the amount of added LW volume was equal to test series A. This enabled a
direct comparison of the effect of LW accumulation shape on Ah/h.,. However, the
formation of a LW carpet was not observed for all tests, as the amount of added wood
was too small. For test series C, the added LW volume was increased by a factor of
5 to exhibit a LW carpet. Relative backwater rise as a function of the relative added
LW volume Ve, was plotted for every test (series B and C) and the development
approximated with a fit equation in the general form of:

b
Ah V
—=q-| = . 5.10
h a(Bhfj e

[

The pre-factor and exponents (a, b) were altered for each test to best fit the develop-
ment of Ah/ho = f'(Vsrel). An example for series B and C is illustrated in Figure 5.41.
(2) Definition of Ve for Ahlho = f (Vsre)): The derivatives of Eq. (5.10) y* were obtained
to illustrate the relative change of Akh/h, as a function of Virl for all tests
(Figure 5.41). The characteristic LW volume Ve corresponds to Vs rel, where the deri-
vate, or relative change of Ah/ho, = 0.10. Given two times the volume of Ve, Ah/ho
then only increases by 10%. Ve therefore corresponds to the primary backwater rise.
Based on the values for Virel at y” =0.10, Ve was then determined for all tests. The
values for Ve, relative characteristic LW volume V./Bh.?, Fo, and dm are summarized
in Table 5.4. In both test series, relative V. increases with increasing Fo. The V. cor-
responds to the start of the LW carpet formation (i.e. decreased flow velocities up-
stream of the accumulation). For low Fo, v, is smaller and may decrease sooner to
allow the formation of a LW carpet, so the corresponding wood volume, i.e. Ve is
smaller. In addition, tests with smaller grain size diameter dm =2.65 mm (e.g.
Fo =0.47) indicate a slightly higher V. compared to tests with d» =13.1 mm (e.g.
Fo=1.53). As scour formation increases for decreasing dm, the flow cross-section

below the accumulation increases, and logs are pulled downwards. This process may
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delay the LW carpet formation, so the required wood volume to block the cross-

section, i.e. Ve, increases.
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Figure 5.41 Relative backwater rise Ah/h, versus relative solid LW volume V. with Eq. (5.10),
derivative of Eq. (5.10), and characteristics LW volume V. for test (a) B7, and (b) C8

Table 5.4 Relative characteristic LW volume, F,, and d,, for test series B and C

Ve V(B h,?) F, dy
Tests (Table 4.4/Table 4.5) [m’] -] ] [mm]
B1-B3 0.247 0.86 0.27
B4 1.487 1.75 0.30
B5 1.342 4.54 0.27
B6 2.651 491 0.28
B7 0.002 0.39 0.31 a
B3 0.005 1.31 0.62
B9 0.019 4.71 1.46
B10 0.010 2.39 0.63
C1-C3 0.004 1.45 0.74 5.4
C4-C5 0.004 0.78 0.68 5.4
C6-C7 0.008 1.07 0.65 5.4
C8 0.003 0.81 0.57 2.7
C9 0.004 0.65 0.51 2.7
C10 0.005 0.47 0.47 2.7
Cl1 0.003 3.68 1.53 13.1
C12 0.006 2.94 1.24 13.1

(3) Normalized V.: The obtained V. were then normalized as a function of the approach

flow conditions (F, and /,), channel width B, and bed material characteristics (dm).
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The ratio of V./Bho* (relative V) corresponds to the required wood volume to block
an idealized box-shape cross-section of the dimensions B X /. X ho. As only selected
experiments were conducted with FM (BS5, B6, B10), the effect of M on V. has not
yet been included. For series B, Ve can be expressed for Fo =0.3...1.5 (R? = 0.89) as

V.

_=3.1F. (5.11)

For test series C, Ve can be described for F, =0.5...1.5 (R’ = 0.98) as

V h -0.20
c =3.1F{ J : (5.12)

B’ d,

Note that Eq. (5.11) describes a linear relationship between relative V. and Fo. In
comparison, Eq. (5.12) further includes the relative submergence /4o/dm to account for the
effect of the bed material. The data points and Eqgs. (5.11)-(5.12) are illustrated in Fig-
ure 5.42. The application of Egs. (5.11)-(5.12) allows the estimation of the required wood
volume to block a box-shape cross-section until a LW carpet forms, corresponding to the
main increase in backwater rise. This simplifies the flood hazard assessment, as the esti-
mation of the effective or potential LW volume (Section 2.4) is associated with high un-
certainties. For further analyses in the present thesis, the ratio of Vs/Ve will be used instead
of Vs in percentages. Note that the ratio of Vs/Ve = 1, corresponds to the main increase in
backwater rise. In contrast, the percentage of Vs is only based on the total amount of added

LW during the flume experiment, which was randomly selected and has no physical

meaning.
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Figure 5.42 V. / Bh,” versus (a) F, for test series B (data with FM are plotted in grey), Eq. (5.11);
(b) Fy (hold,) *?° for test series C, Eq. (5.12)
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During floods, the compactness of LW accumulations may exhibit values of
a=2...5; a=2 represents a dense and a =5 a loose accumulation (Lange and Bezzola
2006). Figure 5.43 shows a box-plot of the bulk factors a of the natural accumulations,
obtained with the videometric analysis for test series B and C. On average, a = 4 for both
series B and C. With increasing Vs/V., the scatter and values decrease. As the accumula-
tion becomes more compact, a decreases, leading to an increase of Ah.

The LW accumulation Froude number Fu=va/(gh)"? with v4= Q/(Bh) and
h=Ah+ ho 1s plotted as a function of Vs/V. for different initial approach flow Froude
numbers F, and test series B in Figure 5.44a compared to test series C in Figure 5.44b.
For Vs/Ve > 0.20, the approach flow conditions already change due to the LW accumula-
tion and backwater rise. F4 decreases rapidly until reaching a value of ~ 0.20...0.40 for

Vs/Ve > 1, which corresponds to the initiation of the LW carpet.
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Figure 5.43 a versus V,/V. for (a) test series B (B1-B4; B7-B9), (b) test series C
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Figure 5.44 F, versus V,/V. for (a) test series B (B1-B4; B7-B9), (b) test series C
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In Figure 5.45a, Ah/h, is plotted as a function of Vi/V. for test series B, A =30,
Fo=0.31, F» = 0.62 with 0% FM compared to 8% FM, and F, =1.46. Similar to test
series A, Ah/ho increases with increasing Fo. For Vi/Ve = 0.3, Ah/ho = 0.10 for Fo, = 0.31
compared to Ah/ho = 0.71 for Fo =0.62, and Ah/ho, =1.96 for F, = 1.46. For Vi/Ve= 0.5
and F» = 0.62, Ah/h, resulted in 0.80 for FM = 0% compared to Ah/ho, =1.5 for FM = 8%.
Hence, Ah/ho increases with increasing FM. The results confirm the findings of series A
(Section 5.3.1.3). The accumulation becomes more compact and the flow path more het-
erogeneous due to the addition of FM. The results further foster the relevance to account
for M when estimating Ah. In Figure 5.45b, Ah/ho is shown as a function of Vs/V. for
test series B, both model scales (@ for A =30 versus O for A =6), and Fo = 0.30. The
development as well as the value of Ah/ho for Vs/Ve = 0.5 are similar for both scales. Given
VsilVe= 0.5, Ah/ho = 0.12 for A = 30 compared to Ah/h, = 0.18 for A = 6. Backwater rise
Ah 1s higher for A = 6. Schmocker and Hager (2013) also investigated two different scales
(L =1 and 2) for Ak due to natural LW accumulations. The final value for Vs =50 dm?
resulted in Ah/ho = 1.5 for A=1 and Ah/ho = 1.3 for A =2. Their findings confirm that

Ah/ho can also be investigated in small-scale model tests (Section 5.3.1.4).
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Figure 5.45 Ah/h, versus Vi/V. with (a) F,=0.31, F, = 0.62 with 0% FM compared to 8% FM,
and F, = 1.46 for A =30 (B1-B4), (b) F, = 0.30 and A = 30 compared to A = 6 (B1 versus B7)
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5.3.1.6 Bed material
The formation of a natural LW accumulation with a movable bed is illustrated in a photo

series for increasing Vs in Figure 5.46 (C10, Table 4.5).

Figure 5.46 LW accumulation with a movable bed for (a)-(e) Vi/V. = 0.10-4.00 and A = 30 (C10)



Results and discussion 131

The LW accumulation forms similar to test series B (Figure 5.40). However, due to the
movable bed, every LW package leads to a scour formation. Compared to a fixed bed, the
LW accumulation extends further vertically downwards, as the scour increases the open
cross-sectional area (Figure 5.46a and b). The LW accumulation shape is triangular for
Vs/Ve=0.50 (Figure 5.46b). A “LW carpet” starts forming for Vi/Ve>1.00
(Figure 5.46¢). Due to the increasing scour depth for increasing Vs, logs may still be
dragged to the bottom part of the cross-section for Vs/Ve = 3.00...4.00 (Figure 5.46d and
e). The accumulation body consequently expands both vertically towards the bottom and
horizontally backwards as a LW carpet, with a final quasi-triangular shape.

Figure 5.47a compares Ah/ho versus Vs/V. for a fixed and a movable bed with
Fo =~ 0.60 and A = 30. The development of Ah/h, as a function of Vi/Ve is similar for both
bed types. However, for Vs/Ve =1, Ah/ho = 0.89 for a fixed bed compared to Ah/ho, = 0.37
for a movable bed. A movable bed enables scour formation, thereby increasing the open
flow cross-section of the retention structure and its discharge capacity. Figure 5.47b
shows the relative backwater rise Akh/ho as a function of Vs/V. for various F, and uniform
bed material with dn=2.7 mm (C8-C10). Similar to the results with a fixed bed
(Figure 5.45), Ah/ho increases with increasing Fo. It can be observed that Vs/V. <1 gen-

erate the main increase of Az (Section 5.3.1.5).

(a) (b) d =2.7mm
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—.—F0:0.62; fixed bed —O—F0:0.57
—O— FO = (0.57; movable bed —— FO =0.52
—/— FU =0.47

Figure 5.47 Ah/h, versus Vi/V, with (a) fixed (B8) and movable bed (C8), F, = 0.60, and A = 30,
(b) movable bed, different F,, d,, = 2.7 mm, and A = 30 (C8-C10)
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5.3.1.7 Normalized backwater rise: Design equations

The governing parameters are discussed in order to generalize from and predict the ob-
served effects on backwater rise resulting from LW accumulations. First, the results are
normalized for series A with a predefined LW accumulation and a fixed bed. Second,
normalized backwater rise is presented for series B and C with a natural LW accumulation
and a fixed versus a movable bed. Third, backwater rise is normalized as a function of

LW volume.

Predefined LW accumulation with a fixed bed
Backwater rise A4 is described by the basic parameters listed in Table 5.5 and by
Eq. (5.13):

An=f(L;,dy Ly Vi ViV hysVys Py P18 05V) . (5.13)

Table 5.5 Basic parameters for backwater rise due to LW accumulation with a fixed bed

Parameters

Accumulation length L4 [m]
Log diameter dr [m]
Log length L [m]
Organic fine material volume Vim [m]
Loose large wood volume Vi [m?]
Solid large wood volume Vs [m?]
Approach flow depth ho [m]
Approach flow velocity Vo [m/s]
Water density pw [kg/m?]
Wood density pL [kg/m?)
Gravitational acceleration g [m/s?]
Water surface tension o [kg/s?]
Water viscosity v[m?/s]

The selected » =13 independent parameters include » =3 reference dimensions
([M] mass, [L] length, [T] time). Therefore, n — = 10 non-dimensional parameters I1i-10

need to be defined based on a dimensional analysis. I1i-10 are the approach flow Froude
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number ITi = vo/(gho)"?, flow diversion u T2 = L/dL, relative organic fine material vol-
ume FM I3 = Vru/ Vs, bulk factor a s = Vi/Vs, relative LW density I1s = pr/pw, relative
accumulation length Ile = L4/L1, relative log length I17 = Li/dL, relative velocity head
I1s = v,%/(2gLt), Reynolds number ITo = (vadrm)/ v, and Weber number ITio = (pwvo>ho)/o.
The log length and wood density were not varied systematically in this study. The water
viscosity and surface tension are assumed constant for all tests. The Reynolds number for
the three investigated scales varied in a wide range, but has no significant effect on the
resulting backwater rise. Therefore, I1s...ITio are not included in the further analysis.
Backwater rise due to LW accumulation can be described as a functional relationship with
parameters increasing backwater rise in the numerator and parameters decreasing back-
water rise in the denominator, i.e.

) F,u,  FM
Backwater rise ~—2—"—— .
a

(5.14)

Based on the dimensional analysis, the exponents of the governing parameters were
quantified with a non-linear regression analysis. The dimensionless LW accumulation

factor LW, is defined as:

_Fu'”(9FM +1)

4/3 :
a

LW, (5.15)

According to Eq. (5.15), a exhibits the largest effect on Az with an exponent of
—4/3, followed by the linear effects of both F, and FM percentage. The flow diversion
u = La/dLm shows a minor effect on Az with an exponent of 1/3. Based on LW.a4, Ah/ho can
be described by a linear relationship for Fo =0.2...1.4 and LW4=0...1.0 (R* = 0.95):

A

h—h=5.4LWA. (5.16)

In Figure 5.48, Ah/ho is plotted as a function of LW for series A (A =50, A =30,
and A = 6), Eq. (5.16), and £20% prediction range. All data collapse with the proposed
design equation. The standard errors of the determined coefficients (i.e. governing pa-
rameters) vary between 0.008 and 0.29, whereas the lowest value represents the flow di-
version u and the highest value the organic fine material FM. The higher standard error
for FM is due to the uncertainties in the experimental determination of the FM percent-
ages. The Root Mean Square Error (RMSE) of Eq. (5.16) applied to the experimental data

amounts to 0.185.
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Figure 5.48 Ah/h, versus LW, for series A (A =50, A =30, and A = 6), Eq. (5.16), and £20%

prediction range

In Figure 5.49, relative prediction error ¢ is plotted versus measured relative back-

water rise Ah/ho, with & defined as:

_Ah
o= predicted value —observed value SALW, AO

5.17
observed value A% ( )

In addition, ¢ is plotted for the different scales (Figure 5.49b for A = 50, Figure 5.49¢ for
A =30, and Figure 5.49d for A = 6). A positive value of ¢ indicates an overestimation of
Ah/ho, whereas a negative value of ¢ corresponds to an underestimation of Aki/ho. The
majority of the data points are within a £30% prediction range, and ¢ decreases with in-
creasing Ah/ho. Note that for A =30 and Ah/ho, <0.50, data points exhibit 1>¢>0.3.
These comparably high deviations are due to IDM fluctuations for Q < 10 I/s. For low O,
the effective LW volume is small and it was rather difficult to install a homogeneous
compactness of the accumulation, especially in the lower part. However, Eq. (5.16) over-
estimates Ah/ho (positive values for ¢), so the application is a conservative approach.

The residuals 7 = observed value — predicted value, i.e.:
r=A% —5.4LW,, (5.18)

are plotted as a function of Ah/h, in Figure 5.50a for all data. Again, r is illustrated sepa-
rately for the different investigated scales in Figure 5.50b-d. In contrast to ¢, a positive
value of r indicates an underestimation of Ah/ho.. The residuals plot indicates no clear

pattern (Figure 5.50a) and the majority of the data points are clustered in the range of

r +0.30.
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Figure 5.49 Relative prediction error ¢ versus measured relative backwater rise Ah/h, for (a) all

data, (b) & = 50, (c) A = 30, and (d) A =6
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Figure 5.50 Residuals r versus measured relative backwater rise Ah/h, for (a) all data, (b) A = 50,

(c)A=30,and (d)L=6
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An error propagation analysis was conducted for Eq. (5.16). As the target value
Ah/h, also exhibits an error due to the measurement of the flow depths, an error propaga-
tion was also performed for Ah/h.,. The resulting total (exar) and relative errors
(exan r = exan / X ) are then a sum of the errors obtained for Eq. (5.16) and AA/ho. The error
propagation analysis was conducted for a range of input parameters, summarized in Ta-

ble 5.6 and Table 5.7. The total errors for the input parameters were set to:

- O +1% - ho: +0.001 m - di: £0.001 m
- B +0.002 m - a +10% - FM: £5%
- g +0 m/s? - L4z £0.001 m - Ah: £0.001 m

Note that the total error for the approach flow Froude number F, consists of the errors for
0, B, g, and h,. Based on exan for the various input parameter configurations, a regression
analysis was performed to determine the prediction range. Compared to the relative errors
of Eq. (5.16) with £13.4%...19.8%, the resulting relative errors of Ah/h, are rather small
with £0.3%...5.8%. The sum of relative errors exar r vary between 13.9% and 22.3% for
the different input parameters, resulting in a prediction range of £20%, similar to the

scatter of the final data evaluation (Figure 5.48).

Table 5.6 Total and relative error exa, of Eq. (5.16) for various input parameters

Total |Relative

Input parameters Eq. (5.16) error error
O B g h a Li d FM| LWy E;X(ﬁ’_ 6| X
[Vs] [m] [m/s?] [m] [-] [m] [mm] [%] [-] [-] [%0]

48 04 981 010 3.6 010 37 - 0 | 0655 | £0.106 | 16.1
32 04 981 01033010 7 0397 | £0.057 | 142
55 004 981 010 3.8:0.10 103 : 0.498 | +0.069 | 13.8
8 04 981 010 24 010 103 . 0.133 | £0.018 | 138
16 04 981 010 39 005 23 0.183 | £0.036 | 19.7
6 04 981 005 40 020 23 0296 | +0.059 | 19.8
3 04 981 005 42010 13 0.090 | £0.013 | 14.0
301015 981 039 :3.1:050: 35 15 | 0329 | £0.045 | 13.7
165 1.5 9.81 027 42 050 65 . 5 | 0.104 | +0.014 | 13.4
1304 981 003 32 006 4 25| 0134 | 4002 | 165

hnh O O O O O
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Table 5.7 Total and relative error exa, of Ah/h, for various input parameters

Input parameters Measured data | Total error Relative error
ho Ah Ahlh, exan Eq. (4.6) exanr
[m] | [m] [-] (-] [7o]
010 | 0335 3.535 +0.035 1.0
0.10 i 0227 2.144 +0.025 12
010 | 0244 2.689 +0.026 1.0
010 |  0.085 0.721 £0.013 1.8
0.10 | 0082 0.986 +0.013 13
005 | 0086 1597 +£0.040 25
005 | 0.024 0.488 +0.022 45
039 | 0561 1.776 +0.004 0.3
027 | 0.164 0.560 +0.004 0.8
003 i 0023 0.724 +0.042 5.8

As the experimental setup represents a worst-case scenario (Figure 5.39b), the ap-
plication of Eq. (5.16) is a conservative estimation. The proposed design equation is es-
pecially useful for flood hazard assessment. For a given LW accumulation, the resulting
backwater rise (Eq. (5.16)) can be estimated for varying approach flow conditions. Based
on the topography of the surroundings, critical cross-sections or river infrastructures can
be identified. In addition, the pole height of LW retention racks can be designed with
Eq. (5.16). To apply Eq. (5.16), the approach flow Froude number and flow depth can be
estimated using discharge measurements of previous floods. The log diameter can be de-
rived from forest inventories. Values for the accumulation length and the bulk factor
should be based on collected data of floods with extensive LW transport. If no data are
available, L4 and a can be estimated with a sensitivity analysis. For added safety, a should
be chosen in the range of 2 to 3. In addition, the effect of branches and leaves should be
considered for the estimation of A4. Again, a sensitivity analysis on the effect of varying

percentages of M on Ah is recommended.
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Natural accumulation, fixed versus movable bed
Backwater rise due to a predefined LW accumulation can be estimated with Eq. (5.16).
Due to the setup of a natural accumulation, the bulk factor a and the accumulation length
L4 are not predefined, but rather a function of approach flow conditions and LW volume.
To estimate Ah/ho for a natural accumulation, the following approximations are made:
The bulk factor a was obtained with a videometric analysis for test series B (B7-
B9). Based on a regression analysis, a can be approximated for F, = 0.3...1.5 (R* = 0.87)
using
a=(5-1.35F)). (5.19)
Similar to Eq. (3.13) to estimate the LW carpet length by Schmocker and Hager (2013),
an increasing F, leads to a more compact accumulation body. Given the same /o, increas-
ing F, implies increasing vo, so the acting hydraulic force (Eq. (5.2)), i.e. drag force is

likewise higher, resulting in a denser accumulation.

S 2
o) R =0.87
ey \
S
O  Test series B
Eq. (5.19)
0 \
0 1 2
F ]

Figure 5.51 Bulk factor a versus F, for test series B (B7-B9) and Eq. (5.19)

As the shape of a natural accumulation is not rectangular, an equivalent LW accu-
mulation length L4 was defined. This equivalent length L4 corresponds to an ideal rectan-
gular LW accumulation with a defined height of 4, and width B. Therefore, an equivalent
u = La/drm can also be obtained for irregular, non-box-shaped LW accumulation shapes.
L4 is then calculated using Vi, 4o, and B as:

L v, aV,

LA:Landuz 4 = = e
h B d hBd, — hBd,,

o Lm

(5.20)

In Figure 5.52a, Ah/ho is plotted as a function of the dimensionless LW accumula-

tion factor LW (Eq. (5.16)). In the plot are included tests with a predefined accumulation
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(test series A), a natural accumulation with a fixed bed (test series B), and a movable bed
(test series C). For a given Vs, dim, and a, Ah/h, can be compared for the different setups.
The experiments with the predefined accumulation (selected tests of series A with similar
dim and a compared to series B and C) are defined as a reference with the slope for LW
of 1. The resulting slope for the natural accumulation of LW equals = 3/5 for a fixed bed
and =~ 1/3 for a movable bed. Therefore, a natural accumulation results in smaller back-
water rise compared to a predefined accumulation, mainly due to the larger open flow
area and a decrease in flow resistance. A movable bed further decreases backwater rise
due to scour formation. To account for the natural LW accumulation and the movable bed
in Eq. (5.16), an accumulation type factor f4 (R’ =0.97) can be added. Combined with
Eq. (5.20), it results to:

Ah Fu>(9FM +1) F(L,/d,)" (9OFM +1)
h—=5.4fALWA =54f, e =5.4f, (L, L)a4/3
’ , (52D
Ah F (aV,/h,Bd,)"” (9FM +1) F.(V,/h,Bd,)"” (OFM +1)
S-=SAf, 4 =54f,

o

f4=1.00 for predefined accumulation (test series A),
f1=0.55 for natural accumulation with fixed bed (test series B), and

f1=0.30 for natural accumulation with movable bed (test series C).

Figure 5.52b shows Ah/h, as a function of f1 LW for selected data points of test series A
(similar dim and a), test series B and C, Eq. (5.21), and +20% prediction range. All data
collapse with the proposed design equation and the Root Mean Square Error (RMSE) of
Eq. (5.21) applied to the experimental data amounts to 0.15. Eq. (5.21) extends the area
of application to estimate Ah/ho as it includes the effect of the natural shape of an accu-
mulation as well as a movable bed. The effect of pr on Ah/h, has not been studied in this
present thesis. It can be hypothesized that pr. affects the LW accumulation shape. With
increasing pr, logs are further pulled downwards along the rack, reducing the open flow
cross-section and therefore increasing Ah/ho. To account for increasing pr in Eq. (5.21),
it is recommended to increase fi.

The main input data for Eq. (5.21) are the expected approach flow conditions during
floods. The expected LW volume can be estimated with simple formulas (e.g. Ricken-
mann 1997 or Steeb ef al. 2017) or a GIS analysis (Ruiz-Villanueva ef al. 2014a or
Schalko ef al. 2017). The average log dimensions and F’M percentages can be determined

based on forest inventories.
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Figure 5.52 (a) Ah/h, versus LW, for test series A, B, and C (b) Ah/h, versus f4 LW, Eq. (5.21),

and +20% prediction range

For a given LW volume, Ah/ho, should be calculated with a sensitivity analysis of
f4. The following recommendations are made:

e Worst-case scenario: A box-shaped LW accumulation with a fixed bed can be
assumed and the expected backwater rise calculated with 4 = 1 (i.e. Eq. (5.16)).

e Average-case scenario: For river infrastructures where no scour may occur (e.g.
with large connected foundation elements), the effect of a movable bed can be
neglected and a natural accumulation expected: f4 = 3/5;

e Best-case scenario: For river infrastructures where scour is expected and tolerable
(e.g. with single or deeply placed foundation elements), f4 can be set to = 1/3. For
the design of a retention rack or bridge pier, a deeply placed foundation can be
chosen to allow for a defined scour formation, thereby increasing morphological

heterogeneity while reducing backwater rise.

Effect of LW volume on backwater rise

For a flood hazard assessment, the expected LW volume Vs exhibits high uncertainties.
To reduce these uncertainties, the effect of varying LW volume on backwater rise is es-
sential. The characteristic LW volume V. generates the primary, characteristic backwater

rise Ahe prior to the formation of a LW carpet and is a function of B, Fo, du, and ho
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(Egs. (5.11)-(5.12)). Additional LW accumulates at the accumulation tail, thereby only
minimally contributing to an additional backwater rise. The backwater rise ratio
n = Ah/Ah. is plotted versus the relative LW volume Vs/V. for test series B and C in Fig-
ure 5.53. For Fo = 0.3...1.5, n = Ah/Ah. is then represented by (R? = 0.93):

A
_An [V
1= _[Vj , (5.22)

All data agree well with the design equation and RMSE = 0.10.

As a first estimate, backwater rise Ak can be determined using Eq. (5.16) or
Eq. (5.21). To analyze the effect of varying LW volume on A#, Eq. (5.22) can be applied.
Only the ratio of Vs/V. has to be selected, e.g. to 0.5 and 2 given a scatter range of the
expected LW volume by a factor of 3. For Vs/V. = 0.5, = 0.84 compared to = 1.19 for
Vs/Ve = 2. The variation of the LW volume Vs allows for a scenario-based flood risk as-
sessment and is useful for engineering application. So the design of LW retention struc-
tures, i.e. the rack height as well as the height of the required flood embankments can be
analyzed in more detail. The practical application of Eq. (5.16), Eq. (5.21), and Eq. (5.22)
to estimate backwater rise due to LW accumulations is demonstrated in a computational

example, provided in Section 6.

O Test series B; A =30
@ TestseriesB; A =6
O Testseries C; A =30
Eq. (5.22)

Figure 5.53 Backwater rise ratio # = Ah/Ah. versus relative LW volume V,/V. for test series B

(A =6and A =30), C (A =30), and Eq. (5.22)
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5.3.2 Local scour

5.3.2.1 Approach flow conditions and bed material

Figure 5.46 illustrates the formation of a natural LW accumulation with a movable bed
for increasing Vs (C10; Table 4.5). In addition, the scour formation and scour depth at the
rack S; can be observed in Figure 5.46. For test C10 (dn =2.7 mm), S;=0.14 m for
VilVe=0.5,S8-=0.28 m for Vs/Ve = 2, increasing up to Sr = 0.34 m for Vy/V. =~ 4.3. For the
experiments on local scour, the initial bed shear stress fic was set slightly below the
threshold value for incipient motion (Section 4.5.5). With increasing Vs, the flow up-
stream of the accumulation is altered. Due to increasing backwater rise, bed shear stress
6 increases, so 6 > Oic and also 8 > 0. for incipient motion, thereby initiating scour for-
mation. Every added LW package leads to increasing backwater rise (Section 5.3.1.5),
increasing 6, and therefore increasing Sy (Figure 5.46a versus Figure 5.46¢).

Figure 5.54 shows Sr for Vs/Ve=2, dw = 2.7 mm, and different Q (C8-C10). S; is
increasing with increasing Q or unit discharge ¢ = Q/B, respectively (Figure 5.54a versus
Figure 5.54c). For dn = 2.7 mm and V/Ve =2, Sr=0.16 m for O = 20 I/s (g = 0.05 m?/s),
compared to Sy =0.22 m for Q=301/s (g =0.075 m*s), and S, =0.28 m for Q=40 /s
(¢ = 0.10 m?/s). Similar to increasing Vs, hydraulic load likewise increases with increas-
ing ¢, leading to larger S.

In Figure 5.55, a photo series of S; is illustrated for Vs/Ve=1, O =30 I/s, and dif-
ferent mean grain size diameters d» = 2.7 mm, dn = 5.4 mm, and d» = 13.1 mm (C9, C4,
C12). Sr is decreasing with increasing dm (Figure 5.55a compared to Figure 5.55¢). For
VslVe=1 and Q=301/s, S-=0.22m for dn=2.7 mm compared to Sr=0.14 m for
dm=15.4 mm, and Sr = 0.07 m for d» = 13.1 mm. Given the same flow conditions, a larger
grain size diameter dn results in smaller & compared to smaller dw. If 6 is only slightly
above 0. for incipient motion, weak sediment transport occurs, resulting in smaller scour
depths compared to conditions with 6 >> 6.,. In addition, a large dm represents a greater

resistance, resulting in smaller scour depths.
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Figure 5.54 Scour with uniform bed material for V/V. =2, d,, = 2.7 mm, and (a) Q =20 I/s (C8),
(®) 0=301Vs (C9), and (c) Q=401/s (C10); Initial bed shear stress was set to &;c=0.04 for
dn=2.7 mm.
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|

Figure 5.55 Scour for various uniform bed material for V/V. =1, 0 =30 I/s, and (a) d,, = 2.7 mm

(C9), (b) dn=75.4 mm (C4), and (¢) dn = 13.1 mm (C12); Initial bed shear stresses were set to
6;c = 0.04 for d,, = 2.7 mm and 5.4 mm, and &;c = 0.05 for d,, = 13.1 mm
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The topography of the final scour S (after the addition of ¥y =0.023 m?) is shown
in Figure 5.56 to Figure 5.59 for tests C1, C6, C8 and C10. For dn = 2.7 mm, the maxi-
mum scour depth Smax = 0.20 m for Q = 20 /s, whereas Smax = 0.34 m for Q=40 1/s. In
comparison, for a larger grain size diameter dm = 5.4 mm, Smax = 0.17 m for O =20 U/s,
compared to Smax = 0.29 m for Q =40 l/s. Therefore, scour increases with increasing ¢
and decreasing dn. Scour volume Vscour for dm = 2.7 mm increased from Vicour = 29.1 dm?
for 0=201/s to Vicour=69.9 dm> for Q=401/s. In comparison, given Q=20 1/s,
Vicour = 29.1 dm? for d = 2.7 mm compared to Vscour = 17.1 dm® for dn = 5.4 mm. The
increase in Vscour for increasing Q and decreasing d» was observed for all other tests. Ac-
cording to Figure 5.56 to Figure 5.59, a symmetric scour along the transverse cross-sec-
tion developed, i.e. a 2D scour. So possible 3D or wall effects can be neglected for this

setup.
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Figure 5.56 Topography of final scour S for O =20 I/s and d,, = 2.7 mm (C8)
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Figure 5.58 Topography of final scour S for O =20 I/s and d,, = 5.4 mm (C1)
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Figure 5.59 Topography of final scour S for O =40 I/s and d, = 5.4 mm (C6)

In Figure 5.60a, the scour depth at the rack S, normalized with doo is plotted as a
function of Vi/V. for dw = 2.7 mm and different Q = 20 1/s...40 I/s (Fo = 0.57...0.47). The
development of S, /doo is comparable to Ah/ho as a function of Vs/Ve (Figure 5.47). For the
majority of the tests, Vs/Ve <1 generates not only the main increase of A/, but also the
main increase of Sy. For Vi/Ve = 1, Si/doo = 49 for Q = 20 1/s and increases up to Si/doo =~ 70
for Q=40 I/s.

The effect of different grain size diameters dw on Sr/doo is illustrated in Figure 5.60b.
Given Q =201/s and Vs/Ve =1, Si/doo = 49 for dm = 2.7 mm, Si/doo = 19 for dm = 5.4 mm,
and decreases to Si/doo = 1.3 for dw =13.1 mm. According to Figure 5.60a and b, grain
size diameter dn imposes a stronger effect on S compared to the approach flow condi-
tions, i.e. Q or q.

A longitudinal section of the average cross-sectional scour depth S» is shown in
Figure 5.60c and d. The position of the maximum scour depth (x =—7 cm) can be approx-

imated at the rack with x = 0 cm, i.e. Smax = S
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Figure 5.60 (a) S,/ds versus V/V. with d,, = 2.7 mm and different Q =20 1/s...40 1/s (C8-C10),
(b) Si/doo versus Vi/V. with Q =20 1/s and different d,, (C1, C8, C11), (c) and (d) longitudinal
section of the average cross-sectional scour depth S, for tests C1, C8-C11. Initial bed shear

stresses were set to O;c = 0.04 for d,, = 2.7 mm and 5.4 mm, and 0;c = 0.05 for d,, = 13.1 mm
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5.3.2.2 Normalized local scour depth: Design equation

To generalize the results, the governing parameters for local scour due to LW accumula-
tion (0ic = 0.04 for dm = 2.7 and 5.4 mm, Oic = 0.05 for dm = 13.1 mm) with uniform bed
material (Tests B1-B12) are discussed hereafter. The maximum scour depth Smax, i.e.

scour depth at the rack Sy, can be described by the basic parameters in Table 5.8.

Table 5.8 Basic parameters for scour due to LW accumulation

Parameters

Log diameter dr [m]
Log length Lr [m]
Characteristic large wood volume Ve [m?]
Solid large wood volume Vs [m’]
Unit discharge g [m%/s]
Mean grain size diameter dm [m]
Characteristic grain size diameter dga [m]
Characteristic grain size diameter dis [m]
Water density pw [kg/m?]
Wood density pr [kg/m?]
Sediment density Psed [kg/m®]
Gravitational acceleration g [m/s?]

The selected n =12 independent parameters include » =3 reference dimensions ([M]
mass, [L] length, [T] time). Based on a dimensional analysis, n — » = 9 non-dimensional
parameters ITi9 need to be defined. These Ili9 are the relative unit discharge
11 = g/(gdn’)*®, relative sediment density Iz = psd/pw=s, relative LW volume
I13 = Vy/V. , standard deviation og of the grain size distribution Is = (ds4/d16)*?, relative
log length Ils = Li/dL, , relative LW density Ile = pr/pw, ratio between sediment and LW
density I'17 = psed/pi, relative sediment diameter I1s = dw/dL, and ratio between log length
and sediment diameter Ilo = Lz/dw. As the log diameter, log length, and wood density
were not varied systematically in this study, Is...ITio are not included in the further anal-
ysis. As described in Section 5.3.1.7, pr may affect the LW accumulation shape, and
therefore may alter the scour depth. For increasing pr, increasing Ah/ho can be expected
and hence, increasing scour depth S. However, to test this hypothesis, flume experiments

with varying p. are deemed necessary. All tests were conducted for uniform bed material,
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so I'l4 will not be considered. Scour due to LW accumulation can therefore be described
by ITi...IT5. The exponents of the governing parameters were quantified with a non-linear

regression analysis and the dimensionless scour factor S is defined as:

0.85 0.30
S, = 0.86{#} (KJ . (5.23)
Jis-ngd; ) V.
According to Eq. (5.23), dm exhibits the largest effect on S« with an exponent of —1.28,
followed by g with an exponent of 0.85, and the relative LW volume with an exponent of
0.30. The governing parameters (unit discharge and grain size diameter) are comparable
to Eq. (3.20), describing local scour due to horizontal jets (Eggenberger and Miiller 1944).
Previous studies on the effect of LW on scour were mainly conducted for bridge pier
scour (Egs. (3.17)-(3.19). To include the effect of LW, the pier diameter was increased
and defined as an effective pier diameter (Melville and Dongol 1992, Lagasse et al. 2010).
In Eq. (5.23), however, LW is considered as a separate parameter with the ratio of Vs/Ve.
Based on Sy, the relative maximum scour depth Smax/doo at the rack can be described by a
linear relationship for Fo =0.5...1.5 and S4=0...120 (R’ = 0.97) with:
S

max_S
_— A*

(5.24)
d90

In Figure 5.61, Smax/doo is plotted as a function of S for test series C with Eq. (5.24),

and +30% prediction range. All data agree with the proposed design equation and

RMSE =5.2.

120 >
/
/
/
— / )
A s ;
- / Pid O  Testseries C
3"\ 60 ~ Eq. (5.24)
g - — — —1£30%
g a| -~
n
s
. R*>=0.97
60 120
S, -]

Figure 5.61 Snax/dso versus Sy for test series C, Eq. (5.24), and £30% prediction range
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In Figure 5.62a, relative prediction error ¢ is plotted versus measured relative scour
depth Smax/doo, with ¢ defined as:

S max
SA - d‘)O

- /T 5.25
£ 5 (5.25)

d%)
&> 0 corresponds to an overestimation of Smax/doo, whereas ¢ < 0 is an underestimation of
Smax/doo. The majority of the data points are within a £30% prediction range. In addition,
¢ decreases with increasing Smax/doo. Note that for dn = 13.1 mm (grey data points) and
Smax/doo < 2, data points exhibit 6.0 > ¢ > 2.1. Therefore, it is further recommended to ap-
ply Eq. (5.24) for Smax/doo > 2.

The residuals » = observed value — predicted value, i.e.:
S
yo=""max d,” S, (5.26)

are plotted as a function of Smax/doo in Figure 5.62b. The residuals plot indicates no clear

pattern and the majority of the data points are clustered in the range of » £10.

L
[ mr 1
I =
» ShiggiEEE ot

0 60 120 0 60 120

Figure 5.62 (a) Relative prediction error ¢ versus measured relative scour depth Smax/doo for the

tested du, (b) residuals 7 versus Smax/doo for the tested d,
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An error propagation analysis was conducted for Eq. (5.24) and the target value
Smax/doo. The input parameter range is summarized in Table 5.9 and Table 5.10. The total

errors for the input parameters were set to:

- O +1% - g +0 m/s? - Ve £10%
- B +0.002 m — dm: £0.0005 m — doo:  £0.0005 m
- s +0 - Vs +5% — Smax: £0.001 m

Compared to the relative errors of Eq. (5.24) with £6.0%...23.9%, the relative errors
of Smax/doo result in £6.0%...16.4%. The sum of relative errors exs, varies between 11.9%
and 40.2% for the different input parameters, resulting in a prediction range of £27%,

similar to the scatter of the final data evaluation (Figure 5.61).

Table 5.9 Total and relative error exs of Eq. (5.24) for various input parameters

Input parameters Eq. (5.24) eTr(;t:: R:i:g:e
(0] B s g dm Vs Ve S qu)((i 6) exs,r
sl [m] (] (s [mm] [dn] [dnd]| (]| [ [%]
20 0 04 265 981 0 27 3 53 | 3278 | +7.82 23.87
40 © 04 265 981 . 27 93 | 46 | 8656 | +20.66 23.87
20 0 04 265 981 0 54 68 - 68 | 1607 | +1.98 12.31
40 . 04 265 981 54 1901 62 | 4059 | 500 1231
20 04 265 981 131 197 127 | 592 | 2036 5.99

Table 5.10 Total and relative error exs of Smax/doo for various input parameters

Input parameters Measured data | Total error Relative error

S'max dog Smax/doo exs Eq. (4.6) exs,r
[m] | [mm] [-] [-] [%o]

0.15 3.06 49.02 +8.02 16.35
026 | 3.06 84.97 +13.89 16.34
014 | 589 23.77 £2.02 8.52
0.27 5.89 45.84 +3.90 8.50
0.02 15.40 1.30 +0.078 5.96
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The scour due to LW accumulations can be estimated for varying approach flow
conditions, bed material, and LW volume. The maximum scour depth Smax is further use-
ful for the estimation of backwater rise, as a large Smax may suggest a lower value for f4,
e.g. = 1/3 (Eq. (5.21)). The input data for the approach flow conditions and LW volume
can be obtained similar to the procedure for the estimation of backwater rise (Sec-
tion 5.3.1.7). The values for the bed material can be assessed by granulometric analyses

(e.g. line-sampling method).



154 Results and discussion

5.4 Measures for large wood accumulation risk reduction

The efficiency of two types of measures for LW accumulation risk reduction at bridge
piers was investigated using physical modeling. The measures are A = LW fin mounted
upstream of the bridge pier and B = bottom sill mounted on the channel bottom
(Figure 4.11; Section 4.6). The results are subsequently presented for the LW fin (Sec-
tion 5.4.1) and the bottom sills (Section 5.4.2), including design recommendations and

limitations.

5.4.1 Large wood fin

The model LW fin is made of PVC and was mounted upstream of the bridge pier
(Figure 4.11a). The variations (A.1-A.6) are listed in Table 4.7 and the test program is
summarized in Table 4.8 (Section 4.6).

A photo series of LW fin configurations to reduce LW accumulation probability p
at a bridge pier is illustrated in Figure 5.63. The LW fin was placed against flow direction
with a horizontal fin angle 62 = 90° (Figure 5.63a, e-f), or with 2 = 30° (Figure 5.63b-d).
In addition, the vertical fin angle 1 varied between o1 = 45° (Figure 5.63a-d) and d1 = 20°
(Figure 5.63e-f). It was hypothesized that transported logs may hit the LW fin, but dis-
perse due to the sharp edges of the LW fin and the small width in comparison to the bridge
pier. Due to the LW fin geometry, an accumulated log is more unstable, leading to an
increased eccentricity, and hence decreased p. The variation of 62 and the A—shaped top
should further foster the imbalance of an accumulated log, so logs are guided on the sides
of the bridge pier. In the following, p is compared between setups with and without
measures.

The results of p with measure A.1 (Table 4.7, Table 4.8, and Figure 4.11) versus
reference tests without measures (i.e. Ref) are depicted in Figure 5.64 for Lz = 0.20 m,
L1z =0.40 m, uncongested, and semi-congested LW transport. For uncongested LW
transport (Figure 5.64a-b), p only deviates for vo =0.50 m/s (p +£17%), in which p in-
creases for measure A.1 for L, = 0.20 m and decreases for L, = 0.40 m. However, for un-
congested LW transport, the mean difference between A.1 and the reference test is
p £8.3%, and consequently within the range of test reproducibility (£10%). For semi-
congested LW transport (Figure 5.64c-d), the mean deviations are higher with p +14.6%.

As no systematic trend can be determined, measure A.1 has no governing effect on p. The
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efficiency of A.1 was also not observed during the model tests. In contrast to the hypoth-

esis, logs accumulated at the LW fin similar to the bridge pier.

Figure 5.63 Measures for LW accumulation risk reduction with 4, =0.10 m, v, =0.50 m/s,

(a) A.1 (b)-(c) A.2, (d) A4, (d) A.5, and (e) A.6 (Table 4.7)



156 Results and discussion

(a)-(b) Uncongested LW transport
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1 1

(a) (b)
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0 0
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v, [m/s] v, [m/s]
(¢)-(d) Semi-congested LW transport
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Figure 5.64 Accumulation probability p versus v, with measure A.1 and reference tests (Ref) for
(a)-(b) uncongested and (c)-(d) semi-congested LW transport, (a)-(c) Lz =0.20 m, and (b)-(d)
L; =040 m (M1-M12 vs. B6-B7, B17-B18, B29-B30, and vs El, E3, E6, E9, E12, E14, E16)

In Figure 5.65, p is plotted as a function of v, for measures A.2-A.6 (Table 4.7,
Table 4.8, and Figure 4.11) versus reference tests for selected approach flow conditions,
L1, and uncongested LW transport. For measures A.2 and A.3 (Figure 5.65a), p is similar
to the reference test for vo =0.20 m/s and L. =0.20m (p +2.5%). For vo =0.50 m/s,
Lr=0.40 m, and measure A.2, p is = 8% lower compared to the reference test. As the
deviations are within the reproducibility range, no governing effect can be concluded.
Neither the variation of d2, nor a A—shaped top led to a significant reduction of p. The A—
shaped top was adapted to be sharper for measure A.4 and tested for
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vo =0.20 m/s...0.50 m/s and L. = 0.40 m. According to Figure 5.65b, p decreases = 13%
for vo = 0.50 m/s, but is similar for vo = 0.20 m/s, resulting in an average deviation of only
6%. The effect of 1 (measures A.5 and A.6), i.e. a longer LW fin, on p is also illustrated
in Figure 5.65b. The resulting p are higher with A.5 and A.6 compared to the reference
tests. Therefore, the variation of d1 does not reduce p.

In summary, the various LW fin configurations (geometry, orientation, aluminum
top) did not significantly affect the stability of accumulated log and contradicted the pro-
posed hypothesis. According to Lyn et al. (2003), a vertical cylindrical deflector reduced
p (Figure 3.3), but logs were still retained at the deflector itself. LW retention at a LW fin
or deflector may reduce the impact force of accumulated logs acting on a bridge pier.
Furthermore, it can prevent structural damages of a bridge pier itself by reducing scour.

Possible scale effects may exist due to the roughness of the LW fin as well as the
aluminum top in model compared to prototype. An aluminum top in prototype may be
smooth enough for logs to be guided on the sides of the bridge pier. The efficiency of a
LW fin to guide rootstocks farther downstream was not part of this present thesis. The
center of gravity is different for a rootstock compared to a log, which may affect the

resulting accumulation probability and hence the efficiency of the LW fin.

(a) (b)

p [-] p [-]

0.5 D\ﬁ 0.5

0 0
0 0.5 1 0 0.5 1
v, [m/s] v, [m/s]
—O—Ref L, =020m —O—Ref L, =0.40m
—+—Ref L, =0.40m —m—A4 L,=040m
® A2 L,=020m m A5 L,=040m
m A2 LL:0.4Om o A6 LL:0.4Om
@ A3 LL =0.20 m

Figure 5.65 Accumulation probability p versus v, with (a) A.2-A.3 vs. Ref, L; =0.20 m and
L;=0.40 m, and (b) A.4-A.6 vs. Ref, L; = 0.40 m (M13-M19 vs. B6+B7, B17+B18)
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5.4.2 Bottom sills

The bottom sill configurations are illustrated in Figure 4.11b and Figure 5.66. The differ-
ent setups are listed in Table 4.7 (Section 4.6) and include a cross-sill (B.1; Figure 5.66a),
single and double declined sills (B.2 and B.3 Figure 5.66b-f). For the double declined
sills (B.3), the distance Ax between sill and pier was varied to Ax =0 m, Ax = 0.15 m, and
Ax =0.30 m (Figure 5.66 and Figure 5.67). Similar to the concept of “instream river train-
ing structures” (Section 3.5), the bottom sills are supposed to alter the flow by inducing
secondary currents so transported logs do not accumulate at the pier. The flow is diverted
normal to the bottom sill, so depending on the position of the bottom sill, logs may turn
and are then guided at the side of the pier. In addition, the flow around the pier may
become more turbulent and surface waves increase. These flow conditions lead to a more
unstable accumulated log, thereby reducing accumulation probability. In Figure 5.66¢,
dye was added to visualize the flow, indicating a prominent flow alteration due to the
declined bottom sill. To test their efficiency, p was determined for L.=0.40 m,
vo = 0.50 m/s and varying 4, = 0.05 m, 0.10 m, and 0.20 m (Table 4.8).

The accumulation probability p is plotted in Figure 5.68 as a function of F, for
vo =0.50 m/s and Lz = 0.40 m with measures B.1-B.3 versus a reference test. Note that
the dashed line represents an assumption of p versus F, based on the results illustrated in
Figure 5.7c, i.e. p without any measures is similar for a wide range of F,. Given
Prer=53% for F»,~0.20...0.70, accumulation probability decreases due to B.1 by
8.3%...25.8% with an average decrease of 16.6% (Figure 5.68a). For B.2, p decreases in
a similar range (3.3%...23.3%) with an average reduction of 12.5% (Figure 5.68a). Both
measures indicate the strongest effect to reduce p for F,~0.67, corresponding to
ho = 0.05 m. For measure B.3 (Figure 5.67 and Figure 5.68b), the effect of various dis-
tances to the bridge pier Ax on p was tested. On average, p decreases by 17.5% for
Ax =0.00 m, by 20.3% for Ax = 0.15 m, and by 29.1% for Ax = 0.30 m. The average de-
crease in p due to measures B.3 is higher than the reproducibility range (+10%). The best
results to reduce p were obtained with B.3 and Ax=0.30 m. Given Ax =0.30 m and
Fo=~0.50 (ho =0.10 m; Figure 5.67c), p = 10% compared to prer= 53%. According to
Figure 5.68, the efficiency of bottom sills strongly depends on F, and /., respectively.
The efficiency further tends to increase with increasing F, or decreasing ratio of sill height
(subscript S) to flow depth As/ho (hs/ho = 13.3 for ho = 0.20 m, hs/ho = 6.6 for ho = 0.10 m,
and hs/ho = 3.3 for ho = 0.05 m).
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! ,’z“ =0.10m
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L/ =0.10m
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Figure 5.66 Measures for LW accumulation risk reduction with 4, =0.10 m, v, = 0.50 m/s for
(a) B.1, (b) B.2, (d) B.3 with Ax =0 m, (e) B.3 with Ax=0.15 m, (f) B.3 with Ax=0.30 m, and
ho=0.20 m, v, = 0.50 m/s for (c) B.2
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R /4 =005m
\ v, = 0.50 m/s

A s> m
\ v =0.50m/s

R, 2,=020m
b\ v = 0.50 m/s

h =0.10m
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Figure 5.67 Measure B.3 with Ax =0.30 m, v, = 0.50 m/s, (a)-(b) 4, = 0.05 m, (¢) 4, = 0.10 m,
and (d) 4, =0.20 m

Bottom sills are consequently a promising measure to reduce p. The efficiency of
this measure can be described by two governing effects: (1) flow diversion and (2) in-
creased turbulence. (1) The slightly shifted arrangement of the sills compared to the pier
centerline diverts the flow normal to the sill, generating a transversal flow component
(Figure 5.67c). Therefore, approaching logs are rotated normal to the bottom sill, i.e.
~parallel to the flow, which reduces accumulation probability p (Figure 5.4). (2) The in-
stalled sills lead to increased turbulence downstream of the structure. Depending on the
sill position with respect to the bridge pier (i.e. Ax), increased turbulence occurs right in
front of the bridge pier (Figure 5.67d). The flow velocity fluctuations can lead to varying
hydraulic forces acting on the log (Eq. (5.2)). These variations cause a rotating movement
of the log and log detachment. Accumulated logs are then unstable and disperse faster
compared to flow conditions without a bottom sill.

In contrast to a LW fin, p decreases due to the bottom sills. However, as the effi-
ciency of bottom sills depends on the approach flow conditions, the design has to be fur-
ther analyzed for a respective river topography and designated flow conditions. The effi-
ciency can only be recommended for a small range of boundary conditions. In addition,

the flume experiments were conducted with a fixed bed, thereby neglecting the effect of
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a movable bed. Scour or deposition changes the sill geometry and consequently affects
the wood diversion efficiency. The sill can further have a negative effect on the pier sta-
bility as the increased turbulence may lead to larger scour depths. Moreover, the construc-

tion of a fixed sill in the middle of the river in prototype may pose several challenges.

, 1 ,
(a) L,=040m (b) L,=040m

v =0.50m/s v =0.50m/s
0 [

p [-] rl-
5 I e

0 0
0 0.5 1 0 0.5 1
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O Reference O Reference
——B.1 —=—B.3 Ax=0.00 m
—&—B.2 —8—B3 Ax=0.15m
—F—B.3 Ax=0.30m

Figure 5.68 Accumulation probability p versus F, for v,=0.50 m/s and L,=0.40 m with
measures (a) B.1-B.2 versus Ref, and (b) B.3 versus Ref (M20-34 vs. B18); note that — — — —is an

assumption of p as a function of F, according to Figure 5.7c.



162 Results and discussion

5.5 Numerical modeling of large wood accumulation

The application of the 2D numerical simulation model ‘IberWood’ (Section 3.6 and Sec-
tion 4.7) was evaluated by comparing simulation results to selected physical model test
results. The preliminary results are subsequently presented for LW accumulation proba-
bility (Section 5.5.1) and backwater rise due to LW accumulation at a retention rack (Sec-

tion 5.5.2), followed by an evaluation of the applicability of ‘IberWood’ (Section 5.5.3).

5.5.1 Large wood accumulation probability at bridge piers

The model setup and numerical mesh to simulate LW accumulation probability p is illus-
trated in Figure 4.12a. The test program is listed in Table 4.10 and comprises the simula-
tion of a single circular bridge pier (N1-N2), and two circular bridge piers (N3). The test
procedure is described in Section 4.7.1 and can be defined as a continuous addition of
LW (Section 4.4.4). The corresponding physical model tests are E18-E19 for N1-N2, and
CS5 for N3 (Table 4.2 versus Table 4.10).

In general, the approach flow conditions were established after 150 s simulation
time (Figure 5.69a and Figure 5.70a). Previous studies also confirmed that the flow con-
ditions can be reproduced well using Iber (Ruiz-Villanueva et al. 2014c, De Cicco 2018).
For tests N1-N2, a log was transported to the pier perpendicular to the flow. Similar to
the flume experiments, the log orientation remained constant for the distance between log
addition and pier (Section 5.2.2). Depending on the flow velocity fluctuations, some logs
hit the bridge pier with a slight eccentricity (Section 5.2.1), turned and dispersed. How-
ever, if one log accumulated, the subsequently approaching logs formed a small accumu-
lation at the bridge pier. This process was also observed during the flume experiments for
continuous LW transport (Section 5.2.5). The first blocked log then acts as a ‘key log’
and initiates the accumulation. The resulting p are summarized in Table 5.11.

For N1 (Figure 5.69) with the log addition 1 m upstream of the bridge pier, the
mean accumulation probability pm is 23.3%. The simulation was repeated (with N = 3) by
adding the logs 0.20 m upstream of the bridge pier, resulting in pm of 63.3%. In contrast
to the flume experiments, the position of log addition highly affected p. With a shorter
distance to the pier, the log orientation and position relative to the pier are more probable
to stay constant, so the logs can hit the pier at its centerline. The high fluctuations between
the obtained p for the 3 repetitions are mainly due to the enabled turbulence. If turbulence

is enabled, logs are transported with the mean flow velocity plus fluctuations.
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Table 5.11 Accumulation probabilities using ‘IberWood’

Tests N D Dm Flume experiments p
-1 -1 -1 [-] and test number
N1 1 0.00
Log addition 1 m up- 2 0.00 0.23 0.73 (E18)
stream of pier 3 0.70
N1 1 0.65
Log addition 0.20 m 2 0.50 0.63 0.73 (E18)
upstream of pier 3 0.75
1 0.45
N2 2 0.00 0.41 0.94 (E19)
3 0.78
N3 1 1.00 1.00 0.79 (C5)
(a) Time step: 150 s (prior to LW addition) Flow velocity in x-direction [m/s]
0.23
- 0.18
-0.14
" 0.09
0.04
0.02
(b) Time step: 360s (after LW addition) # logs

(d) Time step: 360s (after LW addition) Water elevation [em]

L/

Figure 5.69 Test N1 with log addition 1 m upstream of pier; (a) flow velocity in x-direction v

prior to LW addition, (b) final LW accumulation, (c) v, and, (d) water elevation after LW addition
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Therefore, logs may be added at the same position for the different runs, but are trans-
ported with different flow velocities. Compared to the physical model tests, p is ~10-50%
lower (N1 vs. E18). After 360s (Figure 5.69b), the logs form a small accumulation in
front of the bridge pier. This leads to a decrease in flow velocity and increase in depth
upstream of the pier, which can be observed in Figure 5.69¢c and d. Downstream of the
pier, the approach flow conditions are established. Note that the black lines in Fig-
ure 5.69b are the log trajectories. For N2, all logs were added 1 m upstream of the pier
and pm resulted in 40.9%, which is =40% lower compared to E19. The deviations in p are
mainly due to the missing friction force between pier and log. In addition, the 3D flow
field cannot be reproduced by ‘IberWood’, lacking the prominent downward flow in front
of the bridge pier. Similar to the physical model tests, p increases with increasing L.
For N3 (Figure 5.70), all logs accumulated and p is =21.1% higher using ‘Iber-
Wood’. This can be explained due to the test procedure. With ‘IberWood’, the logs were
added continuously, whereas for the flume experiments, a log was extracted, before add-

ing the next log. The continuous LW addition increases p (Section 5.2.5).

(a) Time step: 150 s (prior to LW addition) Flow velocity in x-direction [m/s]

|0.25
0.19
0.14
0.09
0.04

0.01

(b) Time step: 300s (after LW addition) Flow velocity in x-direction [m/s]

I 0.29
023
0.17

0.10

- 0.04

: 0.01

(¢) Time step: 300s (after LW addition) Water elevation [em]

I 10.46

10.34
10.21
10.08
10.00
9.89

Figure 5.70 Test N3 with (a) flow velocity in x-direction v, prior and (b) after LW addition,

(c) water elevation; model log for visualization
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The effect of the accumulation on the hydrodynamics can be observed in Figure 5.70b
and c. Due to the spanwise blockage, the flow velocity increases at both log ends and

decreases upstream of the accumulation, similar to the flume experiments.

5.5.2 Backwater rise at a retention rack

The numerical model setup for backwater rise due to LW accumulation is illustrated in
Figure 4.12b, and the test program is listed in Table 4.10. A first simulation of a retention
rack with a LW accumulation was conducted for test N4. The approach flow conditions
and LW dimensions are based on the physical model test B7 (Table 4.4). To model the
same LW accumulation, =990 logs (Vs = 0.0056 m? and pr = 600 kg/m?®) were added ho-
mogeneously across the transverse cross-section at the channel inlet. The log position
angle varied between 0° and 90°. The first logs passed through the spacing between the
rack poles. As soon as one log accumulated, the following logs formed a rather homoge-
neous accumulation across the rack. Due to the LW accumulation, flow depth 1.5 m up-
stream of the rack increases to s, + Ah = 0.141 m compared to the approach flow depth
of ho=0.105 m (Figure 5.71). Resulting backwater rise with ‘IberWood’ amounts to
Ah = 3.54 cm compared to A2 = 2.10 cm in test B7. The backwater rise is therefore over-
estimated by =40% with ‘IberWood’, which is above test reproducibility of the physical
model tests (=15%; Section 4.5.7), and larger than +20% prediction range of Eq. (5.16)
(Section 5.3.1.7). The approach flow conditions are illustrated in Figure 5.72a and the
resulting LW accumulation in Figure 5.72b. The altered hydrodynamics due to the LW

accumulation can be observed in Figure 5.72¢-d.

0.15
z | RS
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Figure 5.71 Approach flow depth and resulting flow depth 1.5 m upstream of rack using ‘Iber-
Wood’
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(a) Time step: 150 s (prior to LW addition) Flow velocity in x-direction [m/s]

I 0.44
0.35

-0.25

.0.16

0.07
0.02
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Figure 5.72 Test N4 with (a) flow velocity in x-direction v, prior to LW addition, (b) final LW

accumulation with black lines as log trajectories, (c) v, and, (d) water elevation after LW addition

Flow velocity decreases upstream of the rack and especially upstream of larger clus-
ters of log accumulations. The LW accumulation length is shorter in the numerical model
(Figure 5.72b) and no LW carpet forms, which was observed in the flume experiments
for low Fo. In addition, the compactness of the accumulation cannot be accounted for with

a 2D simulation model, leading to an overestimation of backwater rise.



Results and discussion 167

5.5.3

Evaluation of ‘IberWood’

The experimental results on LW accumulation probability and backwater rise were used

to evaluate the application of the 2D numerical simulation model ‘IberWood’. The pre-

liminary results can be concluded as follows:

The simulation approach of 'IberWood' showed first promising results.

The application and interface of ‘IberWood’, including the pre- and post-pro-
cessing tool GiD, is user-friendly and allows rapid analysis of the results.

The log movement can be reproduced well using 'TberWood'. Similar to the phys-
ical model tests, logs were transported with their initial orientation for a short dis-
tance. Depending on the transverse velocity distribution in the channel, logs may
rotate to align parallel to the flow.

If turbulence is enabled, repetitions are required to obtain statistically significant
results of the accumulation probability p.

On average, p differed by =33% compared to the physical model tests, thereby
mainly underestimating p. The log-structure interaction still needs to be improved,
e.g. as the friction between log and structure is not included. Another option would
be to include an empirical equation (Eq. (5.7), Section 5.2.7) or an expert criteria
(e.g. Mazzorana et al. 2011) to determine the accumulation probability in ‘Iber-
Wood’.

The effect of logs on the hydrodynamics is well implemented in ‘IberWood’. For
a selected set of boundary conditions, a LW accumulation formed upstream of a
retention rack, resulting in backwater rise of 3.54 cm, which is =40% higher com-
pared to the physical model tests. The porosity cannot be accounted for in a 2D
model, leading to an overestimation of backwater rise. Natural LW accumulations
are a 3D phenomenon. However, the resulting backwater rise with a 2D model
can be useful as a first estimate and seems to correspond to a conservative ap-

proach.

In general, 'IberWood' is a promising tool to simulate wood transport, deposition, and

their effect on the hydrodynamics. However, further validation tests with varying (1) ap-

proach flow conditions, (2) LW characteristics, and (3) pier or rack dimensions are

deemed necessary to allow the practical application of 'IberWood' in the near future.
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6 Computational example

The developed design equations presented in Section 5 aim to improve the flood hazard

assessment of transported LW and are summarized in Table 6.1. The applicability of the

design equations and the required steps for a LW hazard and risk assessment will be

demonstrated in the following computational example.

Table 6.1

due to LW accumulations

Design equations for LW accumulation probability, backwater rise and local scour

Description and

application range Equation Eq. )
s ‘C”[ZVOZ ]0,43 (ii]o 60
LW accumulation probability | p=e¢ """ =¢ 85 L Eq. (5.7)
0<LWr<0.53;R*=0.83 x» = 1.00 for uncongested, and o
xn = 0.65 for congested LW transport
Backwater rise: Al F " (9FM " 1)
box-shape accumulation —=54LW, =54-= T Eq. (5.16)
0=02...14; R*=0.95 h, a
Backwater rise: AL F " (9FM +1)
natural accumulation —=54LW,f,=54f,~ e Eq. (5.21)
Fo=02...1.5; R*=0.97 h, a
Bulk factor a
(accumulation compactness) | @ = (5—1.35F)) Eq. (5.19)
Fo=0.3...1.5; R>=0.87
iversi |4 L v aVv.
Flow dlver.smn factor u and L,=—L andy=—4=—"1__= | Eq. (5.20)
accumulation length L4 h B . hBd, hBd,,
Characteristic LW volume:
fixed bed ~=3.1F, Eq. (5.11)
Fo=0.3...1.5; R>=0.89 0
Characteristic LW volume: 020
movable bed <=3 lFo[ : ] Eq. (5.12)
Fo=0.5...1.5; R*=0.98 Bh d,
Effect of LW volume on back- Al V A
water rise n=——m-s= {—Y] Eq. (5.22)
0=05...1.5; R*=0.93 An. V.
Local scour g q 085 7 0.30
Fo=0.5...1.5; S4=0...120; —% = (.86 —— > Eq. (5.24)
Ne-Ded, ) Ve J

R*=0.97
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The River Glatt is located in the Canton of Zurich, Switzerland, and is 37.5 km
long, starting from the Greifensee to the River Rhine. Restoration and local recreation
measures are planned at the River Glatt in the area of the city of Zurich (Griin Stadt Ziirich
2015, Figure 6.1a). Both river banks are vegetated with bushes and trees, which may in-
crease in subsequent years due to restoration measures. Several cross-sections of the River
Glatt are characterized by a series of bridge piers (Figure 6.1b and c). The combination
of (1) riverine vegetation, i.e. LW potential, (2) bridge piers and casing upstream of a
bridge pier, i.e. hot spots for LW accumulation, and (3) proximity to densely populated

area, i.e. potential damage, demands for a LW hazard and risk assessment.
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Figure 6.1 (a) Map of River Glatt in Zurich (swisstopo 2017), (b) and (c) circular bridge pier
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(1) Hazard identification
e Approach flow conditions (Scherrer AG 2002)

Discharge HQ100 =93 m%/s
Approach flow velocity vo=1.6 m/s
Approach flow depth ho=39m

Approach flow Froude number F,=0.32

e River infrastructure
Pier diameter dr=12m
Cross-sectional width B=12m

e LW dimensions
Log length L1 =3...6 m (estimate)
Log diameter dr = 0.10 m (based on Bezzola and Hegg 2007)

(2) Risk analysis

LW accumulation probability can be estimated using Eq. (5.7) for uncongested and
semi-congested LW transport. For the risk analysis, Figure 5.24 can be divided into
three areas (Figure 6.2), with p>30% corresponding to high (red area),
p = 10%...30% to medium (blue area), and p < 10% to low probability (yellow area).
Depending on the log length, the following accumulation probabilities p result for

uncongested LW transport:

Series B: dL: 0.015m

Series B: dL =0.030 m

Series B: dL =0.004 m

Series C: rough pier

Series C: square pier

Series C: triangular pier

Series C: d,, = 0.025 m

Series D: branches

Series D: p, =840 kg/m 3
Series E: semi-congested 3 logs

Series E: semi-congested 5 logs
Series E: continuous 40 logs

N
OO

EpOm X DOV AO

Series F: movable bed

Figure 6.2 Areas for LW accumulation probability risk assessment
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For semi-congested LW transport, p increases to

2\043 0.60
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The maximum accumulation probability amounts to pmax = 60%, corresponding to a

psemi—con,LL=3 =e

=60%

psemi—con, L;=6

high accumulation probability according to Figure 6.2. A casing with a utility cable
1s positioned upstream of the bridge pier (Figure 6.1b). Depending on the flow depth,
this obstruction can lead to a spanwise accumulation. Therefore, it is recommended
to estimate backwater rise due to LW accumulation.

Backwater rise due to LW accumulation upstream of the bridge pier and the casing
can be estimated for different scenarios (Eq. (5.21)). The required input parameters
are defined based on existing flow data and suitable assumptions. Approach flow
Froude number and flow depth can be determined based on flow measurement data.
For the flow diversion u = L4/dL, the following assumptions are made: The accumu-
lation length L4 is an uncertain parameter. For this computational example, L4 was
calculated with Eq. 5.20 (L4 = Viefi/hoB). The potential LW volume Vpot = 2,800 m?
was determined using Eq. (2.6) (forested stream length; Vpot = V7). The effective LW
volume was estimated to amount to 5% of Vpot, i.e. Viefr = 140 m?, based on previous
studies on the ratio between Vest/Vpot (Schalko ef al. 2017). The log diameter di. was
estimated based on values obtained after the 2005 flood (Bezzola and Hegg 2007)
and set to d. = 0.10 m. For the organic fine material, a percentage of 2.5% was esti-
mated. The bulk factor a can be determined using Eq. (5.19). Given a worst-case
scenario with a box-shaped accumulation and a fixed bed, the accumulation type fac-

tor f4 amounts to 1 and relative backwater rise results to

Ah F,u(9FM +1)
—=54f, o with a = (5-1.35F,) =(5-1.35-0.32) = 4.6 and
yoli_3m 4

d, 0.1m

Ah 0.32-30"%(9-0.025+1)

= =541, v =0.86



Computational example 173

€))

For a natural LW accumulation with a fixed bed f4 = 0.55, and Ah/h, decreases to
0.47. Given a natural LW accumulation with local scour, f1 = 0.30 and Ah/ho = 0.26.
Compared to the height of the flood embankment (4.3 m), the resulting flow depth
with accumulation / is higher for all scenarios, specifically +3 m (f1=1.0), +1.5m
(f4=0.55), and +0.7 m (f1 = 0.3). LW accumulation therefore intensifies the flood
hazard and would lead to flooding of the surrounding area.
The characteristic LW volume /., generating the primary backwater rise, can be
calculated using Eq. (5.11), assuming a fixed bed. Ve results in

v,

2

0

V.=1.00-h’B=1.00-3.90>-12.0 =181.8 n’’

=3.1F, =3.1-0.32=1.00

The corresponding backwater rise for Ve is Ahe = 3.66 m (Eq. (5.21) with f4 = 1.0 and
La=Vc/Bho=3.9 m). The effect of varying LW volume on backwater rise can be
estimated with the backwater rise ratio #, illustrated in Figure 5.53. The backwater
rise ratio amounts to # = Ah/Ahc = 0.92, indicating that the backwater rise for the
worst-case scenario (f4 = 1.0) is in the range of the characteristic backwater rise.
Local scour due to LW accumulation cannot be estimated, as F, = 0.32 is smaller
than the application range of Eq. (5.24) with F, > 0.50. In addition, Eq. (5.24) rather
applies to local scour at LW retention racks than bridge piers.

Risk evaluation

The resulting accumulation probability and backwater rise in combination with the
height of the current flood embankment indicate an increased flood hazard due to
LW. Based on the results of the risk analysis, possible measures to ensure the safe

downstream guidance of LW or for the retention of LW can be deduced.

The computational example demonstrates the applicability of the proposed design

equations, in particular to estimate the accumulation probability, backwater rise due to

LW accumulation, and effect of LW volume on backwater rise. It further demonstrates

the need for sensitivity analyses of various input parameters.
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7 Conclusions and outlook

7.1 Conclusions

Physical experiments were conducted in three different flumes and a 2D numerical sim-
ulation was performed with ‘IberWood’ to study hazards related to large wood (LW) in
rivers. The thesis comprises the following topics: (1) LW accumulation probability at
bridge piers, (2) LW accumulation characteristics at transverse river structures, resulting
backwater rise and local scour, (3) design of suitable measures at bridge piers for LW
accumulation risk reduction, and (4) numerical simulation of LW accumulation. For the
physical model investigations, a model setup was established to study the LW accumula-
tion process at model river infrastructures and its hydraulic and geomorphic impact. All
results were summarized in dimensionless design equations. Their practical application

1s demonstrated in a computational example (Section 6).

(1) Large wood accumulation probability

The objectives of the model tests were to improve the general process understanding of
LW accumulations at bridge piers, identify the governing parameters of LW accumulation
probability at bridge piers and combine the results in a design equation. The model tests
were conducted with a scale factor of 20. The effect of varying approach flow conditions,
LW and pier characteristics, and a movable bed on the accumulation probability was in-
vestigated. The main findings on LW accumulation probability p are:

e The required number of model test repetitions to obtain statistically significant
accumulation probabilities was determined to be N > 40. Thereby, the reproduci-
bility range results in +10%.

e The flume experiments were conducted in a conservative manner, as the logs were
inserted perpendicular to the flow and centered to the bridge pier axis. Logs trans-
ported in flow direction resulted in = 6 times lower accumulation probabilities p.

e The accumulation process of a single log at a bridge pier is described in terms of
the acting forces: A log detaches from the pier, if the horizontal force component
exceeds the friction force F > Fiiction. Thereby, the log exceeds a critical log po-
sition angle y.r. Given a constant roughness coefficient y = 0.6, ycrreq resulted in
~ 60°, which is up to 3 times higher compared to the observed values, pointing at

additional forces and processes inhibiting log detachment.
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e LW accumulation probability p increases with increasing log length Lz, decreas-
ing approach flow velocity vo, for semi-congested and continuous LW transport,
and with increasing number of bridge piers.

e The approach flow Froude number and flow depth (Fo, 4,) generally had a negli-
gible effect on the accumulation probability p.

e The bridge pier roughness, logs with branches, pier shape, and a movable bed (i.e.
scour) indicated a minor effect on the accumulation probability p.

e Based on a dimensional analysis, the results for uncongested, semi-congested, and
continuous LW transport were summarized in a design equation to estimate the
accumulation probability p at a single bridge pier (Eq. (5.7)). The governing pa-
rameters are log length L., approach flow velocity vo, pier diameter dp, and LW
transport type. L. exhibits the largest effect on p, with an exponent of —1.03, fol-
lowed by v, with an exponent of 0.86, and dr with 0.60. The effect of LW transport
can be considered with a pre-factor x», set to x»=1.0 for uncongested and
xn = 0.65 for semi-congested and continuous LW transport. The design equation
can be applied for F, = 0.08...1.2 and LWp=0...0.53 (R* = 0.83) with a predic-
tion range of +£30%.

e The recommendations for LW accumulation probability p for more than one
bridge pier are summarized based on the relation between log length L. and axial
spacing between the piers to:

- Li > axial spacing: LW accumulation probability resulted in p > 50% for un-
congested and p > 75% for semi-congested LW transport for flow velocities
ranging from vo = 0.20 m/s up to = 1 m/s (model scale). Therefore, cross-sec-
tions with two or more bridge piers are prone to LW accumulations and re-
quire further evaluations regarding their hazard potential.

- L1 < axial spacing: LW accumulation probability p should be determined us-
ing Eq. (5.7), as the accumulation process can be compared to the experi-

ments with a single bridge pier.

(2) Large wood accumulation characteristics — Backwater rise and local scour
The objectives of this part were to examine LW accumulation characteristics and in par-
ticular backwater rise and local scour due to LW accumulations. The model tests were

conducted in two model flumes and were divided in three test series (Figure 7.1).
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Series A o Series B

Figure 7.1 Setup for test series A, B, and C on backwater rise and local scour due to LW accu-

mulations

Series A modeled a predefined LW accumulation with a fixed bed and studied
the effect of approach flow conditions and LW accumulation characteristics on backwa-
ter rise A/ in a scale series (model scale factor A = 50, A = 30, and A = 6).

Series B investigated natural LW accumulations with a fixed bed and the effect
of approach flow conditions and LW accumulation volume on Ak with A =30 and A = 6.

Series C studied natural LW accumulations with a movable bed and the effect
of approach flow conditions, LW accumulation volume, and bed material on Ak and local

scour S with A = 30.

The main findings can be summarized as follows:
Series A:

e The setup and procedure of the flume experiments can be simplified as a prede-
fined LW accumulation placed between two racks, representing a worst-case sce-
nario that results in the highest backwater rise.

e Based on the results of the investigated scale series, backwater rise is slightly

smaller for A = 30 compared to A = 50 and A = 6. However, the variations of Ah/ho
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for the different model scales are within the reproducibility range. Therefore, pos-
sible scale effects are assumed negligible.

Organic fine material (FM; branches and leaves) were modeled using plastic fir
trees and natural fir and willow branches. All types of FM are suited to model
branches and leaves in an accumulation, when added as a volume percentage of
the solid LW volume Vs to the accumulation. FM affects the LW accumulation
characteristics, leading to a smaller porosity and an increased flow diversion due
to a longer and more sinuous flow path.

The approach flow Froude number Fo, bulk factor a (compactness of LW accu-
mulation), accumulation length L4 (representing the expected LW volume), mean
log diameter drm, and the volume percentage of organic fine material FM were
identified as the governing parameters for backwater rise Ah.

Backwater rise Ak increases with increasing approach flow Froude number Fo,
accumulation length L4, and organic fine material M and with decreasing bulk
factor @ and mean log diameter dr». Bulk factor a exhibits the largest effect on Ak
with an exponent of —4/3, followed by the linear effects of both F, and FM per-
centage. The flow diversion u = L4/dim shows a minor influence on A4 with an
exponent of 1/3. The governing parameters were combined to a dimensionless
LW accumulation factor LW, which correlates linearly with the relative backwa-
ter rise Ah/ho for Fo=0.2...1.4 (Eq. (5.16); R?> = 0.95). The prediction range of
Eq. (5.16) amounts to +20%.

Series B and C:

The LW accumulation shape can be approximated as box-like for the first per-
centages of added LW blocking the main flow cross-section. As soon as a “LW
carpet” forms, the LW accumulation shape changes from box-like to a trapezoidal
or triangular. The LW carpet leads only to a minor additional increase of backwa-
ter rise compared to the first percentages of added LW. With a movable bed, added
LW increases the hydraulic load, leading to scour formation. Compared to a fixed
bed, scour increases the open cross-sectional area and the LW accumulation ex-
tends further vertically downwards.

The LW volume generating the primary backwater rise prior to the formation of
a LW carpet is herein defined as the characteristic LW volume V.. It can be nor-

malized as a function of the approach flow conditions (F, and %,), channel width
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B, and bed material characteristics (dm); Eqgs. (5.11)-(5.12) for Fo = 0.3...1.5. The
estimation of V¢ is especially useful for flood hazard assessment.

e Compared to pre-installed LW accumulations, natural LW accumulations with a
fixed bed reduce backwater rise Ak to = 3/5. Local scour S decreases backwater
rise Ak to = 1/3. Eq. (5.16) was extended by the accumulation type factor f4 to
include the effects of a natural accumulation and a movable bed (Eq. (5.21) for
Fo=0.3...1.5; R>=0.97). Based on fi, the following scenarios can be distin-
guished:

- Worst-case scenario: Box-shaped LW accumulation with a fixed bed is as-
sumed and expected backwater rise A/ calculated with f4 = 1 (Eq. (5.16)).

- Average-case scenario: For river infrastructures where no scour may occur,
the effect of a movable bed can be neglected and f = 3/5 for natural LW ac-
cumulations.

- Best-case scenario: For river infrastructures where scour is expected and tol-
erable, f4 can be chosen to = 1/3.

e The variation of the relative LW volume V/V. allows for a scenario-based flood
risk assessment and is useful for engineering application. Eq. (5.22) can be ap-
plied for Fo =0.3...1.5 (R? = 0.93) and enables the analysis of the effect of vary-
ing LW volume on Ah.

e The governing parameters to describe the maximum local scour Smax due to LW
accumulation are unit discharge ¢, mean grain size diameter dm, and relative char-
acteristic LW volume Vi/Ve.

e Local scour increases with increasing g and Vs/V., and decreasing d». Based on a
dimensional analysis, a design equation was deduced to estimate maximum local
scour depth Smax due to LW accumulations at retention racks (Eq. (5.24)). The
grain size diameter dn exhibits the largest effect on Smax With an exponent of
—1.21, followed by ¢ with an exponent of 0.85, and the relative characteristic LW
volume with an exponent of 0.30. Based on a dimensionless scour accumulation
factor S4, the relative maximum scour depth Smax/doo can be described by a linear
relationship for Fo = 0.5...1.5 and Smax/doo > 2 (R’ = 0.97). The application of this

equation is mainly recommended for LW retention racks.

The results of test series A-C improve the process understanding of the formation

of LW accumulations at river infrastructures. The design equations enable the prediction
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of backwater rise and local scour for floods with considerable LW transport. The results
are especially useful for practitioners, as they increase the efficient planning of robust
LW retention structures. The data set may further be relevant for the validation of numer-

1cal simulation models.

(3) Measures for large wood accumulation risk reduction

The objective of this part was to examine and evaluate existing and new measures at
bridge piers regarding their accumulation risk reduction effect. The efficiency of a LW
fin and bottom sills was investigated using physical modeling. The resulting accumulation
probability p was then compared to the setup without measures. The findings can be sum-
marized as follows:

e The tested configurations of a LW fin did not decrease accumulation probability
p, supporting the findings that the pier shape did not affect p. For selected ap-
proach flow conditions, accumulation probability p even increased for a LW fin.
Based on the tested parameter range, LW fin cannot be recommended as an effi-
cient measure to reduce accumulation probability p.

e Bottom sills are a promising measure to reduce accumulation probability p for a
defined range of boundary conditions. The installed sills led to flow diversion and
increased turbulence. The best results to reduce LW accumulation probability p
were obtained with two consecutive sills (measure B.3), leading to a reduction of
accumulation probability p by 30%. The efficiency of bottom sills strongly de-

pends on the approach flow conditions (F, and /,) and distance to the bridge pier.

(4) Numerical modeling of large wood accumulation
The experimental results on LW accumulation probability and backwater rise were used
to evaluate the 2D numerical simulation model ‘IberWood’.
e Similar to the physical model tests, repetitions are required to obtain statistically
significant results of the accumulation probability p.
e On average, p was underestimated with ‘IberWood’ by =30%, as the log-structure
interaction still needs to be improved (friction between log and structure is not
included). Alternatively, an empirical equation (Eq. (5.7), Section 5.2.7) to deter-

mine the accumulation probability in ‘IberWood’ can be included.
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7.2

The effect of logs on the hydrodynamics is well implemented in ‘IberWood’.
However, backwater rise was overestimated by =30%, as a 2D model cannot re-
produce the 3D characteristics of a natural LW accumulation.

In general, 'IberWood' is a promising tool to simulate wood transport, deposition,
and their effect on the hydrodynamics. Further validation tests are required to al-

low the practical application of 'IberWood' in the near future.

Outlook

In addition to the findings of the present thesis, the following topics would further im-

prove the process understanding of large wood accumulations and add to the flood hazard

assessment:

Examine the flow conditions in the vicinity of a bridge pier to derive the acting
forces on an accumulated log. A more detailed analysis of the log-structure inter-
actions will certainly improve the understanding of the large wood accumulation
process at bridge piers.

Investigate the effect of the strength characteristics (tensile, bending, and flex-
ural), Young’s modulus, and density of the model logs on the transport and accu-
mulation behavior.

Provide estimates for backwater rise and local scour due to large wood accumu-
lations considering unsteady flow conditions (i.e. flood hydrograph), hyper-con-
gested large wood transport, varying log densities, and suspended sediment.
Conduct experiments with sediment feeding to evaluate the sediment continuity
of retention structures or check dams, given a large wood accumulation.

Analyze the efficiency of bottom sill measures with a movable bed, thereby quan-
tifying the effect of scour and deposition.

Continue to investigate large wood accumulations using a combined approach of
hydraulic and numerical modeling as well as field tests to further improve the

process understanding and flood risk assessment.

Furthermore, future research regarding the flood hazard assessment of large wood

should aim to put more emphasis on the safe downstream guidance compared to large

wood retention and removal, as large wood provides various ecological benefits in river

ecosystems.
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Notation
Symbols
a = Bulk factor [—]
A = Area [m?]
ABE = Hazard area due to bank erosion [m?]
Acatch = Catchment area [km?]
At cateh = Forested catchment area [km?]
Ars = Hazard area due to landslides [m?]
Apr = Projected area [m?]
Arec = Recruitment area [m?]
As = Lateral area [m?]
Asub =  Submerged area [m’]
b = Constant to estimate solid large wood volume [—]
bi = Constant to estimate loose large wood [—]
B = Width [m]
B = Average width [m]
Brparker =  Regime width [m]
B, = Width of retention rack [m]
C = Vegetation type coefficient [—]
Ca = Drag coefficient [—]
Cy = Friction coefficient [—]
d = Diameter [m]
da = Diameter of large wood accumulation [m]
detr = Effective pier diameter [m]
deft = Modified effective pier diameter [m]
d; = Grain size diameter at which i-% of the sample is finer [m]
diaL = Grain size diameter of armor layer [m]
dr = Log diameter [m]
dim = Mean log diameter [m]
dm = Mean grain size diameter [mm]
dp = Pier diameter [m]
d, = Rack pole diameter [m]

dr = Rootstock diameter [m]
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dR~

€s
€x
ex
exr

€xn

Fp
Farag
Fliiction
Fe

Fu
Fli
Fy

Ja

Setr

fis
FM

hp
hs
ha
ho

Geometric mean of maximal and minimal rootstock dimensions [m]
Deposition height [m]

Debris roughness index [—]

Eccentricity [m]

Maximum eccentricity [m]

Relative standard error [—]

Average relative standard error [—]

Standard error [Unit of the respective variable]

Total error [Unit of the respective variable]

Total error of target value X [Unit of the respective variable]
Relative total error of target value X [%]

Total error of measured parameter x, [Unit of the respective variable]
Reduction ratio [—]

Froude number [—]

Froude number within the accumulation [—]

Approach flow Froude number []

Hydraulic force [N]

Buoyancy force [N]

Drag force [N]

Friction force [N]

Gravity force [N]

Horizontal force [N]

Lift force [N]

Normal force [N]

Accumulation type factor [—]

Reduction ratio for the effective large wood volume [—]
Landslides reduction ratio [—]

Organic fine material [—]

Gravitational acceleration [m/s?]

Flow depth [m]

Height of movable bed [m]

Buoyancy depth [m]

Height of large wood accumulation [m]

Approach flow depth [m]
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ho/Hpridge = Relative approach flow depth []

hs = Height of sill [m]

h2 = Downstream flow depth [m]

Hpridge = Clearance height at the bridge [m]

HQ; = Flood with a return period of i-years [m?/s]
Jo = Bottom slope [—]

kst = Channel roughness [m'?/s]

ks = Equivalent sand roughness [mm]

K = Accumulation shape factor [—]

K> = Accumulation flow factor [—]

Ka = Ratio between scour depth with and without LW accumulation [—]
L = Length [m]

Ly =  Length of movable bed [m]

Ly = Length of large wood accumulation [m]

Lc = Length of large wood carpet [m]

Lr = Forested stream length [km]

L = Log length [m]

Lp = Pier length [m]

LW, = Large wood accumulation factor [—]

LWae = Large wood decay [m*/m s]

LW, = Large wood input [m*/m s]

LWin,rc = Large wood input from fluvial corridor [m*/m s]
LWipus = Large wood input from hillslope [m*/m s]
LWous = Large wood output [m*/m s]

LWp = Large wood probability factor [—]

M = Torque [Nm]

n = Number of samples []

N = Number of repetitions [—]

Nreq = Number of required repetitions [—]

p = Accumulation probability [—]

pL = Accumulation probability of single logs [—]
DPm = Mean / average accumulation probability [—]
Pmin = Minimum accumulation probability [—]

Pmax = Maximum accumulation probability [—]
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Notation

DR

Qo
Orw,in

QLW,out

Smax
Sy
SL
ir

tw

V4
Vo

Vx

Ve
Va
Vet
Vem
Vi
Vot
Vs
Vs rel

Accumulation probability of single rootstocks [—]
Unit discharge [m?/s]

Discharge [m?/s]

Approach flow discharge [m?/s]

Wood input rate [m*/s]

Wood output rate [m*/s]

residuals [Unit of the respective variable]
Reynolds number [—]

Hydraulic radius [m]

Relative sediment density [—]

Scour depth [m]

Scour accumulation factor [—]

Average cross-sectional scour depth [m]
Maximum scour depth [m]

Scour depth at the rack [m]

Sediment load [m?]

Test duration [s]

Watering time of wood [s]

Temperature [°C]

Flow diversion factor [—]

Flow velocity [m/s]

Flow velocity in large wood accumulation [m/s]
Approach flow velocity [m/s]

Flow velocity in x-direction [m/s]

Flow velocity in y-direction [m/s]
Volume [m?]

Characteristics large wood volume [m?]
Volume of discharge [m]

Effective large wood volume [m?]
Volume of organic fine material [m?]
Volume of loose large wood [m?]
Potential large wood volume [m?]
Volume of solid large wood [m?]

Relative solid large wood volume [—]
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VSC our -

Yer =

yIic =

PFM =

Volume of scour [m?]

Constant for scour due to horizontal jets [m®3/s%¢]
Measured quantity [Unit of the respective variable]
Pre-factor for large wood transport type [—]

Mean or expected value [Unit of the respective variable]
Target value [Unit of the respective variable]

Constant based on bridge type [—]

Normalized height difference []

Bed angle [°]

Log position angle [°]

Critical log position angle [°]

Initial log position angle [°]

Vertical large wood fin angle [°]
Horizontal large wood fin angle [°]
Difference [—]

Ratio of large wood accumulation area to the flow area [—]
Backwater rise [m]

Relative backwater rise []

Difference in large wood storage [m>/m]
Difference in time [s]

Difference in length [m]

Relative prediction error [—]

Backwater rise ratio [—]

Bed shear stress [—]

Critical bed shear stress [—]

Initial bed shear stress [—]

Scale factor [—]

Friction coefficient [—]

Bed friction coefficient [—]

Kinematic viscosity [m?/s]
non-dimensional parameters of [1-theorem [—]

Density of organic fine material [kg/m?]
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PL
Psed
pw

o

On

Og
TWood

¢
Qrw

Subscripts
A

AL

b

B

BE

c

cr

catch
dc

eff
f,catch
FC
FM
FMf

FM PVC
FMw

Density of logs [kg/m’]
Density of sediment [kg/m?’]
Density of water [kg/m?]

Water surface tension [kg/s?]

Standard deviation of sample []

Standard deviation of the grain size distribution o, = (dsa/d16)"> [-]

Wood shear stress [N/m?]

Porosity or void fraction of large wood accumulation [—]

Stock of large wood [m?/m?]

accumulation

armor layer

bed

Buoyancy

bank erosion
characteristic

critical

catchment

carpet

decay

discharge

effective

forested

forested catchment
friction

fluvial corridor

organic fine material
organic fine material, fir
organic fine material, PVC
organic fine material, willow
grain

gravity

hydraulic
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HS

in

IC

LS

Lw

max

min

out

pot
pr

1rec

rel

req

sed

sub

horizontal
hillslope
certain quantity
input

Initial condition
loose

log

landslides
large wood
mean
maximum
minimum
sample
normal
approach flow
output

pier

potential
projected

rack
recruitment
relative
required
rootstock
solid
sediment

sill
submerged
test

target value

water
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Notation

Abbreviations
ADV

c

CG
Cong.
Cont.
CWD
FOEN
IDM
LDS
LiDAR
LW
LWD
MW

Reg.
Repr.
RMSE
sq

SW

tr
UDS
VAW

Acoustic Doppler Velocimeter
Circular

Center of gravity

Congested

Continuous

Coarse woody debris

Swiss Federal Office for the Environment
Electromagnetic Flow Meter
Laser Distance Sensor

Light detection and ranging
Large wood

Large woody debris

Medium wood

rectangular

Regular

Reproducibility

Root Mean Square Error
Square

Small wood

Triangular

Ultrasonic Distance Sensor

Laboratory of Hydraulics, Hydrology and Glaciology
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