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1 Introduction

1.1 Motivation

Large wood (ILW) is an integral part of alpine rivers and an important component of flood
events. If LW accumulates, it alters the flow field (Gippel, 1995; Schalko et al., 2021), which
in turn can have a significant impact on river morphology and sediment dynamics (Ruiz-
Villanueva, Piégay, et al., 2016; E. Wohl and Scott, 2017). It is thus important to understand
where IW will deposit, how long it will remain, and what its effect on bed morphology will
be. Large boulders have been shown to influence the transport of LW by trapping key pieces,
leading to the formation of wood deposits (Nakamura and Swanson, 1994, Faustini and Jones,
2003, Bocchiola et al., 2008, Figure 1.1). Nevertheless, local obstructions are not considered in
common indexes that describe the factors controlling LW deposition in a river.
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Figure 1.1: Conceptual model for persistent features affecting sediment storage and turnover
in supply-limited mountain stream channels. Sediment storage and transfer is a function of
three kinds of interactions among large boulders (A), large wood (B), and bed load (C). Stream
channels lacking in LW may store and release fine bed load over shorter periods, whereas
streams with LW may store and release bed load over longer periods (Faustini and Jones, 2003).

Protruding boulders are naturally present in rivers, but are also artificially placed in river
engineering structures, such as block ramps. In the effort to implement ecologically valuable
bed stabilization measures, several types of ramps relying on dispersed configurations of
block clusters have been developed. They are referred to as “block cluster” type block ramps
(Tamagni et al., 2010). Block ramps are engineering structures that can fulfill both hydraulic
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engineering (bed stabilization through concentrated energy conversion) and ecological (pass-
ability) functions. Therefore, the performance of these structures are evaluated not only
according to their stability behavior, but also according to their ecological behavior (DWA,
2009). Little is known about the effect on block ramp performance of LW that might deposit
around the stabilizing blocks.

1.2 Background

Dynamic ramps are block ramps of the “block cluster” type, using material with a widely
graded grain size distribution ranging from fine material to large blocks. The material is
installed as a plane bed with a higher slope, so that a stable, natural structure with the sizing
slope will form upon sizing runoff (Weichert et al., 2007). Beffa Tognacca Sagl. proposed a
practical implementation of dynamic ramps for the stabilization and environmental upgrading
of several watercourses in the canton of Ticino. The flow conditions on these rough and
inhomogeneous beds are very complex and difficult to be described mathematically. Since
there was no empirical basis or reliable theoretical approach for the dimensioning of dynamic
ramps, tests were performed on a physical model in the Laboratorium3® (C. Tognacca et al.,
2019, C. Tognacca et al., 2021). Experiments on a physical model were part of the design
phase of the following three works: ramp on the river Ticino at Lodrino, ramp on the river
Tresa at Madonna del Piano and ramp on the river Ticino at Ronco Bedretto (Figure 1.2). The
average slopes of the tested structures are around 2-3% for Lodrino and Madonna del Piano,
respectively around 9-10% for Ronco. The specific discharges for the first two cases are high,
while for the third case, with high slopes, the determining specific discharges are relatively
low. Upon LW loading, significant deposits formed for the experiments on the ramp in Ronco,
while LW was transported across the ramp in Lodrino without interaction with the channel
bed. The LW deposits on the ramp in Ronco did not prove to compromise the performance of
the engineering structure.
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Figure 1.2: Dynamic ramp on the Ticino at Ronco Bedretto in the physical model at
Laboratorium?3P (left) and after realization (right) (C. Tognacca et al., 2021).

1.3 Objectives

To better assess the behavior of dynamic ramps over the whole range of possible slopes be-
tween about 2 and 10%, it was necessary to complete the experiments with physical model test
of a structure with an intermediate slope. The present work aims to analyze the structuring
processes under the influence of LW of a dynamic ramp with a target slope of 6%, and deter-
mining discharge of HQ1 o9 = 300 m3/s. Both sizes lie between those of the works in Lodrino
and Ronco Bedretto.
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2.1 Wood in river ecosystems

Trees or parts of trees (including rootstocks, roots, crowns, trunks, branches, and twigs) that
are carried into a fluvial corridor, are referred to as large wood (LW). In the literature, LW is
commonly defined as single logs with a diameter = 0.1 m and a length = 1.0 m (Keller and
Swanson, 1979 Nakamura and Swanson, 1994, E. Wohl and Jaeger, 2009, Ruiz-Villanueva,
Piégay, et al., 2016). The available IW volume in a fluvial system can be estimated by a
quantitative analysis of the recruitment processes of a specific catchment area, or by using
empirical formulas (Schalko, 2018).

2.1.1 LW potential and recruitment

LW recruitment processes have been shown to include tree death and subsequent felling
or uprooting, tree toppling due to high winds or fires, bank erosion, and IW delivery from
surrounding hillslopes by debris flows, landslides and avalanches (Keller and Swanson, 1979,
Benda and Sias, 2003, Reeves et al., 2003). The identification of potential process areas
commonly relies on geographical information systems (GIS), remote sensing tools, field
examinations, or a combination of these (Mazzorana et al., 2009, Bertoldi et al., 2013, Ruiz-
Villanueva et al., 2014). Identified process areas are intersected with forest areas and the water
network to obtain the potential LW volume V), the stock of wood in the catchment area that
can theoretically collect into the river. During a flood, not all of the potentially available wood
enters the waterbody and is transported. The effective LW volume V,f; can be estimated
based on recorded LW volumes in similar catchment areas of past floods.

Based on surveyed LW volumes during the floods of 1987 and 1993 in Switzerland and floods
in Germany and Japan, Rickenmann, 1997 derived empirical formulas to estimate V),,; and
Verr- He investigated relations of the LW volume to the following catchment area or flood char-
acteristics: Size of the catchment area A., discharge volume V;, Sediment load SL, forested
catchment area A. y and forested stream length L¢. Steeb et al., 2019 expanded the results
to include IW volumes from the 2005 flood in Switzerland and found significant correlations
to the following parameters in addition to those studied by Rickenmann: Stream length L,
peak discharge Qmax and precipitation volume V),. The best goodness of fit was found in the
following empirical formulas:

Verp=38A%> 2.1
Vepp=0.2SL0% (2.2)
Verp =5.7Q%5% (2.3)
Verp=0.2A23SL%® 2.4)
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2.1.2 Transport and deposition

LW transport usually begins when a certain discharge is reached. It then gradually increases
until it reaches a certain discharge, which is usually higher than the discharge capacity of the
channel, and then levels off again. Braudrick et al., 1997, identified three distinct LW transport
regimes: Uncongested, congested, and semicongested. During uncongested transport, logs
move without much, if any interaction between pieces and occupy less than 10 per cent of
the channel surface area. In congested transport, in contrast, the logs move together as a
single mass and occupy more than 33 per cent of the channel area. Semi-congested transport
is an intermediate regime, in which some pieces move individually while others interact.
Ruiz-Villanueva et al., 2019 extended the classification with another regime, hypercongested
transport (Figure 2.1 a). This regime describes a downstream moving log mass with several
layers of wood, occupying the entire channel area. Figure 2.1 b) shows the relationship of the
LW transport regimes and the flood hydrograph. The hypercongested phase forms on the
rising limb. Just before or during the flood peak, transport occurs in the saturated regime. After
the flood crest LW is transported uncongestedly. LW transport rates are thus characterized by
hysteresis, with more wood transported during the rising limb of the flood hydrograph than
during the falling limb Ruiz-Villanueva, Wyzga, et al., 2016.
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Figure 2.1: (a) Flow classification according to the content of sediment, water and wood. (b)
Conceptual model for the relationship between the discharge hydrograph and LW transport
regimes (adapted from Ruiz-Villanueva et al., 2019).

Nakamura and Swanson, 1994 identified channel width and sinuosity to be the main factors
that control the formation of LW deposits. The predominant trapping sites were identified to
be (1) the entrance of secondary channels, (2) within secondary channels, (3) outside of bends,
and (4) behind or between large boulders. These factors lead to relatively high abundances
of LW deposits in wide, sinuous geomorphic channels. Narrow, straight beds lack secondary
channels, but may have other trapping sites, such as very large boulders. Braudrick and
Grant, 2001 introduced the so-called debris roughness that describes the factors promoting
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LW deposition in a river. This dimensionless index characterizes a stream reach in a similar
way to hydraulic roughness, incorporating the ratios of LW piece length to mean channel
width Lp/wy,, LW piece length to channel radius of curvature L; /R, and LW buoyant depth to
channel depth d},/ h,,. The debris roughness DR is defined as

L dp )

Ly
DR x (611— +ap)—+as3s—

2.5
Wm R hm ()

where a;, a, and as are coefficients that vary according to the relative importance of each
variable. The DR thus accounts for the large scale geomorphic features, but does not consider
local obstructions. Bocchiola et al., 2006b investigated the transport of large woody debris in
the presence of obstacles. The distance traveled is assumed to be a function of the characteris-
tic distance between obstacles Ly, of the LW piece length L; and of the force applied by the
flow. The regression analysis based on dimensionless groups of these variables showed a high
statistical significance.

2.1.3 Effect of LW deposits

LW deposits in the channel alter the flow field, leading to geomorphological changes. The
altered flow resistance, sediment dynamics, and bedforms affect ecological processes in the
stream. A summary of the effects of the presence of LW in water courses is presented in Table
2.1.

Table 2.1: In-channel effects of LW.

Type of effect Description Studies

Geomorphic effects  Flow resistance: Wood is a roughness element MacFarlane and Wohl,
and leads to steps 2003, Comiti et al., 2008

Sediment dynamics: The presence of wood pro- Faustini and Jones,
motes sediment storage, patches of finer sedi- 2003, Osei et al., 2015,

ment, and alluvial channel segments E. Wohl and Scott, 2017

Bedforms: Wood influences channel anabranch- Abbe and Montgomery,

ing and the formation of bars and pools 2003, Baillie and Davies,
2002
Ecological effects Habitat diversity: Wood enhances habitat diver- Collins et al., 2012, Gur-
sity nell et al., 2012

Nutrient retention: Wood can increase the reten- Guyette et al., 2002,
tion of organic matter Beckman and Wohl,
2014
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2.1.4 Physical modeling of LW processes

In the context of river engineering, physical modeling in the laboratory has long been used
to link knowledge gained from field observations to theoretical and computational concepts
(Thomas et al., 2014, Friedrich et al., 2022). As such, physical modeling has also been applied
by many scientists in the study of LW processes relevant to river management. Combined with
rare but detailed observations of the complex interactions of LW in the field, the simplification
of LW and river channels in the laboratory becomes justifiable Ruiz-Villanueva, Wyzga, et al.,
2016. Friedrich et al., 2022 presented a detailed review of the state-of-the-art physical modeling
for the investigation of (1) LW transport dynamics and effects on channel morphology, (2) LW-
flow-sediment interactions at bridge piers and (3) LW-flow—sediment interactions at retention
racks. Since neither bridge piers nor retention racks are of relevance in the present study,
model experiments of the latter two categories are not discussed here.

Table 2.2 summarizes selected physical model studies that aim to analyze LW recruitment,
transport and deposition. In these works, both movable and fixed beds at slopes of around 1%
were investigated. The model sediment applied was fine, without larger roughness elements
such as blocks. In most studies, the length of the modeled LW was smaller than half of the
channel width. The studies investigating morphological effects of LW, summarized in Table
2.3, relied on similar experimental conditions with respect to slope, LW size and grain size. The
fine bed material was installed as movable bed to allow studying erosion. Figure 2.2 shows a
photo of such a model flume. The studies investigating higher slopes and gravel beds address
exclusively the effect of LW on flow resistance (Table 2.4). In these surveys the maximum log
length of the modeled IW was for the most part higher than the channel width. Under these
conditions, logs are integrated in step structures and increase flow resistance.

Figure 2.2: Photo of a model flume with a width of 1.3 m, used to investigate the influence of
0.08 m long IW logs on the topographic characteristics (Mao et al., 2020).
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2.2 Dynamic ramps
2.2.1 Concept and design of dynamic ramps

In the effort to implement ecologically valuable bed stabilization measures, several types of
block ramps relying on dispersed configurations of block clusters have been developed (Lange,
2007, Tamagni et al., 2010). Inspired by the self-stabilizing potential of natural channels,
Weichert et al., 2007 introduced one type of such engineering structure, the so-called dynamic
ramp. Weichert et al., 2009 described processes in steep open channels at discharges that
exceed the bed stability on different geomorphological scales (Figure 2.3). They described the
micro-scale as being dominated by individual bed particles, the meso-scale by a succession
of steps and pools. Laterally, the macro-scale describes the fluvial morphologies straight,
meandering, alternate bars and braided. Longitudinally, bedforms such as riffles and pools are
exhibited. In the reach scale, the geomorphic features refer to landforms rather than bedforms.
At the micro-scale the self-stabilizing corresponds to the selective erosion leading to a coarsen-
ing of the surface layer, protecting the underlying finer bed material. This so-called armoring
process thus leads to an increase of the mean grain size of the armor layer upon increasing
discharge. At the meso-scale, the self-stabilizing mechanism corresponds to the optimization
of the roughness geometry. The channel responds to the exceeding of stability by reconfiguring
itself towards a step-pool geometry. At the macro-scale the self-stabilization occurs due to
an assimilation of the bed structures to riffles and pools resulting in alternate bar structres.
Self-stabilization in the reach-scale is thought to occur due to the reduction of slope (Weichert
etal., 2009).

Micro-scale Meso-scale Macro-scale Reach-scale

Figure 2.3: Self-stabilizing processes in different geomorphological scales (Weichert et al.,
2009).

Based on these observations, Weichert et al., 2007 proposed the design of dynamic ramps,
imitating the structure of natural water courses. These are characterized by a course structured
surface layer featuring a sequence of steps and pools. Instead of constructing this structure
artificially, the river is left to its own resources to form a stable bed configuration. To achieve
this, bed material with a highly graded grain size distribution is installed as a plane bed at an
increased slope. The development of an armor layer and the formation steps by the grouping
of coarse blocks into bars across the channel width occurs naturally due to hydraulic loading
of the riverbed. The initial slope is chosen so that upon a certain dimensioning discharge, a
stable bed configuration with dimensioning slope will form.

The dimensioning procedure proposed by Weichert et al., 2007 initiate at the final condition
by the determination of the dimensioning discharge q4;,;, and the dimensioning slope S;;,.

12
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Aberle, 2000 derived a stability approach relating the critical discharge g, to the roughness
and the slope of the channel. The roughness is described by the standard deviation of the
bed elevations o, and the slope by sin a where « is the angle of the channel bed against the

gec=0.20-sina™ ./ go?d (2.6)

Since the differences between sin & and the slope S are negligible, Equation 2.6 can be rewritten

horizontal:

to find the roughness as a function of g and S:
0,=292- q0.67 . 5087, g—o.ss (2.7)

By doing this, the final bed roughness of the dimensioning condition o, 4;,,, can be determined.
This dimensioning roughness is decisive for the size of the largest blocks necessary. Weichert
et al., 2007 proposed to use the widely graded grainsize distribution given in Table 2.5 and a
maximum block diameter of dmax =4 -0 4im- In the initial condition, where this material is
homogeneously placed, the roughness can be estimated to be o ; 4;,, = 0.62-d;;,. The necessary
slope of this initial condition is estimated by calculating o, for successively lower discharges
and slopes until the initial o is reached.

dlﬁ/dmax dSO/dmax d84/dmax dQO/dmax dm/dmax
0.044 0.133 0.422 0.578 0.230

Table 2.5: Grain size distribution of bed material proposed by Weichert et al., 2007.

S. Tognacca et al., 2021 reported on the application of the above-mentioned concept in a
river engineering structure of Sy;,, = 2 —3%. For practical reasons, the grain size distribution
proposed by Weichert et al., 2007 was divided into a fine and a coarse fraction as base material
and stabilizing blocks. The stabilizing blocks were modeled in three block classes. The largest
class consisted of blocks with weights of 11.1 t and equivalent spherical diameters of 2 m,
which is inferior to dmax proposed by Weichert et al., 2007. S. Tognacca et al., 2021did not install
the material homogeneously but in a structured way. The largest block class was installed to
protrude from the base material, while the two smaller classes were fully embedded (Figure
2.4). Due to the protruding blocks, the initial roughness of the bed thus differed from o,
derived by Weichert et al., 2007. Upon hydraulic loading, exposure of the smaller rocks was
exhibited due to the erosion of the base material. This, which begins to occur at relatively low
discharges, led to a further, gradual increase in bed roughness.

13
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Figure 2.4: Dynamic ramp structure with the large structuring elements installed in layers as
proposed by S. Tognacca et al., 2021.

2.2.2 Stability design criteria

One way to quantify the stability of an open channel is through flow resistance, which relates
bed topography (slope, roughness and bedforms) to flow velocity and unit discharge. High
flow resistance implies high energy dissipation, and thus reduces the capability of the flow
to mobilize and transport sediment. Flow resistance is expressed as the ratio of the mean
velocity U of the flow to the shear velocity U* of the bed. The mean velocity U is traditionally
expressed using the Darcy-Weisbach equation which originally considered the turbulent flow
in pipes:

L
hp=f-L— 2.8)

where £y is the friction loss, f denotes the Darcy-Weisbach friction factor, U denotes the mean
velocity of the flow, L), is the length of the pipe, and d, the diameter of the pipe. The energy
gradient S, = hy/Lj, can be approximated with the bed slope S. Since dp = 4R, with R being
the hydraulic radius, which for a wide channel can be approximated by the flow depth £, the
equation can be rewritten for the mean flow velocity:

8ghS
U=/—— (2.9)
V' 7

With the shear veloctiy U* = /ghS the ratio is thus given by:

v_./® (2.10)

us \ f '
The term /8/ f is usually expressed as a function of the relative flow depth h/k, where k is a
measure for the bed roughness height. Commonly, a characteristic grain size is used as descrip-
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tor of k, in steep open channels the grain diameter for which 84% of the bed surface grains are
smaller dg4 is claimed to be most adequate (Rickenmann and Recking, 2011, Hohermuth and
Weitbrecht, 2018). Aberle and Smart, 2003, however, argue that a characteristic percentile of
the grain size distribution does not sufficiently describe the structure of gravel-bed profiles,
due to their irregular nature. They suggest that the standard deviation of the bed elevations,
o ; describes the bed roughness more adequately. Chen et al., 2020 analyzed a large data set
of measurements with a wide range of channel morphologies and flow conditions to test the
performance of dg4 or o ;. They found that o, consistently outperformed dg,.

The modified logarithmic law, introduced by Hey, 1979, is used typically as flow resistance
equation.

\/8/f =a) +ay-log(as-h/k) (2.11)

ai, az, and az are coefficients that have been calibrated e.g. by J. C. Bathurst, 1985, Ricken-
mann and Recking, 2011, Hohermuth and Weitbrecht, 2018 or Chen et al., 2020. Smart and
Jaeggi, 1983 introduced an additional slope variable in their modified equation.

Various researchers (Bray, 1979, Griffiths, 1981, J. Bathurst, 2002) applied a power law

\/8/f =ai(hlk)* (2.12)

Ferguson, 2007 introduced the variable power equation (VPE), which is linear for small and a
power law for high relative flow depths h/k. It is defined as
aap - (h/k)

8/ )% = 2.13
( f) (a% + ag . (h/k)S/s)O.S ( )

In both Equation 2.12 and Equation 2.13, a; and a, are calibrated coefficients.

Rickenmann and Recking, 2011 tested various flow resistance equations against a large field
data set, and found the VPE to perform best. Hohermuth and Weitbrecht, 2018 came to the
same conclusion, analyzing flume experiments with step-pool channels.

Another way to evaluate the stability is the determination of a critical specific discharge g,
for which a channel is stable at a certain structure and slope. Aberle, 2000 derived a stability
approach, where the standard deviation of the bed elevations o, accounts for the structure of
the slope:

ge=0.20-sina 3./ go? (2.14)

where « is is the angle of the channel bed against the horizontal, and g is acceleration due to
gravity.

In the context of river engineering structures that protect against bed erosion, the stability
criteria is often defined as a certain slope S that shall be maintained at a defined critical
discharge q. (eg. Weichert et al., 2007, Tamagni, 2013, Maager et al., 2019).
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2.2.3 Ecological and landscape criteria

The implementation of a dynamic ramp can not only be seen as flood protection, but also as a
river restoration measure. River restoration measures are defined by their common goal of
improving hydrologic, geomorphic, and ecological processes within a degraded watershed
and replacing lost, damaged, or compromised elements of the natural system (E. Wohl et al.,
2005). To evaluate the benefit of such measures, it is necessary to define its goals, and to
identify quantifiable sizes to evaluate the reaching of these (Gostner et al., 2013).

E. Wohl et al., 2015 summarized common goals of river restoration with the categories defined
in Table 2.6. From an ecological point of view, the implementation of a dynamic ramp is
primarily aimed at improving fish passage and esthetics of river sections where a major
elevation difference has to be overcome locally (Weichert et al., 2007 S. Tognacca et al., 2021).
The alteration of the channel geometry generated by this measure leads to a higher variability
of flow depths and velocities. The goals of channel reconfiguration and instream habitat
improvement can thus also be met through the implementation of this measure.

Goal Description

Esthetics/recreation/education Activities that increase community value: use, appearance, access,
safety, and knowledge

Bank stabilization Practices designed to reduce or eliminate erosion or slumping of
bank material into the river channel
Channel reconfiguration Alteration of channel geometry, planform, and/or longitudinal

profile and/or daylighting; includes meander restoration and in-
channel structures that alter the thalweg

Dam removal/retrofit Removal of dams and weirs or modifications/retrofits to existing
dams to reduce negative impacts

Fish passage Removal of barriers to upstream/downstream migration of fishes

Floodplain reconnection Practices that increase the inundation frequency, magnitude, or

duration of floodplain areas and/or promote fluxes of organisms
and materials between channels and floodplain areas

Flow modification Practices that alter the timing and delivery of water quantity

Instream habitat improvement Altering structural complexity to increase habitat availability and
diversity for target organisms and provision of breeding habitat
and refugia from disturbance and predation

Instream species management Practices that directly alter aquatic native species distribution and
abundance through the addition (stocking) or translocation of
animal and plant species and/or removal of exotic species

Land acquisition Practices that obtain lease for streamside land for the explicit
purpose of preservation or removal of impacting agents and/or to
facilitate future restoration projects

Table 2.6: Definition of common river restoration goals (adapted from E. Wohl et al., 2015).

The facilitation of fish passage can be evaluated by identifying migratory corridors. The
suitability of the flow conditions for fish migration is determined by the maximum acceptable
flow velocity U, and the minimum required flow depth hpi,. The flow velocity is compared to
the swimming velocity and the flow depth to the size of a target species (Tamagni et al., 2014).
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Those fish species whose habitat corresponds to the natural river state are considered as target
species. Table 2.7 lists channel characteristics that correspond to the zones of different species.
The ecological effectiveness does not have to be guaranteed for all flow conditions, but only in
a certain range of discharges (DWA, 2009). Fish migration should be assured for a period of at
least 300 days per year, i.e. between Qs and Q33 (Tamagni et al., 2014).

Slope [%] for water course width of
[1-5m] [5-25 m] [25-100 m]

Trout-zone 2.50-0.75 1.75-0.60 1.25-0.45
Grayling-zone 0.75-0.30 0.60-0.20 0.45-0.13
Barbus-zone 0.30-0.10 0.20-0.05 0.13-0.03
Bream-zone 0.10-0.00 0.05-0.00 0.03-0.00

Table 2.7: Typical slopes S [%] of the piscicultural zones of water courses in temperate Western
Europe (adapted from Huet, 1949).

For the assessment of the improving ecomorphological status in intream habitats, a number
of methods exist. In Switzerland, the modular stepwise procedure (Liechti et al., 1998) is
commonly used. In the USA, the rapid bioassessment protocols (Barbour et al., 1999) are
applied. Gostner et al., 2013 introduced the hydro-morphological index of diversity, HMID,
a metric for quantifying the variability of a stream section. The HMID is determined by the
coefficient of variation, CV, of the two variables flow velocity v and water depth /. Partial
diversity V(i) of each variable was expressed as

V) =1+CV;=Q1+o;/u;) (2.15)

with o; the variance and p; the average of the variable i. The HMID is defined as the multipli-
cation of the squared values of partial diversity:

HMID = V(v)?- V(h)? (2.16)
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2.3 Summary and research gaps

Despite the progress made in recent years, current understanding of the interactions between
LW and channel morphodynamics is still limited. Physical model experiments have been
applied to investigate recruitment, transport and deposition of LW. These previous studies
have mainly focused on low gradient flumes without local obstructions. The influence of LW
deposits on erosion processes was mainly studied in wide channels with gentle slopes. The
role of LW in steep gravel beds is usually associated in the literature with the formation of
steps leading to an increase in flow resistance. Due to their task of overcoming a steep section,
dynamic ramps have channel characteristics that are not sufficiently represented in the above-
mentioned studies. The steepness and roughness structure of these structures correspond
to that of steep mountain streams with step-pool structures. However, unlike in mountain
streams, the width of dynamic ramps is significantly greater than the longest expected LW
pieces. Therefore, the findings of studies on the effect of LW on steep mountain streams cannot
entirely be transferred to dynamic ramps. Even independent of LW, the structuring processes
of dynamic ramps are poorly studied. Physical modeling is still necessary for the design of
these engineering structures. For practical implementations, the behavior of dynamic ramps
at slopes around 2-3% and 9-10% under the influence of LW have been studied. For a structure
at a slope on the intermediate range, the following research questions shall therefore be
treated:

e Structuring processes of dynamic ramps
How does the structure of the dynamic ramp adapt to progressively increasing hydraulic
loading? To what extend does the structuring correspond to the processes described by
Weichert et al., 20092

¢ Effect of LW on the structuring processes
Under which conditions do LW deposits form? What direct influence do LW deposits
have on bedload dynamics? What is the effect of LW on both stability and ecological
performance of the ramp?

* Contextualization: Effect of hydraulic load type
To what extent do the structuring processes differ when the ramp is hydraulically loaded
stationary or with a hydrograph?
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3 Methods

The research questions formulated here-above are investigated by means of physical modeling.
Channel geometry, hydrology and LW quantities of the test setup are loosely based on a 1:35
Froude-scaled model of the Ticino River, in the municipality of Osco between the confluences
with the tributaries Foss and Piumogna. In the following physical model, the experimental
procedure and the measurement techniques are described.

3.1 Physical model

The experimental flume provided in the Laboratorium3P has a length of 8.5 m, and a width of
1.0 m and a depth 0.5 m. The upper part of the channel, which has a length of 6 m could be
inclined to 6%. The side walls were equipped with a roughness structure. Figure 3.1 shows a
photo of the model flume at the initial condition.

Figure 3.1: Photo of the model flume situated at Labroatorium®® in the initial condition. Water
will be run through flowing from left to right.

3.1.1 Similarity and scale effects

The physical model is built at a geometrical scale of 1:35. To maintain the constant ratios
of velocity, time and force a scaling law was applied. This was done to ensure geometrical,
kinematic and dynamic similarity. 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

19



3 Methods

Gravity U
Fr =\|———=4/— (3.1)
Intertia gL

with U the flow velocity, g the gravitational acceleration, and L a characteristic length. The
similarity requires Froude numbers to be identical in the model and in the prototype. From
this condition, the scale factors given in Table 3.1 can be derived.

The use of natural wood dowels as model LW leads to an overestimation of their strength
properties (tensile, bending and flexural) and their Young’s modulus. Consequently, fracture
and deformation behavior as of the prototype cannot be adequately reproduced in the model.
Deposited logs in the prototype can break into smaller pieces, increasing the compactness of
the deposit Schalko, 2018. The scale effects due to cohesion can be neglected if mean grain
size diameter of the model is above the limit of 0.22 mm Zarn, 1992.

Table 3.1: Scale factors according to Froude similitude.

Parameter Scale factor

Length A
Area A2
Volume A3
Time A2
Velocity A2
Discharge 2572
Force A3

3.1.2 Channel geometry

The model flume was equipped with a movable bed at variable slope. Upstream, a 1.00 m long
inlet section with larger stable roughness elements at a slope of 3% was installed in order to
gain a fully developed turbulent flow. The buffer zone had a length of 2.25 m and a slope of 3%,
the ramp a length of 3.75 m at an initial slope of 7%. Downstream of the ramp the model had a
length of 1.50 m where the movable bed was also installed at a slope of 3% as outlet section.
A coordinate system was used with x measured along the flume length, y across the flume
centered on the flume axis, and z as elevation. The geometry of the movable bed is provided
in Figure 3.2 as a schematic drawing.
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Figure 3.2: Schematic drawing of the model flume, length profile and plan view.

3.1.3 Model sediment

As implemented by S. Tognacca et al., 2021, the widespread grain size distribution proposed
by Weichert et al., 2007 was divided in a base material and larger blocks. The characteristic
parameters of the base material in model scale are provided in Table 3.2. The blocks that
lined the buffer zone and the ramp were divided into three classes of different sizes that were
marked with different colors. The equivalent spherical diameters D of the classes in model (M)
and prototype (P) scale, as well as their mass m in prototype scale are summarized in Table
3.3.

Table 3.2: Characteristic parameters of the grain size distribution of the base material in model
scale.

dy (mm]  djo [mm] djg [Imm] dgo [mm] dgg [mm] dgp [mm]

9.2 0.4 0.6 8.8 15.3 17.7

Table 3.3 also states the number of blocks of each class per unit area N4. The blocks were
placed on the base material with a resulting block placement density Ay = N, -7n(D/2)?
(Figure 3.3 a). Then they were inserted into the base material, so that the blue and green
class were fully embedded and the red class was semi embedded (Figure 3.3 b). The resulting
protrusion P of the block classes in the initial condition are provided in Table 3.3. The block
density A, defined as the proportion of the armor layer surface covered by blocks of each class
was determined by processing the orthomosaics.
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Table 3.3: Definition and characteristics of the block classes.

color mp(t] Dp[m] Dylcm] Nym?] Ag[%] P lcm]

blue 2.1 1.2 3.3 1210 17.6 0
green 7.4 1.8 5.0 248 8.1 0
red 16.9 2.3 6.6 129 7.5 3.3
@ (b)

Figure 3.3: Block placement (a) and block position in initial condition, after insertion into the
base material (b).

3.1.4 Model IW

The model LW, consisting of natural wooden dowels without branches, is shown in Figure 3.4.
The size distribution was derived from the distributions provided in BAFU, 2019 that were
based on the analysis of LW deposits on watersheds in Switzerland (Figure 3.5). The largest
pieces, in the upper quartile of the size distribution, were modeled in five classes, with relative
fractions by number N;/N;,; derived from the length distribution (Figure 3.5 b). Table 3.4
summarizes the definition and characteristics of the LW classes.

40 cm

Figure 3.4: Model LW consisting of five classes of wooden dowels.
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Figure 3.5: Typical diameter (a) and length (b) distribution by number of logs of wood deposits
in Swiss water courses (BAFU, 2019). The modeled LW accounts for the 25% largest pieces in
five classes as indicated in (b).

Table 3.4: Definition and characteristics of the LW classes.

class drplm] Lpp[lml drmlcml Lpylcm] color N;/Nigs [%] VIVigs [%]

1 0.2 4.0 0.6 11 brown 55 15
2 0.3 6.0 0.9 17 green 22 20
3 0.3 8.0 0.9 23 white 10 12
4 0.4 10.0 1.1 29 red 7 19
5 0.5 14.0 1.4 40 brown 6 35

3.2 Experimental procedure

A total of 4 experiment series were conducted. Experiment series S1-S3 served to investigate
the influence of LW by comparing erosion processes upon loading without LW (experiment
series S1) to those including LW (experiment series S2). A series including LW was repeated
(experiment series S3) to test reproducibility. The three series S1, S2, and S3 consisted of a set of
runs with incrementing stationary discharges that were run through the flume until sediment
transport had ceased, and a stable channel configuration was formed. Experiment series
S4 aimed to investigate the overestimation of erosion induced by this stationary hydraulic
loading. This was done by loading the flume with a flood hydrograph. The duration of the run
was not limited by morphological equilibrium, but by the total water volume acting on the
ramp. This volume was determined corresponding to typical flood volumes at the prototype
site in Piumogna. Table 3.5 summarizes the experiment series.
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Table 3.5: Summary of the experiment series.

Series Hydraulicloading IWloading

S1 stationary

S2 stationary X
S3 stationary X
S4 hydrograph

3.2.1 Hydraulic loading

The hydraulic loading was based on the peak discharge Q4 of the characteristic floods of the
river Ticino between the confluences with the tributaries Foss and Piumogna: HQsp =253 m3/s,
HQj00 =301 m3/s, HQ30p = 346 m3/s and EHQ = 452 m?/s. Additional discharges were defined
so that the increments between the runs were around 7 /s in model scale. The return period
of these additional floods was determined with a logarithmic relationship (Figure 3.6 a). All
investigated peak discharges and their return period are given in Figure 3.6.
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Figure 3.6: Return period of the investigated peak discharges.

The hydrograph was derived based on a parametrization of a flood hydrograph of the Ticino
registered at the hydrological gauging station Piotta. The station is situated immediately
upstream of the inflow of the tributary Foss. The flood of August 25 1987, corresponding to a
return period of >150 years, was parametrized (Figure 3.7 a). The total duration of the flood
tpq was defined as ryq = 41, with ;) the time to peak. The time of peak flow was defined
as fpeqr = 30 min. The extrapolation of the hydrograph to the peak discharges was reached
by an extrapolation of the rising limb, so that the slope was identical for floods of all return
periods (Figure 3.7 b).
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Figure 3.7: Derivation of the flood hydrographs.

In the first run, the channel was loaded with the entire derived flood hydrograph. To avoid
repeating the rising and the falling limb in the subsequent runs, which would result in an
overestimation of the total water volume acting on the ramp, only the additional volume of the
incremented peak was considered. This led to the modeled hydrographs given in Figure 3.8.
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Figure 3.8: Modeled hydrographs.

3.2.2 IWloading

LW was loaded in series S2 and S3 at time intervals of 5 min in packages with the size dis-
tribution given in Table 3.4. The volume of the packages, V), was increased linearly with
peak discharge as given in Figure 3.9. The wood pieces of each package, were introduced
individually into the top of the flume, randomly oriented and distributed over the channel
width. In series S2 packages were introduced until morphological equilibrium was reached.
To test reproducibility in series S3 the same amount of packages were introduced.
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Figure 3.9: Volume of the LW packages.

3.3 Measurement techniques
3.3.1 Photographic documentation

The experiments were photographically registered with a stable camera, automatically record-
ing an image every minute. This allowed for a time lapse sequence to be generated. Relevant
details were filmed and/or photographed additionally. Furthermore, the channel was system-
atically photographed at morphological equilibrium during the run and after the run from a
side view in a series covering the entire channel length.

3.3.2 Manual survey

Elevations of the bed were measure with a laser rangefinde at the initial condition and after
each run. This was done at intervals of 0.25 m in the x direction and 0.10 m in the y direction
with a laser rangefinder. In the series with stationary hydraulic loading (S1, S2, S3) the water
level at morphological equilibrium was measured on the same measuring grid with a ruler.
Furthermore, the position and class of each deposited log was registered in the two series
including LW (S2, S3). When larger deposits were formed, the position of the corresponding
logs was simplified to the position of the cluster center.

3.3.3 Photogrammetric survey

The bed topography was captured with a high resolution camera (type: Canon EOS 90D,
resolution: 6960 x 4640 px, Focal length: 24 mm) on a mobile crane above the channel. A
total of 20 to 50 photographs was registered on two axes along the x direction, resulting in
an overlap over nine images on the channel surface. The images were aligned using the the
Agisoft software Metashape.

19 ground control points (GCP) were defined, of which 14 were situated on the top edge of
the channel sidewalls and 5 around the channel on the floor, around 0.5 m beneath. The
elevation of all GCP was determined by means of a theodolite. The x and y position of the
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GCP on the channel edge was determined by a series of distance measurements between the
points. The Excel solver add-in was used to minimize the total error of the GCP coordinates
and to distribute it evenly among the points. The square sum of the error of the GCP locations
could be optimized to 6 mm.

3.3.4 Particle image velocimetry

In series S2 and S3, particle image velocimetry (PIV) was applied to analyze flow velocities
on the ramp. For this, the flow field was homogeneously seeded with confetti (typical size
3-4 mm). The images of the tracer particles were recorded with a fixed camera (type: GoPro
HERO9, spacial resolution: 3840 x 2160 px (4K), temporal resolution: 20 fps) above the channel.
The field of view covered the full width of the channel and the range x = [3,8]m. Both protruding
blocks and wood deposits lead to confetti blockages. PIV was therefore only applicable when
the blocks in the wetted channel were fully submerged and LW deposits had resolved. A PIV

3D

algorithm developed at the Laboratorium®" was used to process the captured images to obtain

velocity vector fields.
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4 Results and discussion

4.1 Qualitative observations

4.1.1 Series S1 - stationary, without LW

In the first runs, with relatively low specific discharges, the base material was mobilized
revealing the blue and green blocks. This can be interpreted as the channel’s response to the
exceeding of stability being the armoring of the surface layer. The process was not revealed
homogeneously over the entire channel. The wake of the red blocks emerged as a calmed zone
where fine material was deposited. Furthermore, the armoring process was more pronounced
on the ramp than on the buffer zone. This can be explained by the higher slope on the ramp,
reflected by higher shear forces allowing the mobilization of larger grains. A mobilization of
the blue blocks was first observed upon the specific discharge of g = 151/(sm), red and green
blocks started to move at g =22 1/(sm). At this discharge, and mainly also at g =281/(sm) an
increased meso-scale structuring was observed. Clustering of the blocks, initiated from the
bottom of the ramp, was observed mainly on the central strip (Figure 4.1 a).

q = 1.51/(sm)
G =28 1/(sm n

Figure 4.1: Impressions of series S1. (a) Bed formed by the critical discharge g, =28 1/(sm),
loaded with g = 1.5 1/(sm). Meso-scale structuring has led to the formation of steps and pools.
(b) Formation of bar features upon g =351/(sm). Between x =2 m and x = 4.5 m a bar feature
has formed on the right side.

Upon g =351/(sm) the flow concentrated on the left side at the ramp head and on the right
side at the ramp foot. At stable bed conditions, a bar structure had formed on the right side
of the ramp head. On this bar feature the flow depth was low and the red blocks were not
submerged (Figure 4.1 b). The formation of this bar feature is understood as a macro-scale
response to the exceeding of the bed stability. The relatively low flow velocity on the bar
structure allowed for the deposition of fine material (Figure 4.2). However, since no sediment
was supplied, the structural formation of the macro-scale structures was less so due to the
deposition of incoming material, and more so due to the effects of erosion. A large volume
of sediment, including roughly 300 blue blocks and 20 green blocks, were transported out of
the channel. The resulting rotational erosion led to a lowering of the ramp head of 7.5 cm
on average. The channel responded to the exceeding of stability, also on the reach scale by
a decrease in slope. The roughness elements at the inlet section were mobilized, so that the
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Figure 4.2: Selected orthomosaics of series S1. The top image shows the ramp at its initial
condition, the bottom image after significant structuring on all morphological scales.

development of the flow was no longer guaranteed. The inlet section was econstructed before
the following run.

The further increase of the specific discharge led to a gradual erosion of the bar structure from
upstream. Already at stable conditions upon g =42 1/(sm), the red blocks on the bar feature
were fully submerged. After loading with g = 48 1/(sm), the stable bed was more or less plane.
The gradual decrease in slope continued upon increased loading. Morphological equilibrium
could not be attained in the last run with g = 62 1/(sm), since the maximum erosion of 15 cm
at the inlet was reached. The processes on different morphological scales as described by
Weichert et al., 2009 were observed. Processes on the macro- and reach scale, however, were
only observed at discharges of g > 301/(sm).

4.1.2 Series S2 - stationary, with LW

As described in Chapter 3, LW LW pieces were loaded individually, with their orientation
randomized. At discharges between g =31/(sm) and g = 22 1/(sm) the individual logs moved
by rolling, sliding, or floating, with no dominant bias towards a particular orientation. At
higher discharges, when the red blocks were fully submerged, flotation was the most common
mode of transport observed. The collision of moving pieces with stable pieces were observed
to lead to (a) redirection of the moving piece, (b) trapping of the moving piece in front of the
stable piece, or (c) mobilization of the stable piece. Therefore, although the logs were supplied
uncongestedly, the mobilization of larger deposited clusters ocasionally led to semi-congested
transport. The time to morphological equilibrium was determinant for the number of IW
packages supplied. The number of packages supplied during each run N, the resulting
cumulative number of logs supplied Ny, ;0;, and the number of logs that remained stable on
the channel Ny b1 are provided in Table 4.1. Since no more interaction between channel
bed and LW pieces could be observed at specific discharges g > 22 1/(sm), the addition of wood
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was ceased from a discharge g > 351/(sm).

Table 4.1: LW budget during the runs of S2. At runs with discharges g > 35 1/(sm) the addition
of wood was omitted.

q [1/(sm)] Np [-[1 Niptor [-]  Npgtable [-]

3 2 46 24
9 6 220 71
15 12 628 62
22 15 1228 2
28 18 2056 0
35 21 3127 0

In the first run, all LW pieces deposited, most of them at the inlet section. These logs were
removed after the run. The 24 pieces that remained stable on the ramp were mainly deposited
individually. In the second run, a total of 71 logs was deposited, both individually and in three
larger clusters, located around x = 1.25 m, x = 1.75 m (buffer zone) and x = 5.5 m (ramp). 51
of the 62 deposited logs in the following run (g = 15 1/(sm)) were clustered in a large deposit
on the left side of the buffer zone (x = 1.5 m). Figure 4.3 shows the deposited LW pieces on a
scatter plot and on the orthomosaic. In the following run at g = 22 1/(sm), the red blocks were
fully submerged and the existing LW deposits dissolved. Two pieces remained on the ramp.
Additional orthomosaics are given in Figure A.2 in Appendix A and Figure B.1 in Appendix B
summarizes the number and position of logs deposited during the runs of S2.
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Figure 4.3: IW deposits that formed upon g = 15 1/(sm) as scatter plot and visible on the
orthomosaic.
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The first runs of S2, up to q = 28 1/(sm), were marked by structuring processes on the micro-
and the meso-scale. The armoring process (micro-scale structuring) was influenced by the
heterogeneous flow conditions on the channels. During this run they were not only driven by
roughness elements and differences in slope, but also by deposited LW pieces. Around the LW
deposits, a redirection of the flow leading to increased erosion was observed (eg. Figure 4.4).
The mobilization of blue blocks was first observed at g = 9 1/(sm), mobilization and clustering
of all block classes (meso-scale structuring) was observed at g = 151/(sm). At g =281/(sm) a
deepening of the central axis at the ramp head occured, leading to pronounced step features.
Upon g = 35 1/(sm) pronounced alternate bar features formed on the left side of the ramp
head and on the right side on the outlet section. The dry bar around x = 3.5 m was up to 25 cm
wide in the y direction and extended over 2.5 m in the x direction. As in series S1, deposition
of fine material on the bar structure could also be observed. The bar feature was also gradually
transported downstream upon incremented discharge. However, at g = 48 1/(sm) the bar
feature was still not fully submerged (Figure 4.4). After g = 551/(sm) the maximum erosion of
the inlet of 15 cm was reached and the run with g = 62 1/(sm) was dispensed with.

Figure 4.4: Impressions of series S2. a) Heterogeneous armoring process around LW deposits.
b) Persisting bar feature at g = 481/(sm).

4.1.3 Series S3 - stationary, with LW (reproducibility)

The LW transport processes observed in S3 were consistent with those observed in S2. Table 4.2
summarized the LW budget for this series. In the first two runs, LW was deposited in a rather
dispersed manner over the entire width and length of the buffer zone and the ramp. Upon
g =151/(sm) the deposits concentrated on the right side of the channel, where the mobilization
of the base material was observed to be reduced. Deposits of over 20 logs remained stable on
the right bank even upon g = 28 1/(sm), when elsewhere the red blocks were fully submerged.
Figure B.2 in Appendix B summarizes the number and position of logs deposited during the
runs of S3.
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Table 4.2: LW budget during the runs of S3. The LW supplied was kept equal to that of S2, at
runs with discharges g > 351/(sm) the addition of wood was omitted.

q [1/(sm)] Np [-] NL,tot [-] NL,stable [-]

3 2 46 19
9 6 220 46
15 12 628 70
22 15 1228 28
28 18 2056 1
35 21 3127

At the micro scale, the structuring was increased on the left side next to the deposits (Figure
4.4 a). Macro- and reach-scale structuring initiated at g = 35 1/(sm), with the formation of a
bar feature on the right channel side around x = 3.5 m. A length of roughly 2.5 m in x and
a maximum width of 0.4 m in y was unwetted. An alternate bar structure formed on the
right side of the outlet around x = 8 m. Figure 4.6 shows the bar feature and a high density of
red blocks around x = 6-7 m. This clustering of red blocks downstream of the highly eroded
zone can also be observed in series S1 (Figure 4.2). However, in this run the red blocks were
stabilized higher up around x = 5 m. Upon increasing loading, the bar structure was eroded
from upstream, but it remained partially dry for two more runs. Figure 4.5 b) shows the bar
structure at equilibrium after g = 421/(sm).

Figure 4.5: Impressions of series S3: a) LW deposit that remained stable upon the bedforming
discharge g, = 22 1/(sm). The channel is loaded with g = 1.5 1/(sm) revealing meso-scale
structures. b) Macro-scale structure of the stable bed upon g =42 1/(sm).
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Figure 4.6: Series S3: Orthomosaics of the bed structure with pronounced bar features. Note
the high density of red blocks between x = 6-7 m.

4.1.4 Series $4 - hydrograph, without LW

In series S4, where flood hydrographs were tested, the moment of grain mobilization, and
the behavior of the ramp during the rising and falling limb could be observed in more detail.
During the first run with a peak discharge of gmax = 22 1/(sm), a mobilization of the bed matrix
could be observed at g = 7.51/(sm), a mobilization of the blue blocks at g =12.51/(sm), and of
the red blocks at g =211/(sm). Isolated LW pieces of all classes were supplied at peak discharge,
revealing no interaction with the channel bed. During the falling a displacement was observed
among some of the blue blocks.

Morphological action was observed in the following run, when the previous peak discharge
was exceeded. At peak discharge several red blocks were mobilized and deposited upstream
of another red block, forming stable structures consisting of two blocks. The erosion was
observed to be stronger on the right bank of the ramp and a slight aggradation of the bed
was observed on the right side of the outlet zone. During the peak of the following run
(gmax = 35 1/(sm)) a high mobilization of the blocks was observed, especially on the ramp
foot. The morphological equilibrium was not attained at the end of the peak and many green
blocks, occasionally even red blocks, were moving during the falling limb. The structure of the
bedforms after the run showed a high variability. The flow depths and velocities established
with a specific discharge of g = 1.5 1(sm) were noticeably diverse and step-pool structures
could be recognized (Figure 4.8 a))

The following run, with a peak discharge of gmax = 42 1/(sm), was marked by a strong erosion
at the right side of the ramp head. A considerable fraction of the mobilized material was
deposited on the same side of the outlet section. However, a significant transport of sediment
out of the channel, including many blue and green blocks, was observed. At the end of the
peak, the erosion was still quite strong. But only a few stabilizing blocks were transported out.
An alternate bar structure was identified at the end of the run with bar features on the right
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Figure 4.8: Impressions of series S4. a) Stable bed after a bedforming discharge of g, =351/ (sm).
Step and pool structure with high variability in flow conditions at a discharge of ¢ = 1.51/(sm).
The excavator in the background is at scale. b) Stable bed after a bedforming discharge of
gc =551/(sm). The fine material deposits lie on the aggradation.

side around x = 3.5 m and on the left side around x = 7.5 m. The features were accentuated in
the following run with a peak discharge of gmax =48 1/(sm).

The last two runs, with peak discharges of g = 551/(sm) and g = 62 1/(sm), resulted in the
dissolution of the bar features towards a more plane bed structure. A portion of the material
which had eroded on the left side deposited on the left side of the outlet zone. This resulted in
an aggradation upon which also fine material remained stable (Figure 4.8 b) and Figure 4.6).
More orthomosaics of series S4 are provided in Figure A.4 in Appendix A.

g=355 l/(sm)

x |m]

Figure 4.7: S4: Orthomosaic of the structured bed. Deposits on the outlet zone can be recog-
nized.

34



4 Results and discussion

4.2 Quantitative observations
4.2.1 Bed elevation

At the resolution of the bed elevation measurements, macro- and reach-scale structures could
be identified. The total erosion, dz, was determined as the difference between the elevation
of the bed at morphological equilibrium and the the initial bed elevation. Contour plots of
dz after each run are presented in Figures C.1 - C.4 in Appendix C. The averaging of the bed
elevations over each cross section results in the longitudinal profiles provided in Figure 4.9.
The longitudinal profiles of S1 reveal the first strong erosion at g = 351/(sm), as observed
and described in Section 4.1. The bed elevation then further decreases in a gradual manner,
initially on the upper part of the ramp and in the last two runs also around the ramp toe. The
erosion at g = 351/(sm) is more significant in series S2 and S3 than in S1. The decrease in bed
elevation is only minor in the following runs. S2 show an significant decrease in mean bed
elevation already at g = 281/(sm). The decrease in mean bed elevation is more gradual in S4.
Lateral variability in bed elevations is presented with three cross sections on the ramp head,
in the middle of the ramp, and on the ramp toe, in Figures C.5 - C.7 in Appendix C. Upon
g = 35 1/(sm), when strong changes in the longitudinal profile can be detected, the lateral
variability also increases. Especially in series S2 and S3, the bed at the ramp head was strongly
deepened on one bank, while hardly any erosion occurred on the other bank. This gradient in
bed elevation along the cross section was also present in the middle of the ramp, although
less pronounced. The deviation from the mean bed elevation is furthermore presented in a
condensed way as the elevation of the talweg, defined as the minimum bed elevation in each
cross section, in Figure C.8 in Appendix C.

By a linear regression of the mean bed elevation on each cross section on the ramp, the ramp
slope S was derived. Figure 4.10 shows the stability diagram, in which this stable slope is
plotted against the specific discharge. In all series, a decrease in slope is observed around
g =301/(sm). In series S2, a decrease in slope is already identified at g = 28 1/(sm). In series S4,
the decrease upon g = 35 1/(sm) is only minor compared to the other series. At the discharge,
where the decrease in slope initiated, a change in morphological structuring regime could
be observed. Although processes on the micro- and the meso-scale still take place after this
threshold, macro- and reach-scale processes dominate.
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Figure 4.9: Longitudinal profiles of the mean bed elevation.
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Figure 4.10: Stability diagram of the four experiment series. The decrease in slope is consid-
ered at reach-scale structuring process. Upon the same hydraulic loading time macro-scale
structuring was observed (Chapter 4.1). At lower discharges, the channel was observed to react
to increased hydraulic loading with morphological processes on the micro- and meso-scale.

The given structuring, by the installation of the stabilizing blocks in layers, allows the stability
of the bed slope up to a substantial hydraulic load to be sustained. Morphological processes
on the micro- and macro-scale produced structures that were perceived as diverse and natural.
For a site with the hydrology of the Ticino River in the municipality of Osco, however, the
proposed geometry cannot guarantee a stable ramp slope of 6% after loading with the hundred-
year flood. If such a structure was planned, it would be necessary to consider an additional
stabilization of the bed, for example, through the application of a deeper layer of stabilizing
blocks. It is important to mention that with the test series, only the structuring induced by
flood events was considered. Even though the constant, lower load acting most of the time
influences the river morphology, it can be assumed that the gross structural changes become
prominent during large flood events (Weichert, 2006).

4.2.2 Water level

The water level at morphological equilibrium could be measured in the series with stationary
hydraulic loading (S1 - S3). The flow depth was derived through a point by point subtraction
of the bed elevation from the water level. Figures D.1 to D.3 in Appendix D show the contour
plots of the calculated flow depths. The flow depth was averaged over the ramp, over the
buffer zone, and over the entire channel for comparison (Figure 4.11 a) - ¢)). In series S1,
the flow depth averaged on the ramp and on the entire channel increase in a approximately
linear manner with specific discharge. The mean flow depth on the buffer zone is increased

37



4 Results and discussion

at g = 351/(sm), when the bar features formed. In series S2, the mean flow depth increases
progressively without large variations between the sampling areas. The mean flow depth in
series S3 reveals a drastic increase in all sampling areas at g = 351/(sm). The comparison
between the series shows most significant differences at g = 281/(sm) and g = 351/(sm). At
g =281/ (sm) the flow depth established in series S2 is higher than in the other runs. This is
in line with the stronger erosion that was observed in the series at this run. At g =351/(sm)
the stronger increase in flow depth at g = 35 1/(sm) on the buffer zone in series S1 and on
all sample areas in series S3 can attributed to the stronger erosion (Figure 4.10). However,
in series S1 the flow depth on the ramp did not increase disproportionately. This can be
explained by the bar feature, that, unlike in series S2 and S3, in series S1 was fully submerged.
The low flow depth on the feature reduces the mean flow depth on the ramp. In series S2 and
S3, in contrast, a considerable fraction of the bar feature remained dry and was not reflected
in the flow depth.

From the average flow, the relative submergence of the red blocks, defined as the ratio between
flow depth and block protrusion #/P, can be quantified. The size is only meaningful in plane
bed configurations, thus up to g = 28 1/(sm) in the conducted series. The protrusion of the
red blocks is assumed to correspond to the initial value of P = 3.3 cm in these runs. Figure
4.11 b) shows the resulting relative submergence. The red blocks were fully submerged at
g >201/(sm). The flow depth was averaged over the entire channel was denoted by h.
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Figure 4.11: a) - ¢) Flow depth & averaged on three different sections: ramp, buffer zone
and entire channel. d) Relative submergence h/P of the red blocks calculated with the flow
depth averaged over the entire channel. The red blocks are fully submerged at dischages
g >201/(sm).

4.2.3 Flow velocity

Based on the manual surveys of the bed elevation and the water level (measured in series S1,

S2 and S3), the mean velocity v, on each cross section was derived according to the continuity

law. The cross-sectional area was determined as the area between the linear interpolation of

the measuring points. Figure 4.12 shows the derived velocity as mean on the ramp plotted

against the specific discharge.
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Figure 4.12: Averaged flow velocity determined based on the water level measurements ac-
cording to the continuity law on the cross sections of the ramp.

In series S3 and S4, the flow velocity at the surface was additionally investigated for selected
discharges by means of a PIV analysis. This allowed the flow velocities to be additionally
examined as a two-dimensional velocity field. Figure 4.13 shows such velocity fields by the
example of §4, figure E.1 in Appendix E for series S3. For illustration purposes, the flow depths
are also presented. It can be seen that with the formation of macro features, a diversification
of surface flow velocities occurs. Elevated flow velocities develop in the talweg, while velocities
around the bar features are low. Figure 4.13 furthermore shows the mean velocities on the
cross sections. The velocity calculated using the water level measurements is compared with
the surface velocity determined by the PIV analysis. The magnitude of the two metrics is
comparable, however, the high resolution of the PIV analysis allows allows the variabilitiy flow
velocity to be investigated at a smaller scale, In more plane bed configurations, as developed
at g =281/(sm) or g =551/(sm), a surface velocity with a lower variability was identified, in
contrast to the runs with the dominant bar features (q = 351/(sm) - g =48 1/(sm).

40



4 Results and discussion

v [m/s]
S
N

v [m/s]
=)
o

v [m/s]
S
[o)}

y [m]
(=)
()

y [m]

q=281/(sm)
T T — ;. T ]
L -‘.'~ goars M.
2 4 6 8
x [m]
qg=421/(sm)

x [m]

g =55 1/(sm)

v [m/s]

y [m]

y [m]

v [m/s]

1.2
0.9
0.6
0.3
0.0

q=351/(sm)

x [m]

q=48 1/(sm)

v (based on h)
vs.m (based on PIV)

NS E———— ]
0.00 0.03 0.06 0.09 0.12 0.15
h [m]

I W—— ]
00 03 06 09 12 1.5
vy [m/s]

Figure 4.13: Series S4: Flow depth & based on the manual survey and surface flow velocity v
based on the PIV analysis. Based on these sizes the mean velocity v, and the mean surface
velocity vs ,;, was determined. PIV was not applicable on runs with lower specific discharges.
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4.3 Effect of LW loading

In both runs with IW, deposits grew up to a specific discharge of g = 15 1/(sm) and were
then dissolved. At the same threshold, the relative submergence of the red blocks passed
one, indicating that the red blocks were fully submerged. A direct relation between the
submergence of the plane bed and the LW deposition probability can thus be assumed.
As soon as the relative submergence of the red blocks exceeded the threshold value of 1,
LW deposits were dissolved and the IW budget was negative. This is consistent with the
literature, as submerged blocks do not interact with IW. Blocks that protruded from the
water because they were situated on a bar feature were not effective in stopping the LW.
In fact, the logs were moving along the valley path, or along the path with maximum flow
velocity. This contradicts to some extent the thesis of increased deposition probability with
increased sinuosity as described by Braudrick and Grant, 2001. This could be attributed to
methodological differences or that effect of sinuosity on the trapping probability might be
reduced during strong flood events associated with high flow velocities.

An analysis of the orthomosaic after the critical loading of 15 1/(sm) was conducted in order
to examine the direct impact of LW deposits on micro-scale structuring processes. Since
the blue blocks were initially fully embedded, their visibility indicates enhanced micro-scale
structuring through erosion of the base material. The blue blocks were identified with a color
filter (Figure A.5 in Appendix A). The proportion of their visible surface in the uppermost layer
of the bed, the block density A, is presented in Figure 4.14. In all three experiments series, A
was higher on the ramp than on the buffer zone. In S2, a dominant LW deposit formed on the
buffer zone at x = 1.5 m on the left side. Downstream of this deposit (x = 2-3 m), the right side
shows an increased density of visible blue blocks, while on the left side almost no blue blocks
are visible. Also in the wake of the deposits on the right side of the ramp around x =4 m, A is
reduced. In S3, multiple LW deposits were formed on the right channel side. A gradient of A in
y can be observed with higher visibility of blue blocks on the left side of the ramp with respect
to the right side.
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Figure 4.14: Analysis of the orthomosaic of the model flume at the morphological equilibrium
after g = 15 1/(sm), flow from left to right. The black dots represent visible blue blocks. The
density of these blocks is presented in a raster of 33x33 cm? large cells. The brown dots indicate
LW deposits with their size corresponding to the number of logs in the cluster. The limits of
the buffer zone (Syp= 3%) and the initial ramp (So= 7%) are indicated by dashed lines.

The difference in blue block density between the ramp and the buffer zone can be explained
by their difference in slope. The higher slope on the ramp is reflected by higher shear forces
allowing for the mobilization of larger sediment grains. By changing the flow field, LW deposits
influence the shear forces. On the one hand, this can be shown by the fact that the concen-
tration of the flow leads to increased shear forces and consequently greater mobilization of
the fine fraction on the side opposite to the LW deposit. This was observed on the buffer zone
in series S2. On the other hand, the shear forces in the protected zone in the downstream of
the wood deposits are lower so that the fine fraction remains stable at a higher hydraulic load.
This was observed on the ramp in both series.

In the runs where macro- and reach-scale structuring processes were observed, i.e. around
g =301/(sm), the IW deposits had already been dissolved. Nevertheless, some differences
in the processes on these scales were observed between the runs with and without IW. In S2
(with LW), the decrease in slope was more rapid and pronounced than in S1 (Figure 4.10).
LW thus might lead to an acceleration of the structuring processes on the reach scale. The
behavior was not reproduced in the second run with LW (S3).

During the morphologically strongly active specific discharges around 30 1/ (sm), macro-scale
structuring lead to the development of an alternate bar structure in all three experiment series.
The flow depths that were established in the two runs, with g =351/(sm) and g =48 1/(sm),
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illustrate this (Figure 4.15). The bar feature formed at g = 351/(sm) was almost fully submerged
in series S1, while in series S2 and S3 a significant area was dry. After two runs, at g =481/(sm),
the bar structure was eroded in series S1, while it persisted and was even enhanced in series
S2 and S3. It should be noted that in the following runs the bar features developed on the
respective side of the dominant IW deposits in both series. The increased erosion adjacent to
the LW deposits appear to have continued after their dissolution. The bar features that formed
as a result of this asymmetric erosion were more pronounced than those that formed in the
series without LW and therefore persisted at higher specific discharges.
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Figure 4.15: Flow depth £ for two selected runs in the series without LW versus the series with
Lw.

On an individual cross section, a high variation of measured bed elevations is an indicator
for a non-plane bed. This is because measuring intervals of 0.10 m do not capture the meso-
and micro-scale roughness. As a reach-scale indicator for the variability of bed elevation, the
standard deviations of the bed elevations of each cross section were averaged over the ramp:

1 n

Ozm= _Zaz,i 4.1)

ni=1
where 7 is the number of cross sections on the ramp and o, ; the standard deviation of the
bed elevations z on the cross section i. This size is presented in Figure 4.16. Upon specific
discharges between 35 and 50 1/(sm) o ;,,, was 50% higher in the series with LW loading. In
both series, the bars were situated on the side, where dominant IW deposits were formed in
the previous runs with lower specific discharge (see Figure 4.15). The effects of LW deposits on
bed elevation diversity tends to dissapear at higher discharges compared to series S1. These
remarks suggest that wood affects the variability of flow depths, which according to Chapter 2
can be considered positive from an ecological point of view. For example, an increase in the
variability of flow depths can be expected to have a positive effect on HMID.

44



4 Results and discussion

4-0 T T T : T T T
O  S1 (without LW) | ! v
Brio o saeinow) (YO0 ]
30k v S3(withLW) : o v o
1
25F , i 1
g micro- and meso- : o O
i) L scale structuring 1 O m| |
2.0 i 9
5 1
& : o
1.5F g i 4
1.0 M © i macro-scale 4
v ! structuring
———
058 M | 1
1
1
0.0 ' . L L ! !
0 10 20 30 40 50 60 70
g [V(sm)]

Figure 4.16: Mean standard deviation of the bed elevations on the cross sections o, as an
indicator for bar features.

4.4 Effect of hydraulic load type

The general structuring processes were observed to be similar in the experiment series with
stationary (S1) and hydrograph (S4) loading. At low specific discharges micro- and meso-scale
structuring processes dominated. At specific discharges above g = 30 1/(sm) macro- and
reach-scale processes took over, leading to the formation of bar features and to a decrease in
slope. In this regime, it was observed that the morphological equilibrium was not reached in
the runs with hydrograph loading after the peak duration.

The bar features upon hydrograph loading formed more gently but remained stable at higher
specific discharges than those formed upon stationary hydraulic loading. The standard
deviation of the bed elevations of each cross section averaged over the ramp, o, reflects
this development (Figure 4.17 a)). 0 5, increases linearly at discharges between g = 28 1/(sm)
and g = 481/(sm) and only decreases upon higher loading. On the reach-scale, a more gradual
decrease in slope was observed (Figure 4.17 b)). While the slope decreased in a roughly linear
manner in series S4, the decrease in slope in series S1 resembled an exponential decay.
Compared to the experiment series with stationary loading, the experiment with hydrograph
loading resulted in larger sedimentations on the outlet zone. This is exemplified by the
deviation from the initial bed elevation, the total erosion dz, after the runs with g =42 1/(sm)
and g = 551/(sm) shown in Figure 4.18. Also the maximum height of the sediment deposits
differed: In series S1 the dznax was 5 cm, in series S4 7.5 cm.
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Figure 4.17: Comparison of the structuring processes upon stationary and hydrograph loading.
a) Mean standard deviation of the bed elevations on the cross sections o, as an indicator
for the macro-scale process of bar formation. b) The decrease in slope as indicator for the
reach-scale process of rotational erosion.
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Figure 4.18: Deviation from the initial bed elevation dz for two exemplary runs, showing larger
sediment deposits on the outlet zone in the series with hydrograph loading with respect to the
series with stationary loading.

The structuring processes that in nature develop under the load of a flood hydrograph can
thus be reproduced well with stationary loading. In both series, the morphological processes
start at comparable hydraulic loads. Their intensity, however, was not observed to be quite
identical. The reason for this is that the peak discharge duration is overestimated in the
case of stationary loading. As a result, both macro- and reach-scale structuring occur more
gradually upon hydrograph loading. The sedimentation on the outlet zone probably increased
in volume during the falling limb, which is not replicated in the stationary tests.
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5.1 Conclusions

Hydraulic model tests were conducted to study the structuring processes that develop on a
dynamic ramp with an initial slope of 7% under the influence of IW transport. This thesis
investigates the structuring processes of dynamic ramps and the effects of LW and hydraulic
load type on these mechanisms.

(1) Structuring processes of dynamic ramps (base case)

The objective of this part was to gain an understanding of the bed morphology and stability
of a dynamic ramp with a slope in a yet unstudied range. For this purpose, an experiment
series with gradually increasing, stationary hydraulic load was conducted as a base case. The
observed processes were described and compared to those found in literature. Structuring
processes can be understood as the ramps response to loading that exceeds the bed stabil-
ity. According to Weichert et al., 2009, these self-stabilizing mechanisms occur at different
morphological scales. Observed processes are summarized below and visualized in Figure 5.1.

* Micro-scale: Armoring process
At the micro-scale the self-stabilizing corresponds to the selective erosion leading to
a coarsening of the surface layer, protecting the underlying finer bed material. This
so-called armoring process leads to an increase of the mean grain size of the armor layer
upon increasing discharge. This phenomenon was observed during experimental runs
with relatively low hydraulic loading. Since the blue blocks were initially fully embedded
in the base material, their visibility indicates enhanced micro-scale structuring. Figure
5.1 a) shows the armoring processes, revealed by visible blue blocks on the orthomosaic.

* Meso-scale: Formation of steps and pools

At the meso-scale the self-stabilizing corresponds to the optimization of the roughness
geometry. The channel responds to the exceeding of stability by reconfiguring itself
towards a step-pool geometry. In the experiments, the formation of steps and pools
could be identified by stable clusters of the large blocks. The block clusters acted as a
fixed points allowing bedload to be deposited upstream to locally reduce the bed slope.
However, they remained dynamic and reconfigured regularly with increased hydraulic
load. Clusters of red, green and blue blocks building steps can be identified on the
orthomosaic presented in Figure 5.1 b).

* Macro-scale: Alteration of the bedforms
At the macro-scale the self-stabilization occurs due to an assimilation of the bed struc-
tures to riffles and pools resulting in alternate bar structures. Such structures were very
distinctly observed in the experiments. They formed rather abruptly and were gradually
eroded from upstream as hydraulic load increased. Figure 5.1 c) shows the flow depth
on a bedform strongly marked by an alternate bar structures.
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¢ Reach-scale: Reduction of the bed slope
Self-stabilization at the reach-scale is thought to occur due to the reduction of slope. A
reduction of the slope through rotational erosion was observed and quantified based on
the bed elevation measurements. Figure 5.1 d) shows the strong erosion on the ramp
head reflected in a decreased ramp slope.
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Figure 5.1: Observations of self-stabilizing mechanisms at different morphological scales. a)
Armoring process revealed by visible blue blocks. b) Formation of steps and pools reflected in
the clustering of the stabilizing blocks. c) Alteration of the bed-form towards an alternate-bar
structure reflected in the flow depth (dark blue indicates high flow depths). d) Reduction of
the bed slope due to strong erosion on the ramp head (red indicates strong erosion).

(2) Effect of LW

The objective of this part was to investigate the influence of LW on the above-mentioned
structuring effects. To this end, two experiments series with stationary hydraulic loading
coupled with IW loading were conducted. Of interest were both the deposition processes and
the direct influences of LW deposits on bedload dynamics. In addition, the influence of LW
on the stability and ecological performance of the ramp under increased hydraulic load was
investigated. The key findings can be summarized as follows:

e LW was deposited around the protruding blocks. In the first runs many dispersed LW
deposits formed, consisting of only one or two pieces. With increased hydraulic and
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LW load, stable pieces trapped additional logs, leading to fewer but larger deposits.
When the red blocks were fully submerged, deposits dissolved. Under non-plane bed
conditions that formed at higher hydraulic hydraulic loads LW was not deposited.

e W deposits can be associated with a significant alteration of the armoring process.
Two consequences could be identified. (1) In the wake of LW deposits micro-scale
structuring may be reduced in intensity. (2) On the channel side opposite to the LW
deposits micro-scale structuring may be increased in intensity.

* On the respective side of the large IW deposits dominant bar features formed with
increased hydraulic loading. The alternate bar structures were more pronounced and
persistent on the beds structured under the influence of LW compared to the base
case. This was reflected in a 50% higher variability of the bed elevations during three
experimental runs (Figure 5.2 a)). LW might thus have a beneficial impact on flow and
habitat diversity.

* In one experimental series with LW, reach-scale structuring established at lower specific
discharges than in base case (Figure 5.2 b)). LW might thus lead to an acceleration of the
structuring processes.

(2) Effect of the hydraulic load type

This series aimed to contextualize the effect of LW by investigating the structuring processes
that develop under more realistic hydraulic conditions. A series with hydraulic loading by a
flood hydrograph was carried out for this purpose. The main findings are:

* The morphological equilibrium associated with the peak discharge was not attained
over the flood duration. In absolute terms, the structuring processes are therefore
overestimated by stationary hydraulic loading.

* The structuring processes on all morphological scales initiated at the same at the same
level of hydraulic load (g) for stationary and hydrograph loading (around g = 35 1/(sm)
for macro- and reach-scale processes, Figure 5.2 a) and b)).

* Under the hydraulic load of a flood hydrograph the structuring process occured more
gradually but also more steadily. The effect tends to vanish for very high hydraulic loads
and the ramp conditions again become comparable (around g = 60 1/ (sm), Figure 5.2).
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Figure 5.2: Comparison of the structuring processes developed during all four experiment
series at a) macro-scale and b) reach-scale. a) Macro-scale processes are indicated by an
increase of the variability in bed elevations o, z, m. The process became prominent at the
same hydraulic load for all experiment series. With respect to the base case, the intensity of
the mechanism was more pronounced for the series with IW loading and increased more
steadily for the series with hydraulic loading by a flood hydrograph. b) Reach scale processes
are indicated by a decrease in slope. The effect initiated at the same hydraulic load, except for
one series with LW, in which an acceleration of the processes was observed. With respect to
the base case, the decrease in slope occurred more abruptly in the series with LW and more
steadily in in the series with hydraulic loading by a flood hydrograph. The final condition of
the ramp was comparable for all four series.

5.2 Outlook

LW proved to have a significant influence on the structuring processes of the dynamic ramp
studied. Hybrid numerical simulations on the photogrammetrically modeled bed topogra-
phies would give further insight on the flow conditions that form on the ramp. This would
allow to quantify the ecological benefit of LW by means of an ecomorphological index.
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Notation

Notation

Symbols

Ni, tot

coefficient [-]

catchment area [km?]
forested catchment area [km?]

Chézy coefficient [-]

coefficient of variation [-]

grain diameter [m]

grain diameter at which i-% of the sediment sample is finer than [m]
diameter of the pipe in Darcy-Weisbach equation [m]

buoyant depth [m]

equivalent spherical block diameter [m]

extreme flood [m3/s]

Darcy Weisbach friction factor [-]

Froude number
gravitational acceleration [m/s?]

flow depth [m]

friction loss height [m]

hydro-morphological index of diversity [-]

flood with a return period of i-years [m3/s]

bed roughness height [m]

characteristic length [m]

forested stream length [km]

loglength [m]

length of the pipe section in Darcy-Weisbach equation [m]
distance between obstacles [m]

mass [kg]

number in class i [-]
number of packages [-]
total number [-]
number per unit area [m'z]

cumulative number of supplied logs [-]

number of stable logs on the channel [-]

frequency of occurrence [-]

block protrusion [m]

specific discharge [m?/s]

critical specific discharge [m?/s]

dimensioning specific discharge [m?/s]

discharge [m3/s]

discharge which is not exceeded i days per year [m3/s]
peak discharge (m3/s]
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Notation

R

Sdim

Vpot
V(i)

Greek symbols

02,0

Subscripts

m
M
max
min
P

hydraulic radius [m]
radius of curvature [m]
channel slope [-]
dimensioning slope [-]
energy gradient [-]
inintial slope [-]
sediment load [m?3]

flood duration [h]

time of peak flow [h]

time to peak [h]

return period [h]

average velocity [m/s]
shear velocity [m/s]
critical flow velocity [m/s]

discharge volume [m3]

effective large wood volume [m3]

precipitation volume [m3]
potential large wood volume [m?]
partial diversity of a hydraulic variable i [-]

width [m]

angle against the horizontal [°]

scale factor [-]

proportion of the armor layer covered by blocks [-]

block placement density [-]

mean value [-]

standard deviation [-]

standard deviation of the bed elevations [m]

dimensioning bed roughness [m]

standard deviation of the bed elevations on the cross section i
initial bed roughness [m]

mean
model scale
maximum
minimum
prototype scale
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Notation

Abbreviations

GCP
GIS
W
PIV
VPE

ground control points
geographical information system
Large wood

particle image velocimetry
variable power equation
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Figure A.1: Orthomosaics of series S1.
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Figure A.5: Identification of the blue blocks at the example of the stable bed after g = 151/(sm)
in series S2.
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Figure C.1: Series S1: Deviation from the initial bed elevation dz.
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Figure C.2: Series S2: Deviation from the initial bed elevation dz.




C Bed elevation

dz [m]
-024 -0.16 -0.08 000 008 0.16 024
g=31/(sm)
— 0.5 T T T T
E oof |
>\ 1 1 1 1
035 2 4 6 8
q=9 l/(sm)
—_— 0.5 T T T T
E oof |
=N
03, 2 4 6 8
g=151/(sm)
_ 05 . . . :
E o0} |
-~
03, 2 4 6 8
g=221/(sm)
05 . . . :
E oof 1
s _0'5 1 1 1 1
0 2 4 6 3
q=281/(sm)
—_ 0.5 T T T T
E oof -
- _05 1 1 1 1
0 2 4 6 8
q=351/(sm)
—_ 05 — T T
R ]
- _05 1 1 1 1
=0 2 4 6 8
q=421/(sm)
— 0.5 T T T
T oo P ]
- _05 - 1 1 1 1
=0 2 4 6 8
q=481/(sm)
— 0.5 T T T
E oof W 1
- _05 1 1 1
=0 2 4 6 8
q=>551/(sm)
_ 05 . :
E oof . 1
0 2 4 6 3
q=1621/(sm)
_ 05 . . . :
E oo} 1
-
03, 2 4 6 8
x [m]

Figure C.3: Series S3: Deviation from the initial bed elevation dz. The maximum erosion of the
inlet of dz = -0.15 cm was reached at g = 551/(sm). g = 62 1/(sm) could therefore not be tested.
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Figure D.1: Series S1: Flow depth /. The water level was not measured in the first three runs of
the series. The water level of the last run (g = 62 1/(sm)) was not measured either, because the

morphological equilibrium was not attained.
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Figure D.2: Series S2: Flow depth h. The dry bed is indicated with the color grey. The water
level of the last run (g = 62 1/(sm)) is not presented.
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Figure D.3: Series S3: Flow depth &. The dry bed is indicated with the color grey. The last
run was not executed because the maximum erosion of 15 cm at the inlet was reached in the

previous run.
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Figure E.1: Series S3: Flow depth & based on the manual survey and surface flow velocity v
based on the PIV analysis. Based on these sizes the mean velocity v, and the mean surface
velocity v ;,, was determined. PIV was not applied on runs with lower specific discharges.
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