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Abstract

Dam removal has garnered significant attention as an alternative option for river restoration
over several years. To that end, the Open Rivers Programme has proposed an innovative
initiative in Italy to restore the Trebbia River by demolishing the obsolete San Salvatore
Dam. This thesis delves into a comprehensive assessment, including both one dimensional
and two-dimensional hydrodynamic modeling, alongside 1D morphodynamic numerical
simulations, to evaluate the feasibility of removing such a dam and its potential impact on
the downstream due to the impounded sediments transport.

This thesis includes a thorough set of studies, starting with the acquisition of point clouds
aided by unmanned Aerial Vehicles (UAVs) and continuing with post-processing using
CLOUDCOMPARE to generate a high-resolution Digital Terrain Model. The grain size
distribution near the dam section was determined using the BASEGRAIN software. The
primary goal of the thesis was to evaluate the volume of sediment transport and the
possible geomorphic and flood inundation impacts to the downstream and the response
of time scale of sediment transport to reach nonlinear adjustment towards equilibrium of
the geomorphic evolution of riverbed. For the same reason, the 1D hydrodynamic model
in HECRAS was developed to calculate the discharge that initiates sediment transport in
this specific case that contains the bypass connecting upstream and downstream of dam
section. The discharge calculated was then integrated to see the geomorphic evolution of
riverbed and sediment transport volume through 1D morphodynamic simulations using
MATLAB software. Finally, the results obtained from 1D morphodynamic simulations
were used for 2D hydrodynamic modeling in HECRAS to observe the spatial inundation
map and flow depth before and after dam removal.

It was found from the analysis that the volume of sediment transport downstream of the
dam after removal was low and the results showed no significant changes in spatial flood
mapping and the flow depth after the sediment transport. However, it still requires the
detailed quantification of the amount of sediment that could be deposited in the pools and
riffles present downstream the dam and the ecological response after post-dam removal.
The results strongly indicate minimal impacts to the downstream due to the sediment
transport after dam removal. This evidence robustly bolsters the decision to proceed with
the San Salvatore dam removal project for river restoration proposed by the Open rivers
Programme.
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Chapter 1

Introduction

1.1 Dam Removal Background

Rivers are of paramount importance from various perspectives, encompassing their roles
in environmental, societal, economic, and ecological aspects that have close dependencies
to fluvial morphology, ecology, and river ecosystem. Within the river ecosystem, sedi-
ment transportation and deposition are fundamental geomorphological processes and play
a crucial role in shaping the river channel and bed forms. These processes are affected by
the construction of artificial dams, barriers, and other structures that act as sediment traps,
causing a significant alteration in the downstream supply of the river. [Chong et al., 2021]
Along with the water, dams also store large amounts of sediment behind it. The uninter-
rupted flow of the river system is disturbed and impedes the natural process of sediment
transport with its significant impact on the seasonal peak flows and flood peaks [Kondolf,
1997]. Dams also significantly impact the ecosystem and ecological aspects, altering
the flow pattern on which aquatic species rely, causing habitat loss, and creating barriers
to migration, breeding, and feeding of fishes.Some common ecological impacts of dams
include a decrease in the quality of biodiversity and water quality that hinders the mi-
gration of fish and aquatic animals, oxygen, and temperature change. Dams building has
been very common for centuries and millennium in Europe, as everywhere in the World.

Dams offer several services to human beings, including power generation, water supply,

12



irrigation,navigation, flood control, and recreational activities.Although the benefits of
dams are numerous, recent experiences have shown serious impacts in ecological aspects
of river [Kristensen et al., 2018] and alteration of flow regime [Bonacci et al., 1992].Dams
have a long-term decadal impact, causing hydrologic alterations that affect floodplain pro-
duction and, eventually, the river carbon cycle [Salerno et al., 2022].As reported by [Tealdi
et al., 2011] dams are considered as the most prevalent human made structures which af-
fects the sediment transport and hydrological flows ultimately narrowing and deteriorating
river bed. The study by [Im et al., 2018] shows the changes in morphology and ecological
habitat due to the artificial structures such as dams in rivers systems after causing the
discontinuity in physical variables such as water discharge, water depth, flow velocity and
bed material within the upstream and downstream of dam.

In addition, barriers in the river affect inundation risk to the downstream areas during
flooding and negatively impact biodiversity, restrict nutrients to fertilize floodplains, cre-
ate wetlands, and limit a continuous supply of sediment downstream, adversely affecting
many species and plants that depend on free-flowing rivers.Changes in flow and sediment
caused by dams induce the loss of habitat, which weakens the river’s ability to provide
natural flood control and ultimately affects the communities with the flooding risk during
high precipitation [open river programme, 2023].

The significant changes are attributed to river morphology and ecosystem due to dam
removal. Dam removal can re-establish the natural flow of sediment transport and restore
aquatic life’s habitat. Within the river system, the flow of sediment is downstream and
sideways and in most of the cases the removal of dams helps to restore sediment con-
nectivity in the fluvial system.The sediment dynamics is often considered the important
factor in reshaping the river in terms of morphological aspects, fluvial bed forms, and
aquatic habitats.The transportation of stored upstream sediment of dam alters the river
channel often creating flood plains. These changes provides the suitable place for the
vegetation and it can be seen rise of extensive vegetation cover from the previous dam
removal sites.This release of sediment can be associated with the large scale increase in
sediment supply to the downstream shaping the fluvial landscape.The response of river in

downstream of the dam site with the increased sediment is commonly associated with the
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filling of riverbed pools, aggradation and channel widening [Cui et al., 2017].In addition,
dam removal even provide ideas for conducting real-world experiments. For example, the
influence of increment in water slope, caused by lowering the base, can be tested with the
sediment transport and channel evolution [Gartner et al., 2015]. The responses due to the

transported sediment and dam removal are discussed in this chapter.

1.2 Context of San Salvatore Dam on Trebbia River

Dam Removal is considered as a key component of river restoration. Dam Removal is a
popular topic throughout the world, and there was a record-breaking successive year of
dam removals in Europe as more than 200 dams in 2021 [Elton, 2022] and more than 325
river barriers, including dams and weirs in 2022, were removed [Green, 2023].European
Water Frame Directive considered river restoration as a important tool that can be applied
to most rivers in order to restore the changes in morphological and ecological state [Groll,
2017]. Open Rivers Programme was launched with the investment from Arcaida on 8th
October 2021 with the aim of restoring European rivers through it’s support to remove
the dams and restore river and biodiversity of its ecosystem. This program is aligned with
similar functioning regarding the restoration in Europe. Free Trebia river is the catchment
development and river restoration through dam removals is considered as a first dam
removal project in Italy with collaboration with the WWF Italy and Politecnico Di Torino.
San Salvatore dam was planned to built 40m high to serve two hydroelectric project in
1920s as shown in (Figure 1.1 (a)). However, it was incomplete and left behind with 8m of
height including foundation. The channel in order to divert the flow during the construction
of dam was also built at that time. Construction of such dams, mining, channelization has
led to channel adjustments in Trebbia river during last two centuries [Surian et al., 2004].
Although sediment mining had significant impact on the sediment fluxes in the channel in
short term, the impact of dam is considerably high for the long run. [Surian et al., 2004].
The feasibility study was agreed to carry out for the removal of dam after the common

understanding between the regional authorities, associations and the communities to help
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restore natural habitats and enable river ecosystems of Trebbia River.

Among the various barriers within the Trebbia basin, San salvatore is one of the dam.
with the preliminary analysis of Trebbia river barriers by Open rivers programme with
collaboration to the Emilia-Romagnia region, San Salvatore dam was considered feasible
for the removal. As, this dam is obsolete and do not have any function and left abandoned
it can be seen that the large amount of sediment trapped upstream and a deep pool just
downstream of dam.To access the amount of sediment trapped upstream and the amount of
sediment that will be transported downstream along with its effects to the morphology and
flood prone areas downstream are the aspects of this study. whether the dam removal is a

feasible option for the Trebbia river restoration is a major concern and this study provide

valuable insights for decision making.

(a) (b)

Figure 1.1: a) San Salvatore dam area in 1920s. b) San Salvatore dam today Adapted from

CIRF(Centro Italiano per la Riqualificazione Fluviale)
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1.3 Dam removal responses

1.3.1 Ecological response

The ecological response is the important aspects to understand during dam removal, as in
some cases can have surprising outcomes from dam removal due to the complex interac-
tion among physical processes, ecological responses and local river conditions. In broader
scale, the biological, chemical and physical components of the ecosystem, are affected
by dam removal and have responses that have interconnection between them [Bushaw-
Newton et al., 2002].These responses are useful to understand and decide how the dam
removal should be conducted and achieve the ultimate goal of restoration.These responses
varies spatially and are distinct [Foley et al., 2017b]. In addition, it depends on size and
configuration of the dam and reservoir, local legacies, and the composition of the local
biota, geomorphic alterations,changing bed sediment size and even the flow regimes after
the dam removal [Stanley and Doyle, 2003, Schmitz et al., 2009, East et al., 2015b].

The Manatawny Creek Study by [Bushaw-Newton et al., 2002]shows the detailed integra-
tive approach to deliver the ecological response to dam removal and how the outcomes of
these responses affect spatially. He outlined responses such as movement of sediment and
sediment aggradation that affects the impounded region and downstream of the dam rather
than upstream; however, the responses such as the return of native species fish assemblage
are found mostly upstream, impounded region, and downstream. The above mentioned
statement is also underpinned by [Bellmore et al., 2019] that with the dam removal, the
movement of fishes and microorganisms is found upstream and is the primary driver of
ecological response. The author also developed a conceptual ecological-response model,
as shown in the figure, for three regions, i.e., upstream, vicinity of the dam, and down-
stream of the dam that is to be removed and explored the ecological responses that re

expected to arise from physical and ecological linkages in each geographical area.
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Dominant processes
affected by dam removal

(a) Upstream from dam & reservoir
Longitudinal connectivity
Fish recolonization
*Nutrient subsidies

(b) Former reservoir & dam site

Lentic to lotic
-Revegetation

Community structure
<Channel and floodplain evolution

(c) Downstream of dam & reservoir

Physical fluxes
*Sediment deposition
*Turbidity

*\Wood/organic matter
<Contaminants (if present)
*Water temperature

Figure 1.2: Figure shows different spatial location affected by dam removal along with the

processes that affects the ecological response.(adapted from [Bellmore et al., 2019])

The migration of sediments after dam removal can have a negative impact on downstream
ecosystems, leading to a drop in fish habitats [Catalano et al., 2001]. Changes in sediment
dynamics may disturb riverbeds, affecting spawning sites and interfering with the overall
ecological balance required for fish survival. On the other side, vegetation have substantial
influence on the evolution of river planform and shaping the river channel [Camporeale
et al., 2013] and dam removal can have significant impact on vegetation, as in a study
by [Orr, 2002] in a multiple dam removal sites found that vegetation quickly established
following the dam removal and author stated that vegetation had important geomorphic
implications. In addition, as reported by [Asaeda et al., 2011], due to the sediment
transport downstream, certain plant species may sometimes predominate over others, or

a new species may invade a habitat with favorable soil nutrients and features, disrupting
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the ecological equilibrium. However, the study by [Stanley et al., 2002] shows that
within 1 year period of dam removal there were no substantial ecological changes due to
sediment transport by the flood stating that the transported sediment trapped and settled
in downstream impoundment.Furthermore, [Bushaw-Newton et al., 2002] reported that
sediment transport and channel adjustment after dam removal will have short term impact
into the biotic responses. It is well known that, the ecological changes can occur in
different range of time scale.For example, In the context of short-term changes, following
the dam removal the fish start upstream movement and some faunal changes occur in
within days, In contrast, some ecological attributes takes years or decades [Bellmore et al.,
2019].

Due to inadequate research regarding the dam removal, it is difficult to make a conclusion
to the range, magnitude of expected ecological response. The research gap in the dam
removal study, which have bypass just upstream the dam and allows the water flows
continuously between upstream and downstream and also the type of aquatic habitats
found upstream and downstream whether varies or not is still a topic of concern in order

to predict the ecological response after dam removal.

1.3.2 Geo-morphological response

Prior to dam removal,it is important to know how the river respond to dam removal
following the transport of upstream trapped sediment.Different studies shows that after
dam removal the sediment transport depends on the method of release, structure and
nature of system [Peters et al., 2017, Sawaske and Freyberg, 2012] the grain size, cohe-
siveness [Robinson et al., 2000]. The spatial variability of sediment are the dominant
factor for the rate and volume of sediment erosion.The types of sediment that are trapped
upstream play major role for the geomorphological responses to dam removal creating a
knickpoint, knickzone and promoting a headcut migration. [Kim et al., 2015, Major et al.,
2017]

The earlier conceptual model of geomorphological response after dam removal by [Simon,

1989] shows the channel adjustment near the dam and later on the study by [Doyle et al.,
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2002] used and modified including more data observation and described the geomorpho-
logical changes in six stages as (stage A) Pre dam removal condition, (stage B) after dam
removal without sediment disturbance, (Stage C) Upstream degradation begins, (Stage
D) channel widening mass wasting, (Stage E) downstream aggradation and downstream
degradation as shown in Figure 1.3 .Additionally, the study by [Doyle et al., 2003] that is
applicable to fine-grained, alluvial channel systems and included ecological significance

due to greater incision in alluvial channel is shown in Figure 1.4

STAGE A STAGEB STAGEC

PRE-REMOVAL LOWERED WATER SURFACE \\M—/
DEGRADATION
STAGED STAGEE STAGE F
DEGRADATION & WIDENING AGGRADATION AND QUASI EQUILIBRIUM
WIDENING

B
HEADCUT c

D

UNDISTURBED
RESERVOIR

SEDIMENT o AGGRADATIONAL
ZONE

Figure 1.3: Geo-morphological evolution of channel at different stages (adapted from

[Doyle et al., 2002])
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Figure 1.4: Geo-morphological evolution of channel at different stages in alluvial systems

(adapted from [Doyle et al., 2003])

In both the studies, the form and processes were similar and the similar pattern can be
expected in other cases following the dam removal, however, channel evolution depends
upon the local environmental conditions such as characteristics of sediment,consolidation
of fine sediment, vertical and lateral adjustments [Doyle et al., 2003]. The research con-
ducted in four different sites by [Csiki and Rhoads, 2014] suggest that due to the variability
of pattern of channel morphology and sediment characteristics, the local site specific con-
ditions should be taken into account for dam removal planning.

With the lack of comparable observational data ,it is difficult find out the proper documen-
tation about the appropriate time scale for incision and recovery following dam removal.
Large amount of sediment is transported and deposited after the dam removal, while the
deposition in downstream occurs temporarily as depth and elevation return to near pre
dam removal condition within some months [Doyle et al., 2003]. The research of river
channel response after dam removal in the lower Penobscot River by [Collins et al., 2020]
conducted pre and post dam removal survey and confirmed that there was not substantial
change in bed elevation, channel shapes and positions.The author also stressed that phys-

ical changes in the channel are to be minimum when the little sediments are eroded from
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the impoundments. Impounded sediments can be transported in two phased as shown by
the [Collins et al., 2017] where half of the impounded sediments eroded rapidly in normal
flows and for the second phase of erosion depended on the large floods that further eroded
the sediments from newly formed channel.

The time scale for the recovery of sediments impacts downstream is difficult to predict,
however in the study by [Kim et al., 2015] states the river geomorphology after low head
dam removal can be in the state of quasi-equilibrium in about a decade. In contrast, the
channel downstream takes months to years to achieve a degree of stability [Major et al.,
2017] and geomorphic change decrease substantially after some years [East et al., 2018].
Dam removal can be done mainly in two ways, which is differentiated based on how fast
the dam is removed and the rate at which draw down of reservoir is done. Firstly, During
instantaneous dam removal the reservoir is emptied in a matter of hours to days.Secondly
method of dam removal is staged dam removal which takes over months and years to draw
down, which are generally used for the taller dam and that restores the large amount of
sediment.Both the methods can be effective during different conditions, for the former
method it is considered as the effective method for small dams and that also minimizes the
high concentration of sediment downstream for a small amount of time, mostly for one
season, minimizing the impact to the aquatic organisms.However, the latter case can be
more controlled in terms of speed and rate of sediment transport and helps to minimize
the effect for the high sediment sensitive organisms [Duda and Bellmore, 2022]. The
geomorphic evolution after dam removal can be significantly influenced by the method of
removal, gradual or instantaneous. To bolster this statement,in a experiment performed
by [Cantelli et al., 2004] found that during instantaneous removal, the flow incises and
rapid channel narrowing occurs at first due to which large amounts of sediment transported
downstream which can have practical implications and after the rate of incision slows the
narrowing is followed by slow widening that tends to propagate upstream.The author also
stated that gradual removal of dam provides an option smoother and more controllable
release of sediment with less impacts downstream.Similar kinds of erosion process in
small dams can be observed after gradual or instantaneous dam removal. In a review

study of small dam removals conducted by [Sawaske and Freyberg, 2012] shows less
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percentage of sediment volume eroded at short time during staged dam removal than that
of instantaneous dam removal affecting the geomorphological evolution.Sediment during
the staged dam removal takes more time to erode when the sediment reservoir are partially

filled but it erodes rapidly once it passes the dam area [Foley et al., 2017a].
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Figure 1.5: a) Figure shows the percentage of sediment volume eroded during staged and
unstaged showing exposure to less volume of sediment following the staged dam removal
b) Figure Shows the percentage of volume eroded during a timeline showing that the
significant volume eroded within the short timeline during unstaged timeline with heavy

sediment load downstream in short time Adapted from [Sawaske and Freyberg, 2012])

After dam removal, adjustment occur to channel the channel due to the large sediment
transported downstream from impoundments in initial state and sediment from upstream
sources later on [Foley et al., 2017a].This transported sediment fills the downstream pool,
aggradation, widening and braided configuration occurs [East et al., 2015a]. This impacts
may leads the risk of inundation to the downstream of the dam.

There is a significant lack of details regarding dam removal and sediment transport after
dam removal along the Trebbia River, even in Italy, and also the bypass located upstream
of the dam in this study that allows constant passage of sediment downstream up to a

particular flow followed by transport of sediment by dam overflow during high flows made
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the evolution of geomorphological channel after dam removal even more complicated.

1.4 Dam removal for river restoration

With the emerging awareness of environmental degradation, river restoration is becom-
ing a significant concern in different nations [Gonzdlez del Tdnago et al., 2012]. The
EU Water Framework Directive (WFD) has dramatically strengthened river restoration
in Europe, supporting the improvement of water bodies’ ecological state [Lofgren et al.,
2009]. Restoration projects are taking place in Europe in higher numbers, with the view
of attaining the high quality of rivers in Europe by 2027 [Ellwanger et al., 2012]. Different
literature shows that river restoration has several definitions proposed by various authors.
According to the European Center for River Restoration, river restoration encompasses
a wide range of strategies, such as biological, spatial, physical, and managerial activi-
ties intended to restore the natural state and functioning of the river system. Also, The
CIRF (Italian Centre for River Redevelopment) [PRATICHE et al., 2006] reported river
restoration as a comprehensive approach that includes legal, financial, administrative, and
structural aspects and aims to restore natural processes and ultimately its functional char-
acteristics and bolster the connection between water course and river system, to promote
the environmental value and socioeconomic objectives. Several authors have defined
river restoration as a technique to improve the hydrologic, geomorphic, or ecological pro-
cesses within the degraded watershed [Jdhnig et al., 2011, Wohl et al., 2005, Smith et al.,
2014, Palmer and Ruhi, 2019, Simon et al., 2013].

Different methods have been used to restore the rivers depending upon the aim of projects,
such as creating habitats and restoring the historical river characteristics [Formann et al.,
2014]. Initially, the restoration included the alteration of channel form that focused pri-
marily on the habitat of fish [Gowan and Fausch, 1996], bio-engineering techniques using
dead wood [Abbe and Brooks, 2011] or enhancing channel morphology [Rosgen, 2011].
Furthermore, other river restoration techniques that were adopted in some projects, such
as in Skjern River in Denmark, the alteration of the riverbed by excavation to the historical

river paths [Pedersen et al., 2007] and setting up corridors for river transitions [Dister,
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1998]. Some researchers have prioritized river restoration as the process-based restoration
rather than only at the river form, fostering the channel-floodplain connectivity, longitudi-
nal connectivity, restoration of water sediment fluxes, and ecological productivity [Wohl
et al., 2005, Konrad et al., 2011, Palmer et al., 2010, Shields Jr et al., 2011]

Dam removal is considered a very attractive restoration measure since it essentially re-
stores the natural water and sediment transport, resulting in the enhancement of natural
habitats and wildlife [Gough et al., 2018]. The report by the same author [Gough et al.,
2018] has detailed why dam removal is considered a viable river restoration technique.
For example, dam removal helps in nature enhancement and restoration, contributes to
the Water Framework Directive, improves fish migration, minimizes maintenance costs,
and improves socioeconomic aspects of the community. The author also stressed that dam
removal is considered the most cost-effective measure desired for river restoration; how-
ever, these are achieved when we act in time. Some of the dam removal case studies that
have been previously implemented in European countries are well presented by [Gough
et al., 2018] which serves as an good example of the river restoration by dam removals.The
author also shows the dam removal can minimize fragmentation and restore river connec-
tivity.

Some of the studies have shown that the number of dam removal projects has been in-
creased in the view of restoring the water, sediments, and nutrients fluxes along with
the connectivity of aquatic organisms [Major et al., 2012, Wilcox et al., 2014, East et al.,
2015a, Magilligan et al., 2016].

Another issues of river degradation is fragmentation and defragmenting them is a neces-
sary condition for effective river restoration. Dam removal helps to redistribute sediments
that are generated and transported in restored-healthy river-and allows for habitat creation
and channel adjustment and makes rivers more resilient towards the changing climate [Gar-
cia de Leaniz et al., 2023]. In general, the fragmentation and changes in the habitats due
to the dam brings alteration in the flora, fauna resulting in different ecosystem than the
one that would have occurred naturally. Dam removal is becoming a important manage-
ment strategy which can be the a good potential for re-connectivity and resilience in the

watershed scale.
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1.5 Problem Statement

Several studies have been published evaluating the geomorphological and ecological re-
sponse after dam removal as discussed in above section, however very few studies have
been conducted to predict the feasibility of dam removal based on sediment volume and
transport prior to the dam removal using the modeling tool, that augments the decision
making for dam removal. In addition, none have conducted studies for the morphodynamic
and ecological response in the particular river section having the bypass-that connects up-
stream and downstream of dam. In this thesis, the purpose of the study was to evaluate
the feasibility analysis after dam removal and assess the geo-morphic evolution of river
bed after dam removal. To that end, the section of San Salvatore Dam in Trebbia river was
selected. Among other different river restoration options, dam removal was considered
an optimum river restoration method for the Trebbia River. Previous studies on Trebbia
River show the river has several threatened species and biodiversity threatened by inline
barriers. These barriers were constructed for different functions; out of 27, most are
obsolete [open river programme, 2023]. San Salvatore is one of the obsolete dams that
this study is concerned about.

During low flow condition, the bypass in the upstream of the dam serves as flow passage,
however during high flood, the relationship between flow that passes from the bypass and
overflow the dam adds the complexity during the 1D and 2D hydro dynamical modelling.
As, this dam stores of sediment upstream, the concern of sediment transport to downstream
during dam removal is critical. Due to the dense settlement of people in Bobbio town in
downstream of dam, effect of San salvatore dam removal and sediment transport should be
well understood. There is lack of hydromorphodynamical study including the bypass chan-
nel, granulometric analysis and terrain analysis in Trebbia river especially, considering the
San Salvatore dam. There is no information regarding hydro-morphological evolution of
reach and its impacts to human settlement and biodiversity in the Trebbia river. Although

dam removal options seems to be optimum method for river restoration, the effects and
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morphological evolution of river plays a pivotal role for the decision makers.

1.6 Research Aims and objectives

This thesis aims to understand the relationship between the flow in bypass channel and
overflow of dam, and 1D and 2D hydro dynamical simulations using HECRAS along with
the 1D geomorphological evolution of river bed using MATLAB in order to assess the
implications of dam removal for Trebbia river restoration.This thesis also considers the
data collection using UAV systems to provide the terrain model and bathymetry measure-
ment within the dam area and analyze the grain size distribution required for the numerical
and hydromorphological simulations.This study utilizes the above mentioned concept, to
address the following research questions.

1) What will be the relation between the flow between the river and the bypass channel
and the threshold flow to overpasses the dam?

2) what would be the geomorphic response after removing the San Salvatore dam?

3) What would be the affect of sediment transport to the downstream after the dam re-
moval? Is the San Salvatore dam removal a better option for river restoration for Trebbia

River?

1.7 Organization of Thesis

This thesis consist of 7 chapters. Chapter 1 is an introduction that is followed by the
Chapter 2 Study area including the topography and geography of the area. Starting from
the data collection such as point cloud acquisition, granulomety analysis and the detail
methodology techniques for the same are introduced in Chapter 3. Chapter 4 outline the
assumptions, calibration and modelling strategy needed for the 1D, 2D hydro-dynamical
modelling and 1D morphological modelling . Chapter 5 we delve into analyzing and
evaluate the results obtained from numerical modeling. Finally chapter 6 includes the

conclusion remarks and chapter 7 includes the appendix attached.
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Chapter 2

Study Area

Trebbia is a river in the Liguria and Emilia-Romagna region in northern Italy. The Trebbia
catchment is located in the north Apennines and covers an area of about 1070 km2. With
a total length of around 120 km, the Trebbia is one of the principal tributaries of the
Po River. The mean annual flow over the stretch of the river is estimated to be around
19.72m>/s ( 25 years of data from the gauging station of Bobbio from the year 1972
to 2023 (described detail in section 3)) with the basin area of 631km?. The Trebbia
catchment consists of around 85% of mountain and hilly regions with the geology mainly
characterized by sedimentary, marls, sandstones,claystones. [Bollati et al., 2014]

The Trebbia river runs from Mount S. Lazzaro in the Ligurian Apennines to the Po, just
west of Piacenza runs about 120km length. This river is surrounded by Mounts Penna
(1,735 m above sea level) and Maggiorasca (1,799 m above sea level) run along the
watershed to the south, Mount Cavalmurone (1,670 m above sea level) to the east, and
Mount Crociglia (1,578 m above sea level) to the west. It has multiple tributaries, the
most notable of which is the Aveto stream, which is around 30 km long and contributes a
significant amount of water owing to the heavy rainfall in its basin, which has a surface
area of roughly 257 km2. The Bobbio, Perino, and Dorba streams are other significant
tributaries. Considering the morphological and hydraulic behavior, the Trebbia River can
be divided into two regions: the mountain region up to the Rivergaro and the plain section

to the confluence of Po.
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(a) (b)

Figure 2.1: Fig (a) Trebbia river catchment with the study area where, SS= San Salvatore
and (b) Trebbia river Catchment: section 1 and 2 is the study area . Adapted and modified
from [Bollati et al., 2014, Bollati et al., 2011]

The study area lies between the Marsiglia in upstream and Bobbio Town downstream
as shown in Figure 2.1(b) and Figure 2.2 and the San Salvatore dam coordinates is
44°44°33.13" N and 9°23’12.10"E. The river has irregular meandering planform with
high curvature and point bars in the upstream of the dam, however in the downstream
the river turns into the branched and braided with large flood plain areas and alluvial
deposits.The upper part of the river is considered to have rocky riverbank and steep
slope.In the middle section the riverbed seems to have gravel bed and it flows in a large
alluvial area before the Po river.This study is focused near the San Salvatore region reach

where it has partly confined reaches crossing the hilly areas.
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Figure 2.2: Study Area in Trebbia River indicating with the details

The San Salvatore Dam, the primary area of the research, is a dam left abandoned centuries
ago and made up of concrete structures. The barrier has around 80m width, Sm height,
and 4m breadth at the top, as shown in Figure 2.3. Although there is a creek as shown in
Figure 2.4(a) in the barrier through which water can pass downstream, the river’s trajectory
is diverted towards the bypass channel, as shown in the figure below. On the dam’s left
side (considering the direction of flow), there is a bypass channel from where water passes
to the downstream and connects the upstream and downstream channels. This bypass
channel facilitates the sediment transport downstream; however, as there is no information
inside the bypass channel, the morphological and biological characterization still needs
to be discovered. The diameter of the bypass channel is around 4.5m, and around 240m
length.During high flows, water fills the bypass channel and acts as a pressurized channel

and the discharge passes also passes through the dam’s overflow.
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GoogleEarth

(a) (b)

Figure 2.3: a) Dam area shows the entrance and exit of flow in the bypass(present) b) Dam
area shows the water overflow through dam during high flows(10/2017) Adapted from
Google Earth

(a) (b)

Figure 2.4: a) Creek present in the dam(clicked from upstream of dam) b) Dam from right
side (photo clicked from the right side of flow direction) (Photo taken by researcher of

Politecnico di Torino)
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The Trebbia River exhibits significant environmental and geomorphological diversity,
hosting valuable biodiversity that holds critical ecological importance, due to which dam
removal is considered an important aspect as it can significantly impact the river course
and environment. Trebbia River runs through the protected areas that fall under the
Natura 2000 sites and has the "Parco Regionale Fluviale del Trebbia" (Trebbia regional
river park), which preserves the Trebbia River that has been managed by Ente di Gestione
per I Parchi e la Biodiversita since 2012 and is very important for the flora and fauna that
can be found there. Some of the endangered species in the Trebbia River, such as Stone
Curlew, Alosa fallax, Anguilla anguilla(European eel), Barbus plebejus(Italian Barbel),
Barbus meridionalis [open river programme, 2023],Rheophilous cyprinids and willow
bushes, shrubs such as Juniperus communis, Clematis vitalba are found there [Wikipedia
contributors, 2023]. These protected areas and regional parks stretch downstream from
the San Salvatore dam, provide crucial habitat for threatened species. While the current
study may not cover the full downstream region, it is critical to recognize that upstream
hydrological and morphological changes due to dam removal might have negative conse-
quences for flora and fauna both upstream and downstream of the dam. Recognizing the
linked nature of the ecosystem, efforts to understand impacts on these valuable species are
critical for the overall protection of the Trebbia River and its different habitats.

Trebbia river and catchment have been affected by the human disturbances such as refor-
estation, torrent control works, constructions of levees, dams, sediment mining during past
centuries as documented by [Surian et al., 2004]. Notably, the period between the 1960s
and 1980s witnessed a peak in sediment mining activities, exerting a lasting influence on
the river’s geomorphology. Furthermore, the trebbia catchment has seen significant land
use changes over centuries [Bollati et al., 2014]. These modifications have exacerbated
the ecosystem’s difficulties. The study area is subjected to a variety of disturbances, such
as the presence of drop structures within the riverbed, bridges, dams, and weirs. These
structural alterations have caused a morphological imbalance, upsetting the river’s normal
flow dynamics. Such obstructions also have a negative influence on the movement patterns

of fish species within the river course.
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Figure 2.5: Figure showing the Bobbio Town in vicinity of Trebbia River Adapted from
Google Earth

(a) (b)

Figure 2.6: a) Just Upstream of Bobbio Town before flooding b)The same area after
flooding (Photos adapted from ARPA Emilia Romagna Report 2015)
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Bobbio is small town in northern Italy which is 1460m (4,790 feet) above sea level, on the
left bank of the river Trebbia which is around 4km downstream from the San salvatore dam
as shown in Figure 2.5. From the source to the Bobbio region have irregular meanders and
have erosion forms due to which the river mobilize considerable amounts of sediments and
transport and deposit downstream. In one of the report by ARPA Emilia Romagna[2015]
reported that the cultivated areas and residential areas were flooded as shown in Figure
2.6 just upstream the Bobbio town due to heavy rainfall and flood. The human settlement
in the Bobbio town is near to the Trebbia river bank and is about some meters of height
above the Trebbia river bed. Although, there is a proper river bank protection, the risk
of flooding due to the sediment transport augmenting rise in river bed elevation is still
there.This area is considered as the sensitive area for the flood risk due to the dam removal

and sediment transport in this study.
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Chapter 3

Data Acquisition and Methodology

In this study the systematic methodology has been adopted, commencing from the data
collection with the drones equipped with advanced photogrammetric cameras that capture
high-resolution images and integrating this with bathymetric survey of specific river sec-
tion with water to generate the Digital Terrain model(DTM) .These developed DTM are
then used to numerical and hydrodynamic modeling after the post processing as described

below in details.

3.1 UAV Measurement and Bathymetric Survey

Data collection with Unmanned Aerial Vehicles(UAV) nowadays has been a highly used
surveying technique. Common UAVs, such as drones with digital cameras and sophisti-
cated processing software are now an excellent approach to collecting precise data to create
comprehensive Digital Terrain Models (DTMs). With a proper flight planning including
some parameters such as image overlap,orientation of flight lines,camera configuration and
flight height the UAV carried out a flight plan automatically.Moreover, external factors
such as weather conditions in the study area, battery backup, and the overall control of the
UAV during flight are integral components of the planning process, The images are taken
with camera attached with the UAV with its proper internal orientation parameters.The

precision and speed of aligning those images also depend on the height of the UAV above
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the ground level and the extent of image overlap.Having sufficient overlap ensures there
are ample matching points in consecutive images for alignment. It’s essential for the over-
lap to be adequate; otherwise, the photos won’t align properly.Even the different camera
configuration like Nadir, Oblique or both configuration techniques and flight pattern such
as double, single or crosshatch adds the flexibility during the image acquisition.

During the UAV data acquisition, incorporating ground control points increase precise
modeling accuracy. Specifically a receiver capable of real-time kinematic mode (RTK),
is essential to obtain accurate coordinates for ground control points. The RTK-equipped
UAV collects data with improved spatial accuracy, and the GCPs serve as control points
for further refinement. In post-processing, the collected UAV data is geo-referenced by
incorporating the RTK-corrected positions of both the UAV and the GCPs, resulting in a
highly accurate and precisely positioned geo-spatial data set.The flow chart demonstrating

the stepwise process for the UAV image acquision is shown in Figure.

Flight Planning

Image Overlap

Orientation of flight Lines-
Double grid

Camera Configuration-Nadir
and Oblique both

i

Georeferencing using GCPs
integrated with RTK
positioning

Post Processing

Figure 3.1: Step-wise procedure for the UAV data acquisition

These kind of technique does not provide precise information under the water. Different
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factors such as weather, refraction,water turbidity can impact the quality of the images and
the performance of UAV which may lead to error during terrestial data acquisition.The
influence of refraction is critical in bathymetric photogrammetry since water’s light refrac-
tion can misrepresent reported depths, necessitating corrective techniques. Concurrently,
the quantity of turbidity determines the feasible detail levels for submerged surfaces in
surface surveys using water. Turbidity, water surface roughness, and maximum light
penetration depth all have the ability to suppress surface characteristics in photogrammet-
ric photographs, reducing accuracy in underwater surveys. This highlights the need of
tackling these complications in order to assure the dependability of photogrammetric data
in aquatic environments. For the same, integration of bathymetric technique is normally

adopted in the section with deep water as shown in Figure 3.2

where the Digital Terrain Mode! (DTM) is needed
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Figure 3.2: Diagram showing the terrestrial and underwater zones that require bathymetric

survey Adapted from [Zinke and Flener, 2013]

The figure above shows the typical section requiring terrestrial and bathymetric data
acquisition integration. Terrestrial data acquisition can be performed through the drone,
as discussed above. Meanwhile, the bathymetric survey was conducted using the SonTek

RiverSurveyor system. This system is a robust and precise Acoustic Doppler Profiler
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(ADP) device developed for measuring river discharge, three-dimensional water currents,
depths, and bathymetry from a moving or stationary vessel. Multiple acoustic frequencies
fused with precise bandwidth control make for the most robust and continuous shallow-to-
deep measurements ever for an ADP. In addition, the vertical beam system and the ability of
an instrument to be integrated with RTK GPS integration with power and communication
module allows the measurement of precise data and provides ease of use.9-beam ADP has
been used with a velocity profiling range of 0.2 to 30 m in both shallow and deep channels
from moving or stationary boats/floating devices. The M9 is housed in a 5-inch (13-cm)
Delrin casing. It includes four 3.0 MHz transducers and four 1.0 MHz transducers in a
Janus arrangement. Depth information is provided by a 0.5-MHz vertical acoustic beam

(echo sounder) as shown in Figure 3.3

Builtin Temperature Sensor

0.5 MHz Echo-sounder

MHz Transducer

1 MHz Transducer
Delrin housing containing compass,

2-axis tilt sensor, B GB recorder and
Processing electronics

\_ 8-pin cable connection

(a) (b)

Figure 3.3: a) ADP with its components b)Assembled Sontek Hydroboard integrated
with the GPS (Adapted from RiverSurveyor S5/M9 System ManualFirmware Version 2.00
September 2011)

In this study, a high-resolution topographical survey was conducted in the 3.1Km of river
section with 600m upstream and 2500m downstream of the San Salvatore dam to create
the terrain in two different dates as shown in 3.1. During the first survey, smaller section

images were acquired to get the orthophoto output for the Grain Size distribution near the
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San Salvatore dam, and sediment sampling was carried out(discussed in a later section).

During the second campaign, all the study area images were performed to get the DSM

required for modeling. In addition, a bathymetric survey and flow measurement were

conducted simultaneously.

S.N. | Date of Survey Measurement performed

1 12th April 23 Image Captured by Drone (Smaller section for GSD as shown in Figure below)
Identifying the GCP and CP
Sediment Sampling

2 4th and 5th July 2023 | Image captured by Drone(Output:DSM of full study area)

Identifying GCP and CP

Bathyemetric Survey

Flow Measurement

Table 3.1: Survey Details at study area

As discussed above, the aerial captures were made using the Matrice 300 RTK drone

equipped with a Zenmuse P1 camera as shown in Figure 3.4 This digital camera was

equipped with full-frame (35.9mm X 24mm) with a resolution of 45M P and a pixel size of

4.4um. Images were acquired using the 35 mm lens and flights were performed at 50-80

m above the ground, with a Ground Sampling Distance (GSD) estimate of 1 cm/pixel.
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(a) (b)

Figure 3.4: a) Matrice 300 RTK drone equipped with a Zenmuse P1 camera (Adapted
from heliguy website updated in July 2022) b)Figure during takeoff at study site

As, the Zenmuse P1 can can record tilted photos without the need for manual corrections.
It automatically turns the camera to the proper angle, allowing to take straight-down
(nadiral) and angled (oblique) photos in the same flight.In our study, flights were carried
out with both nadiral and oblique camera orientations of 45°. Furthermore, a multi-
constellation, multi-frequency GNSS instrument in RTK mode was used to determine the
location of the ground control points that are used in post processing as discussed above.
DJI TERRA Software was used for processing measurement data and the output was an

orthophoto as shown in Figure 3.5
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Figure 3.5: Output from the DJI TERRA Software in orthophoto format

For the bathymetric survey, the above mentioned instrument was used and five different
location were selected for the survey as shown in Figure 3.6. Surveying was done with the
help of the boat equipped with the bathymetric instrument and the accurate depth beneath
the water surface was measured in each places.SonTek RiverSurveyor system measures
a wide range of data, however this study focused to measure the depth of the selected

location in order to correct the data acquired through drone in wet areas.
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Figure 3.6: a) Location of the bathymetry survey conducted (Photo adapted from Google

Earth) b) Depth measured with the help of instrument at the Location 2 Dam area.

The maximum depth measured by the bathymetric survey at the location shown in diagram

above are listed in the table below:

S.N | Location Depth [m]
1 Location 1 Upstream Dam 0.66
2 Location2-At dam 8.67
3 Location 3-Downstream Dam 9.76
4 Location 4 4.87
5 Location 5-Downstream beach side | 3.57

Table 3.2: Maximum depth measured through bathymetric survey

The maximum depth measured in the above table are further used used to correct the
depth in the final digital terrain model in specific cross section. The drone data acquisition
and the bathymetric survey output are used in the hydraulic and hydro-morphodynamic
modeling after post-processing. Still, the DSM output generated from the post-processing
contains the vegetation and shrubs that need to be removed and segmented to get the final

terrain model that contains only the topography surface. To this end, segmentation and
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classification of point cloud obtained from the drone and generation of final terrain model

are discussed in detail in section 3.5

3.2 Hydro-meteorological Data

This research uses data from the Bobbio gauge station (Latitude 44.75, Longitude 9.38),
located in the province of Piacenza at 272 meters above sea level, within the Trebbia
basin. The Trebbia basin spans 1071.09km?, with the gauge station covering the basin
area of 631km?>. Annual discharge data spanning 25 years (1997-2023) were obtained
from the gauge station, with gaps in the year 2013 and three months in the year 2015 due
to a problem with the gauge station instrument. Hourly Data for calculating average river

discharge were acquired through communication with Arpa Piemonte.
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Figure 3.7: Bobbio Gauge Station and Trebbia Basin

After the pre-processing of raw data, such as identifying the non-data variables and
removing them, the average discharge of Trebbia River was calculated considering the
hourly data as 19.72m?/s and the plot is shown in Figure 3.8(a).This discharge was used
for further analysis in the research. Furthermore, annual maxima were calculated for the
same 25 years.During those periods the extreme event reported by Arpa-Emilia Romagna

in their annual reports of Sep 2015,Dec 2006, and Dec 2009 were also included for the
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annual maxima calculation as shown in Figure 3.8(b)
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Figure 3.8: a) Hourly discharge data (1997-2023) b) Annual maxima discharge(1997-
2023)

Different discharges associated with different return periods were required for the hydro-
dynamic modeling and, eventually, the development of a flood inundation map. Flood
frequency analysis(return period) is the method that gives information about how often
a certain flow is reoccurring. The analysis was then performed by fitting the probability
distribution model to the sample of annual extreme data recorded for an extended period.
With the help of the model parameters calculated, the extreme events can be calculated for
large recurrence intervals. In this study, among the many probability distributions, only
the GEV, gamma, lognormal, and log-logistic probability distribution models were fitted
well, as shown in Figure 3.9. The parameters estimation was done by maximum likelihood
methods, and the chi-squared test, Anderson-Darling test, and Kolmogorov-Smirnov test

with significance interval of 5% have passed the above distribution.
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Figure 3.9: Probability distribution models plotted with annual maximum discharge

The above figure shows the good fit with the GEV, gamma, log-normal and log-logistic dis-
tribution indicating that the chosen probability distribution accurately captures the patterns
and variability present in the observed data the statistical characteristics of the data set.In
addition,the goodness of fit test with Anderson-Darling test, and Kolmogorov-Smirnov
test determines how well a random sample fits the theoretical probability distribution and
suggest that the assumptions underlying the chosen probability distribution are not violated
significantly by the observed data. Then, the design discharges for different return period

have been calculated for each probability distribution models as shown in the Figure 3.10.
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Figure 3.10: Design Discharges for each probabilistic models

As is shown in the figure above, the discharges for different return periods (5 year, 10 year,
20 year, 50 year, 100 year, 200 year) were calculated for each distribution and the average

of each distribution is taken as the design discharge( as shown in table 3.3) for each return

period.
S.N. | Return Period Discharge(m3 /5)
1 5-year (Qs) 1383.9
2 10 -year (Q10) 1855.5
3 20-year (Q20) 2396.4
4 50-year (Qsp) 3268.3
5 100-year (Q100) | 4091.1
6 200-year (Q200) | 5102.9

Table 3.3: Design Discharges of Trebbia river for different return periods.

The above estimated discharges were used to perform hydro dynamical and hydro-
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morphodynamic modeling in this study.In addition, these discharges are also important
to generate the inundation mapping in different return period using appropriate hydraulic

model, which is one of the aim of this study.

3.3 Grain-Size Distribution

Grain have wide range of size from clay-sized particle that needs microscopic instrument
to boulders of large diameters that can be easily measured. Due to this wide range of
sediment distribution, logarithmic or geometric scales are used to express grain sizes.
The grain size scale that is mostly used is Wentworth scale which is a geometric scale.
This scale, extends from > 256mm to < 1/256mm and divided in mainly six categories
boulders, cobble, gravel ,sand, silt and clay and further subdivided.However, silt and clay
categories are rarely included in the gravel bed rivers. After that, a modification was done
by Krumbein and proposed logarithmic phi scale in 1934. Although applying logarithmic
transformation to the particle size D would result in normal distribution, in order to make
it convenient Krumbein defined particle size D as the negative logarithm to the base of 2

and referred to the resulting scale as the ¢ scale as shown in by a equation 3.2

D
=—1 —_— 3.1
® 0g, Dq (3.1)

Where ¢ is Krumbein phi scale
D is the diameter of particle in mm

Dy is reference diameter equal to 1 mm

D=Dy-27¢ (3.2)

Scales as shown in Table 5 are essential for the graphical representation and for statistical
computations. where,the Udden-Wentworth scale is more qualitative and categorical,
while the Krumbein phi scale provides a quantitative and logarithmic representation of
particle sizes.The Krumbein phi scale is a logarithmic scale that provides a convenient

way to represent a wide range of particle sizes in a compact form and researchers and
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image based analysis software often use the Krumbein phi scale for detailed grain size

distribution analyses.

Scale Size range Size range Aggregate name | Other names
® (metric) (approx. inches) (Wentworth class)
<8 >256 mm >10.1 in Boulder
—-6t0 -8 | 64-256 mm | 2.5-10.1 in Cobble
-5to -6 | 32-64 mm 1.26-2.5 in Very coarse gravel | Pebble
—-4to-5| 16-32 mm 0.63-1.26 in Coarse gravel Pebble
-3to—4 | 8-16 mm 0.31-0.63 in Medium gravel Pebble
—2to -3 | 4-8 mm 0.157-0.31 in Fine gravel Pebble
—1to-2 | 2-4 mm 0.079-0.157 in Very fine gravel Granule
Oto—1 1-2 mm 0.039-0.079 in Very coarse sand
1to0 0.5-1 mm 0.020-0.039 in Coarse sand
2to 1 0.25-0.5 mm | 0.010-0.020 in Medium sand
3to2 125-250 um | 0.0049-0.010 in Fine sand
4t03 62.5-125 pm | 0.0025-0.0049 in Very fine sand
8to4 3.9-62.5 ym | 0.00015-0.0025 in Silt Mud
10to 8 0.98-3.9 um | 3.8 x 107°-0.00015 in Clay Mud
20t0 10 | 0.95-977 nm | 3.8 X 1078-3.8 x 107> in | Colloid Mud

Table 3.4: Table showing Krumbein phi Scale and Wentworth class Adapted from

[Wikipedia, 2023]

Average grain size is widely measured using mathematical measurements such as median,

mode, and mean.The mode is determined as the steepest point on a cumulative curve and

reflects the most commonly occurring particle size in a population of grains.The median

size 1s the midway of the grain-size distribution, corresponding to the cumulative curve’s

50th percentile diameter. The mean particle size is the arithmetic average of all particle

sizes in a sample, and it is frequently derived by averaging chosen percentile values

from the cumulative curve.The cumulative distribution curve represents the cumulative
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percentage of particles finer than a given size and it provides a graphical representation
of the grain size distribution. In summary, the cumulative percent on the y-axis provides
a visual representation of how the cumulative distribution of particles changes with grain
size. For example, D5y point on the cumulative curve indicates that 50% of the total
weight of sediment particles in the sample is composed of particles with a size smaller
than or equal to theD 5 size. In simpler words D5 is size such that 50% of the sample is
finer than D50.This cumulative distribution provides a comprehensive view of the entire
range of particle sizes in the sediment sample, illustrating the proportion of particles finer

than or equal to each size.
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Figure 3.11: Cumulative percentage values from cumulative curve with the particle size

Adapted from [Boggs et al., 2012]

The distribution of grain sizes in a river’s bed, bars, and banks influences a variety of
physical, chemical, and biological processes within river landscapes [Cattapana et al.,
]. Knowing the grain sizes in a riverbed is critical for understanding and forecasting

fluvial dynamics and the grading curve and characteristic grain sizes are critical charac-

Shishir Kumar Acharya | M.Sc. Thesis Page 48



teristics for modeling hydraulics and sediment transport in the case of non-cohesive bed
material [Riither et al., 2013] . Most numerical methods require information about the
sediment particle sizes near the riverbed to estimate alluvial roughness accurately. Under-
standing the grain size distribution is also crucial for operations like identifying aquatic
ecosystems and evaluating geological deposits [Chardon et al., 2022].

Grain size distribution and Grain roughness has been a important factor in the gravel bed
river and is the topic of interest among the fluvial researchers [Rice and Church, 2010].
Grain roughness affects flow resistance, shear stress [Otsubo and O’Sullivan, 2018] and
sediment supply [Milan and Heritage, 2012].Additionally, understanding the majority of
physical and ecological processes in watercourses requires assessing the distribution of
particle sizes on grain roughness. Indeed, the grain size characteristics such as hydraulic
roughness, flow resistance, bed stability, habitat compatibility of stream bed surfaces
are important in hydraulics, hydrology, morphology, and ecology [Cislaghi et al., 2016].
Manning’s roughness coefficient is an essential parameter in hydrodynamic modeling, and
this coefficient is influenced by the size, shape, and arrangement of the bed particles and
grain size distribution plays important role to define these parameters.This section of the
study, focuses to estimate the grain size distribution with different method and that are
used to estimate the Manning’s coefficient as well as use in numerical and hydrodynamic
modeling.

The quantification of grain size distribution can be done by several methods.The grain
size distribution method such as volumetric sampling and laboratory sieving [Kellerhals
and Bray, 1971] of grain sediment, Wolman pebble-counting [Wolman, 1954], volume by
number, grid by number, and area by number methods [Bunte, 2001] are most commonly
used for grain size distribution.However, these methods are laborious, time and resource
consuming such as equipment, staffs, laboratory facilities and also provide limited spa-
tial coverage. Considering these methods as laborious and time consuming, significant
advancement in high resolution photography have been developed to estimate the grain
size distribution for large scale survey.A number of researchers have developed image-
processing approaches for analyzing and classifying riverbed surface and armor layer

sediments of mountain rivers in recent years. [Graham et al., 2005b, GOGOASE NIS-
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TORAN et al., 2019, Buscombe, 2008].

Automated grain sizing methods is thus designed to be efficient, and fast and can be
categorized as object-based and a statistical percentile based methods [Buscombe, 2020].
Percentile-based methods, such as simple autocorrelation algorithms, grain size prediction
using image texture and semi-variance, spectral decomposition, and convolutional neural
networks, estimate grain size distribution through statistical analysis of image character-
istics [Carbonneau et al., 2004, Buscombe et al., 2010, Lang et al., 2021]. Object-based
methods, exemplified by Sime and Ferguson (2003), and Graham et al. (2005a, b),
employ grain separation algorithms to detect interstices and identify individual grains.
Various techniques, including automatic edge detection, modified edge-detection al-
gorithms, double threshold interstice-detection, and enhanced grain detecting models
like BASEGRAIN, have been proposed for precise grain identification and measure-
ment [Detert et al., 2012, Sime and Ferguson, 2003, Graham et al., 2005a, Graham et al.,
2005b].Some neural networks have been also developed to estimate the GSD from the
digital images [Buscombe and Carini, 2019].

Object-based approaches, also known as morphological approaches, use thresholding and
segmentation processing to establish the form of each visible particle, whereas statistical
approaches estimate grain size using picture texture analysis. Although object-based ap-
proaches are restricted and cannot be used beyond a single pixel, they appear to be a great
tool for giving comprehensive grain size information regarding spatial variability, which
can be beneficial for understanding flow processes.Furthermore, this approach employs
grain separation algorithm sequences to detect grain interstices and identify each indi-
vidual grain on the bed.As previously stated, many researchers used an automatic edge
detection algorithm that was modified by [Sime and Ferguson, 2003] with a watershed
algorithm and further improved by [Graham et al., 2005a, Graham et al., 2005b] with a
double threshold intersticis detection, and finally [Detert et al., 2012] developed a software
that uses a five step image-processing algorithm.In this study grain size distribution in the
interested location was estimated with the help of this software and Wolman pebble count

method was used at a location to verify the median grain size.
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3.3.1 BASE-GRAIN

BASE-GRAIN is well known MATLAB-based object detection software tool for granulo-
metric analysis of the surface top-view images of non cohesive gravel river bed.As already
introduced, The methodlogy of the software is defined mainly by five steps.The first stage
uses a double gray-scale threshold to detect interstices. The second phase employs mor-
phological bottom-hat filtering to identify additional interstices. Step three completes
the interstice identification using edge detection technique. The focus of the analysis is
adjusted in step four to separate the single grain zones. A improved watershed algorithm
is merged with the information collected by Canny edges in the previous stage in this step
for grain segmentation. This stage produces a binary picture with completely validated
single grain components that are successfully segregated by their interstices. The region
attributes of each grain’s top-view area and properties( for example, a-axis, b-axis orien-
tation) are retrieved in step five. Normalized second central moments of specified object
areas are used to replace these regions.The detailed explanation can be found in [Detert
and Weitbrecht, 2013].

In this study, the orthophoto was obtained that was used for the analysis as discussed
in section 3.1.The area near the San Salvatore dam at upstream and downstream was
selected.The orthophoto has been divided into sections as shown in the Figure 3.12. Only
the areas with clear without deep water, obstacle- and vegetation-free surface, displaying
gravel accumulation were considered.The one area of each sections such as point bars
were normally selected where the gravels were exposed and was easier and effective for

the analysis.
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Figure 3.12: Orthophoto showing the location of the selected area for GSD analysis

Location and Image number
1 2 3 4 5 6
S.N. Sub-divided region(Image ID)
1 200201 | 400401 | 800802 | 900902 | 900906 | 900912
2 900903

Table 3.5: Location and Image ID as shown in Figure 3.12.

The image from each area was extracted from QGIS and used for the BASEGRAIN
software. The top-view photograph of a granular bed according to the object detection
involving steps 1-5 was performed, applying the line-sampling method according to

Fehr’s (1987) method. At first, the image was imported to the BASEGRAIN software,
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and pre-processing, such as scale and crop section(if required), was performed. Now,
the five-step processing was applied to the image of each location. During this process,
at the first step [medfiltsiz10, facgrayhrl, facgrayhr2, blocSizG, mfG]=[3 px, 0.8, 0.1, 8
px, 1] and in the second step [medfiltsiz20, criteriCutL2] = [1 px, 0.1] was chosen and
regarding the 4th step [areaCutLfA, areaCutWW] = [100, 40]. Post-processing, such as
the departing objects function, was used to remove unwanted objects, such as wood in the
image. Also, the merge objects were used if the single gravel was divided into smaller
ones during processing.The image of section 3 (Image ID-800802) is shown in Figure

3.13 and additional images are attached to the appendix.
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Figure 3.13: Figure shows the process GSD analysis in BASEGRAIN software. Fig
A: Pre-processing of the raw image. Fig-B: Output of object detection after five steps
processing. Fig-C: Analysis based on Fehr(1987), Fig-D: GSD curve by volume with

calculated grain size diameter
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For each location and Image ID the same process was performed. Output of the
BASEGRAIN as the excel sheet was extracted and and the grain size distribution curve

were generated as shown in Figure 3.14.
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Figure 3.14: Grain size distribution curve obtained from the BASEGRAIN Software

As shown in the figure above, seven different curves at each location listed in Table ??
were calculated by plotting the percent finer on the Y-axis and the grain size diameter on
the X-axis. The cumulative distribution curve obtained shows a minor variation within
the different locations except for one location of ID 900903, which might be the case that
the deposition of large gravel material upstream of the dam is present.As inferred from the
figure, smaller variations can be observed in finer grains and higher variations between
the coarser grains. All these locations lie in the deposition part of the river reach and

point bars just upstream and downstream of the dam placed; in this study, these areas are
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taken as the representative sample of the interested river reaches. Even some parts of the
river reach contain sand deposition, which was neglected for the grain size distribution
analysis.

All the grain sizes obtained from the Excel sheet of the BASEGRAIN analysis based on
Fehr, Final, each (D10, D16, D30, D35, D50, D65, D84, and D90) values in all selected
location were plotted as shown in Figure 3.15.This Fehr, Final curve was selected for the
analysis as it also includes the values of D10 and D16 through interpolation of the Fehr

photo analysis curve.
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Figure 3.15: Comparison of different grain sizes at different location

The eight percentile values (D10, D16, D30, D35, D50, D65, D84, and D90) indicate
the sediment grain size (in mm) for a particular “percent finer” value, which is used to

compare individual values. Among the values obtained, in location 900902 the values
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variability is significant due to which the values of that location was excluded during
calculation ofaverage values of D10, D16, D30, D35, D50, D65, D84, and D90 at each
location. Values of different percentile of grain size varies in different locations. For
example, the values for D10 varies from 0.011m to 0.018m and D30 varies from 0.316m
to 0.548m shows some variation in each location and were also shown in figure above.
The mean value of each grain size of all location have been calculated and summarized in

the Table 3.6.

Grain Size | D10 | D16 | D30 | D35 | D50 D65 D84 D90
[mm] 1.31 | 3.34 | 42.95 | 69.30 | 125.79 | 160.87 | 208.75 | 230.35

Table 3.6: Mean grain size for different percentile in all the location selected

D50 values is one of the most essential characteristics determining the effective particle
size of a group of particles or the grain size distribution curve, and it can also be used
to show grain size variations in different locations.The D50 values was also a important
parameter that was used in the numerical as well as hydrodynamic modelling in this
study.In addition with this, R? values were evaluated for D10, D16, D30, D35, D50, D65,

D84, and D90 values and 3rd order polynomial was a good fit.
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Figure 3.16: 3rd order polynomial curve fitting for the grain size values of different

location

Grain Size

D10

D16

D30

D35

D50

D65

D84

D90

R2

0.9998

0.9995

0.6778

0.8626

0.9794

0.9696

0.9812

0.9833

Table 3.7: R? values of the values at different locations

The R? values quantify how well a 3rd order polynomial equation fits grain size values

across different locations. Higher R? values indicate a better fit, reflecting the proportion

of variability in the data explained by the model.

Furthermore, at one of the Location 800802, the pebble count method was conducted in

order to calculate the D50 and check the grain size value obtained from the BASEGRAIN

Software.
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3.3.2 Wolman pebble count method

Pebble-count techniques are utilized to characterize the surface layer’s particle size and are
in-situ methods developed to gain grading curves mainly on the surface made up of coarser
materials like gravel. In this method, one should physically measure or describe the axis of
the individual grains. To obtain % finer frequency-by-number GSDs, grains were counted
by size [Wolman, 1954]. Pebble-count methods need minimum field equipment and are
thus ideal for gathering particle size data in remote regions. This is especially true when
the spacing between grains is determined by a person’s foot. In this method, the zigzag
routes in the riffles, pools, and point bars were taken, and the approach consisted of the
random selection and measurement of gravel particles that were taken from the riverbed
layer found at the toe of the sampler at each of three steps without looking [Bunte, 2001] as
shown in the Figure 3.17. As suggested by the [Bunte, 2001], 100 or more gravel particles
should be taken in a specified area for a better result. In this study, 71 samples were taken
into account due to constraints in the time and particular location width. A cumulative
size distribution curve of particle diameters was determined using the measured particle

and the Wentworth grain size scale as shown in the Figure 3.18.
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Figure 3.17: Wolman method(1954) Adapted from website of west virginia department of

environmental protection

Wolman Pebble Count GSD Curve
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Figure 3.18: Wolman method for Grain size distribution analysis
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From the cumulative grain size distribution curve of the in-situ sample collected and
applying the Wolman method, D50 has been calculated as 140 mm, which is slightly
greater than the D50 as 132.3 mm that was calculated from the BASEGRAIN software at
the location 800802. The results obtained with the Wolman method validate the results
of the BASEGRAIN software. As the BASEGRAIN analysis was comprehensive and
detailed, the grain size required for further numerical modeling and the hydrodynamic
modeling grain size that was calculated from the BASEGRAIN software and listed in

Table 3.6 were taken.

3.4 DEM Generation

Digital Elevation Models (DEMs) are the digital representation of the Earth’s surface that
shows the variation in elevation. These 3D models are used in numerous applications such
as hydrogeomorphology, hydraulics, hydrology, natural resources management, and many
more. As discussed above in section 3.1, structure-from-motion (SfM) photogrammetry,
which uses images taken by UAVs, is increasingly being utilized to generate high-resolution
DEMs.These DEMs are divided into the Digital Surface model(DSM) and the Digital
Terrain model(DTMS). DSMs are the digital representation of the elevation that describes
the physical surface, including all-natural and artificial things, including ground and non-
ground points. DTMs are similar to DSMs but do not include the non-ground natural
and artificial things representing the bare Earth. DTms are typically used for various
applications such as environmental planning and management, flood risk evaluation and
hydraulic modeling.

The river section also contains various terrain elements such as woods, debris, vegetation,
and hydraulic structures such as bridges and culverts. These elements should be removed
during the terrain modeling to get the DTMs that are further used for numerical and
hydraulic modeling. In this section, the generation of DTMs after processing the point
cloud (generated through the UAV measurement) in the software CloudCompare has
been thoroughly discussed and the output as DTMs without the noise were obtained.The

methodology to obtain the final DTM from the initial phase of data acquisition is shown
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in the Figure 3.19.
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Figure 3.19: Workflow of DEM Generation

3.4.1 Point Cloud

Point clouds are a group of three-dimensional data points that often depict the exterior
surface of an object. These points are specified by their spatial coordinates (X, y, z) and
may be acquired using a variety of techniques, including LiDAR (Light Detection and
Ranging), photogrammetry, and 3D scanning technologies.This study focus on the LAS
point clouds generated from UAV measurement and the point clouds can be segmented,
classified and filtered as per the requirement in CloudCompare software. Cloudcompare
(CC) also has an option to merge the LAS files into a single LAS file or segment options

to split in smaller LAS files.The complete point clouds that was the output of UAV
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measurement as discussed in section 3.1 is shown in figure below:

Figure 3.20: Complete LAS Point Cloud in the study area

This study area consists of dense vegetation, woods, debris, houses, and bridges that need
to be removed to obtain the ground point clouds. The dense vegetation can be found on
the upstream side of the study area, whereas the structures and buildings can be found on
the downstream side of the area, as shown in Figure 3.20. Also, the noises and artifacts
are common in photogrammetric-generated 3D point clouds due to the mismatches. This
can be seen under the terrain surface, as shown in the Figure 3.20. It is difficult to use a
filtering algorithm as these mismatches were closely found near the terrain surface.

In the later sub-section, the methodology to remove such noises and other unwanted

structures and items has been discussed.
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3.4.2 Segmentation

Manual segmentation and classification is the technique of finding and categorizing in-
dividual points within a point cloud based on their attributes. Manual segmentation and
classification can take long, especially with big point cloud data sets. They are useful
techniques, however, when clarity and knowledge of certain aspects are crucial to the
study. The complete LAS point cloud file was complex and had a high number of point
clouds. As this study area contains a steep slope, flat areas, and irregular slopes, high
precautions should be taken to segment and classify point clouds.The basic steps that was

implemented during the manual segmentation were:
 The large clouds points were splitted into a small clouds points

» Segmentation of the unwanted things such as vegetation, houses, woods was done

and classified to their respective groups.
* The smaller clean point cloud containing only the ground point clouds were merged.

Furthermore, the manual segmentation methodology is shown in the figure below. First,
the larger point cloud section was split into smaller sections, and then orienting the smaller
point cloud section parallel to the ground points, other point clouds, such as vegetation
and other unwanted things, were removed from that section. After repeating the same task,
only the ground points without noise were obtained.All the smaller sections were finally
merged to create the complete section. The holes created after removing the unwanted
clouds from ground points were further filled with different interpolation techniques.
Manual segmentation method is essential even after applying various filtering techniques.

Some of them were also applied in this study and discussed in the following sub-section.
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Figure 3.21: Fig A: (shows the a part of the whole LAS file). Fig B: (Smaller section

of Fig. A was selected for segmentation). Fig C: (Output of smaller section). Fig D:
(Orientation of the section to remove unwanted parts such as vegetation). Fig E: (Output

after removing vegetation).

3.4.3 Filtering

Colorimetric segmentation using RGB filtering and CSF filtering plugins of CloudCom-
pare were used in this period. Former is a common technique in image processing and
computer vision. It involves isolating specific colors or color ranges within an image to
identify and segment objects of interest.During this method the color range in the RGB
space was determined in the section where we want to segment. Basically, this method
was used in order to separate dense vegetation point cloud from other point clouds. This
was due to the fact that the study section has dense green vegetation which was easy to
visualize and efficient to segment with the help of RGB filtering. A example of the RGB
segmentation is also depicted in the Figure 3.22, where, minimum and maximum values

for the R, G, and B channels to filter out points that fall outside the desired color range
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were defined. Normally, the R,G,and B values were selected automatically after choosing
the desired color in the clouds.Based on the color intensity in different sections, RGB

values were selected with certain deviation limits(5%).

© B

Choose the first point Choose the second point
Red (0-255) 67 % Red (0-255) 66

Green (0-255) 83 % : Green (0-255) 75

il < 48 <

O Retain O Exdude © Both

Blue (0-255) Blue (0-255)

Choose which points to keep

Deviation from RGB limits (%): 5 & oK Cancel

C

Figure 3.22: Fig A: (original section). Fig B: (RGB values with deviation limits). Fig C:

(Vegetation that was filtered out). Fig D: (Remaining points clouds after filtering).

The final result can be produced after repeating the process numerous times with different
RGB values. However, the generated point clouds also contain some point clouds with
elevation greater than the ground points, necessitating manual segmentation. This strategy
was beneficial on slopes with dense vegetation. Throughout the point cloud segmentation
procedure, RGB filtering was used in conjunction with manual segmentation in numerous
parts.

Other filtering technique, cloth simulation filtering (CSF) was also implemented in this

study. This is one of the plugin of the CloudCompare software and works on the principle
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that the cloth drops on the terrain due to gravity.Considering the cloth as soft and sticks
to the terrain, that will produce DSM however, overturning the terrain would produce the
DTM.This cloth simulation technique was proposed by [Weil, 1986] and was also used in

this study.The principle of this filtering technique is also shown in Figure 3.23.

— — Simulated Cloth

Invertad swurhes maasumment
_______*hlﬁ'ﬂ___

Acmual murfacs measumment

/N

Figure 3.23: Overview of Cloth Simulation Filter(CSF) Adapted from Wikipedia "CSF

Filter".

This technique was applied in the section where there was a flat section during the survey
and followed by the manual segmentation as well. In the general parameters setting, relief
was selected, and the cloth resolution of 0.5 was taken, other value were taken as default as
shown in Figure 3.24. This technique separates the selected point clouds into ground and
off-ground points, providing them with two files, and the off-ground points were further

segmented according to the types of point clouds.
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CSF Plugin Instruction
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Airborne LDAR Data Fitering Method Based on Cloth Simulation. Remote.
Sensing. 2016; 8(6):501
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Figure 3.24: Fig A: (Selected section for the CSF filtering). Fig B: (CSF plugin parameter
setting ). Fig C: (Ground points after filtering). Fig D: (Off-ground points after filtering)

After applying the filtering and manual segmentation the whole point clouds needs to
be classified into different classification in order to handle large las files effectively and
only select the ground points that are used for modeling, and are discussed detail in the

following sub-section.

3.4.4 Classification

Classification of point clouds is a daunting task due to the complex nature of point clouds.
It is defined as the task of assigning a specific label to the point clouds based on their
characteristics which is also known as semantic segmentation due to the fact that once the
point cloud has been segmented each segment group has been named with a class to give

a meaning. In this study, the points clouds of the study area were defined in six classes as:

1. Wet Area
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2. Dry Bed

3. Vegetation
4. Banks

5. Logs-Trunks

6. Dam and bridges

4. BANKS 6.BRIDGE

2.DRY BED 3. VEGETATION

1. WET AREA

Figure 3.25: Upper figure shows the part of whole study area point clouds. Lower images

are the points clouds that are segmented and classified in different classes).

After the classification into different groups, the handling of point clouds was easier

and even allows for the removal or reduction of noise and irrelevant data points such as
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vegetation, woods, and logs.Additionally, it helped selectively process or analyze specific
groups of points such as the wet area, dry bed and banks that are only affected by flood.
Consequently all these selective features were merged and the final point clouds was

generated as shown in Figure 3.26.

—hL weT Ara
12 DR eeD
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Figure 3.26: Final point cloud with wet area, dry bed and banks after removing vegetation

and irrelevant point clouds

3.4.5 DTM Generation

First of all, smaller section of the point cloud without vegetation and noise were taken that
contains holes which were then linearly interpolated and extracted as cloud and all the
smaller section were merged after filling the holes. Also, the holes in the final point clouds
chosen were small, due to which CloudCompare can be used for linear interpolation to

construct the raster as output. During the procedure, the grid step size was set to 0.2, and
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the height of each grid cell was calculated as the average of all points within that cell. The
average height of the entire grid was used for empty cells, followed by linear interpolation
with the nearest non-empty surrounding cells. Because the clouds had varying scalar
fields, the interpolation was done by taking the average SF value of all the locations in this
cell. Finally, a GeoTIFF raster file was exported, as shown in Figure 3.27, which relies on

the GDAL for this procedure.

Figure 3.27: Final DTM generated

A Digital Terrain Model (DTM) was methodically derived after a complex data-collecting
procedure and the execution of several tasks. This extraction needed the removal of
both vegetation and noise, yielding a refined dataset suited for sophisticated numerical

modeling.
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Chapter 4

Numerical Modelling

The third chapter focuses on obtaining critical input parameters for further numerical
and hydrodynamic modeling assessments. The data provided includes discharge data for
various return periods, grain size distribution, and the Digital Terrain Model (DTM). The
major parameters gained in this chapter provide the foundation for the subsequent model-
ing effort.

The amount of sediment transported downstream along with the morphodynamical evolu-
tion of river bed after dam removal can be calculated solving non-linear parabolic equation
of sediment transport formulae by Engelund and Hansen (1967) and for the further analysis
of 1D and 2D hydrodynamical modeling provides the flood mapping before and after the
dam removal taking into account the sediment calculated through numerical simulation.
In addition, the relation between the flow in the main river channel and the bypass during
different return period flood can be evaluated through 1D hydrodynamical modeling using
HECRAS.

This approach provides the affects that can be encountered after the dam removal in the
fluvial bedforms and helps to provide information regarding the flooding during extreme

events that augments the dam removal decision making.
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4.1 Hydrodynamic Model with bypass:HEC-RAS

Different hydraulics models such as 1D, 2D and combined 1D/2D models have been
common these days. Generally, HEC-RAS software uses these models for flood mapping
and calculate depth under different extreme scenarios.The hydraulic modeling system is
open-source software created by the United States Army Corps of Engineers (USAC,
2010) that is built to model steady and unsteady hydraulic modeling the river system. The
hydrodynamic modeling in this study was carried out using HECRAS 6.4. The modeling
approach would be to incorporate the channel bypass functioning and dam structure and
the flow distribution within them, which provide important information for numerical

morphodynamical simulations. The general methodology adopted for this purpose:

4.1.1 Key assumptions

In 1D model, all flow are considered in longitudnal flow and One-dimensional models
represent the terrain as a sequence of cross-sections and simulate the flow to provide the
outputs such as depths and velocity. Considering the discharge at different return period
unsteady simulation with constant discharge in each return period was implemented. HEC-
RAS employs the one-dimensional Saint-Venant equations to model open channel flow.
The Saint-Venant equations describe the conservation of mass and momentum in open
channels with gradually varying flow. The shallow water equations are a simplified version
of the Saint-Venant equations for shallow flows.

Continuity equation:

0A 9 _,

il 4.1
ot 0x .1
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where:

A : Cross-sectional flow area
Q : Discharge
t : Time

x : Longitudinal direction

Momentum equation:

40 0(QU) dh _
T TR +gAa—SfQ—0 4.2)

where:

U : Flow velocity
h : Water surface elevation
g : Gravitational acceleration

S ¢ : Friction slope

To simulate the flow of rivers and open channels, these equations are generally solved nu-
merically. HEC-RAS solves the Saint-Venant equations using finite difference techniques
and predicts water surface profiles, flow velocities, and other hydraulic parameters under
various scenarios. To produce realistic simulations of river hydraulics, the program also
takes into account aspects such as channel geometry, roughness coefficients, and boundary

conditions.

4.1.2 Parameters and Input

The parameters and Input for the simulation of the flow in HEC-RAS Manning’s coeffi-

cient, lateral structures, inline structure, flow data and boundary conditions.
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Geometry and cross section

The DEM calculated in section 3 was used and uploaded in the RAS mapper of HEC-RAS,
which has approximately 3km streamline. The cross-sections were drawn within reach
and interpolated between each pair of cross-sections to obtain an approximate interpolated
cross-section—every 15m of longitudinal distance.Also, the bed of the cross section was
modified manually in a specific areas where bathymetry was conducted.The geometric

data and cross-section are as shown in Figure 4.2.

Tegend

OrginalGround
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Faered Ground

Bank Sta

0 M 12 18

Reach 1 5.

Figure 4.1: Geometry and cross section

Bypass and dam structure

As already stated the bypass channel was modelled as the lateral structure in this study and
the dam structure was considered as the inline structure. Due to the inaccessibility of the
bypass, the condition inside the bypass channel was unknown. For the lateral structure,
first, the weir was modeled, and the height of that weir was set such that even extreme
events could not pass over and then the circular culvert was planned, with the tailwater
connection considered out-of-system. The diameter of the circular culvert’s intake was
measured as 4.5m. It functions as the water will pass from culvert to the out of the system.

The same flow will be resupplied as in the form of inflow in the same area where the
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bypass mix with the river again in downstream. This kind of arrangement was one of the

effective way to model the bypass channel in Trebbia river and shown in the figure below:

Blevatin ()
Elevalon (m)
—

i

Figure 4.2: Bypass as lateral structure.Top left figure shows the full DTM and the right
top figure shows the area of bypass inlet.The bottom left figure shows the terrain profile

at that location whereas bottom right figure shows the culvert in the terrain.

During the modeling, the real terrain cross section dam profile was taken from the DEM
as a inline structure. The dam was considered as the broad crested weir and was without
the gated spillway and culvert.The stations and elevations of the top of the embankment
and weir were taken from profile and the distance between the upstream side of the weir

and the cross section immediately upstream of the structure was 2.7m.
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Figure 4.3: Dam as Inline structure.Top right figure shows the dam location in DTM.

Bottom figure shows the actual profile of the existing dam.

Manning’s roughness

Manning’s n values are used by HECRAS to compute surface water profiles.This in-
dicates Manning’s roughness coeflicient are important parameter for hydraulic analysis.
Manning’s Coefficients for the channel and flood plain were used constant throughout
the reach for the modeling.The channel values were selected based on (Modified from
Aldridge and Garrett, 1973) that ranges from 0.30-0.50 and also calculated through the
emperical equation n = 0.0431D;(/)6 [McKay and Fischenich, 2011] with a Dgy = 230.35
grain size distribution calculated in section 3. The selected mannings roughness for the

channel was 0.035 and for the floodplain roughness was 0.055 considering the vegetation
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and minor degree of irregularity as listed USGS guide for selecting Manning’s roughness

coeflicients for natural and channels and flood plains.

Boundary Conditions

Flow hydrograph was taken as the upper boundary condition.The steady hydrograph was
taken into account with the different return periods discharge values as calculated in hdy-
rological analysis. The downstream boundary condition was the normal depth with friction
slope that was calculated from the terrain as 0.003. Also in this case, another lateral hy-
drograph( same as the outflow from the lateral structure discussed above) was introduced

where the bypass connects the river in downstream.

4.2 1D Morphodynamical Simulation

For the morphodynamical simulation the Engelund and Hansen(1967) equation can be
solved which was based Bagnold’s stream power theorum and similarity principle that is
expressed as :

qp = F(T* - Tc)a AgD3 (43)

Where:

q» Bedload sediment transport rate (m3 /s)

I Dimensionless coefficient

7. Dimensionless shear stress

7. Critical shear stress for sediment motion (N/rnz)

a Dimensionless exponent

A Relative density of sediment particles (dimensionless)
g Acceleration due to gravity (m/s)

D Median sediment particle diameter (m)
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Further, modifying the equation:

7, = AST/10 (4.4)
3/5
|
A= (Ki) = 4.5)
S

Where:

7. Dimensionless shear stress
A Constant coefficient
S Channel slope

K, Gauckler-sticler coefficient
Putting value of 7, in equation 4.1:
a
gy =T\[AgD3 (ST - ) (4.6)

Again, Differentiating w.r.t to X the equation becomes,

0qp 7TA 10 1 a-1 98§
24 _ . AeD3 2 ASTo — i 4.7
ox TR 7( St TC) ox S
on
s=-21 4.8
P (4.8)

Where:

S Bed slope (channel gradient)

6_n Partial derivative of bed surface elevation with respect to x
X

The negative sign indicates that S represents the slope in the direction of increasing x,
commonly associated with downstream flow. In the Exner equation, the bed slope is a key

parameter influencing sediment transport and bed morphology.
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Substituiting value of S we get:

10 7 a-1
aqp TA [ on\ 7 on\1© 0’7
9D _pfagp3 = (-ZL) (a|-ZL) -7 )| ZX 4.9
ox 8 10( ax) ( ( ax| " x2 (9

Then, the equation can be compared with the non-linear parabolic equation integrated

with the exner equation:

on on\ 0y
on _ (91 o 4.10
ot (8x) Ox ( )

Where:
7A on 10 on 10 !
a

F=-T—— JAgD3 |2 | -] [A[-ZL] -1 4.11
b (G (e

on _ Oqp
1= _ %9 4.12
(I-p i o (4.12)

The Exner equation is a one-dimensional morphodynamic equation that is widely utilized
in investigations of fluvial geomorphology and sediment transport. It represents the
temporal history of a river’s or channel’s bed surface elevation (1) as a result of sediment
transport and deposition processes.where (p) represents the porosity of the riverbed and
—63% is the negative partial derivative of the bedload sediment transport rate with respect
to the horizontal coordinate. It accounts for the transport of sediment within the river,
influencing the bed surface elevation. The Exner equation was used and integrated with
the sediment transport formulae in numerical models to simulate and analyze the evolution

of riverbed profiles over time under the influence of sediment transport processes.

Adopting the Engelund and Hansen formulae where:

where the conductance (¢) :

no\1/6
c=6.74 (—) 4.13)
D5
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and the flow depth (h):

D1/6q 3/5
h = ( 6534 ) (9.815)73/10 (4.14)

Providing the parameters such as grain size distribution was taken calculated before with
basegrain software 125.5mm, the width was calculated taking the mean value of the
channel in 116 sections that were already state and the width calculated was 76.05m,
unitary discharge was calculated as (Q — threshold)/width, conductance and flow depth
and slope in all the above equation and solving the non linear parabolic equation with the
pdepe function in MATLAB provides the geomorphic evolution of the river bed.

Firstly, the terrain profile can be extracted from the DTM that was calculated in section
3. Along with this, the DTM provided by Emilia-Romagna surveyed in 2015 helped to
generate the longer section. where, the river profile was divided into 162 sections, the

average of each traverse section provide the points for the profile as shown in figure below:

Shishir Kumar Acharya | M.Sc. Thesis Page 80



Terrain
350 T T T T T

330 | ]

320 r “yn

Elevation [m)]

310 / .

300 1 N

280 ' '
] 2000 4000 6000 8000 10000 12000

Abscisa [m]

Figure 4.4: Terrain profile

The PDEPE function in MATLAB as in the format; pdepe(m, @pdefun, @icfun,
@bcfun, xmesh, tspan) where the initial condition, boundary condition and the PDE itself

are to be determined.

* Initial Condition(icfun): The initial condition for the pdepe function was the
profile of the terrain that was extracted from the DTM as well as the smoothing
with different interpolation such as linear interpolation, moving mean smoothing

and spline interpolation function can be performed.

* PDE function: The parabolic equation mentioned earlier with the function that

depends on % that needs to be solved was used.

* Boundary Conditions: Upstream and Downstream boundary condition that should
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be introduced in pdepe function was to be taken from the terrain profile of end

upstream point and end downstream point.

Furthermore, due to the complexity having the bypass near the dam for morphological
simulations, the flow that just overpasses the dam (threshold discharge) and the flow that
fills the bypass channel was important which can be obtained through the 1D hydrodynamic

simulations.

4.3 2D Hydrodynamical Model

The 1D HEC-RAS model has already been built as in earlier section, therefore the work
was expanded to the 1D/2D environment. The HEC-RAS 6.4 is completely solved using
the 2D Saint-Venant equation.It simulates flood by solving shallow water equations, which
show the motion of water as depth-averaged 2D velocity and depth in line with the forces
of gravity and friction. Continuity equation:

0¢ ,9p 94 _

4.1
ot ox 0Jy 0 .15

Momentum equations:

op, 9 (pz)+i(m):_'”’2pg—lﬂ+q2_gha_f
X

or Tox\n ) oy \h

ot ox

dq 5(pq)+é‘(q):_nqu+q2 o¢
h

Here, { represents the water surface elevation, p and ¢ are the velocity components
in the x and y directions, respectively, 4 is the water depth, n is the Manning’s roughness
coeflicient, g is the acceleration due to gravity, & represents the bed elevation, f is the
Coriolis parameter, and 7y, Txy, and 7,, are components of the shear stress tensor.

Two-dimensional models was used to observe and predict spatially distributed, flood maps.
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In this case, a 2D hydrodynamic model integrated with the storage and connected to flow

area with the help of culvert was modelled in order to simulate the bypass present. ft

Inputs and Parameters

Beginning with the previously generated DTM, a precise 4m x 4m computational mesh
was created, including break lines and a refinement area. The flow area was connected
using Storage region/2D Flow Area connections (SA/2D Area Conn). The storage area’s
size was assumed to hold the volume of water passed from the flow area during the
simulation. Inflow in the storage area was the important parameter that was used as the
lateral hydrograph in the outlet of bypass, which helps to simulate the bypass in this
research. This SA/2D Area connection used the advanced culvert connection type, which
was made more efficient by utilizing the 1D model’s existing culvert editor. To draw the
culvert, first, the center line of the barrel was drawn with the convention from the upstream
side to the downstream side.

After the mesh generation and SA/2D Area Connection, the boundary condition, at the
upstream and downstream and the lateral boundary condition near the outlet of bypass was
imposed.The upstream boundary condition was taken the hydrograph with the constant
discharge of different return years, the lateral hydrograph was the inflow in the storage area

whereas for the downstream boundary condition the terrain slope was taken into account.
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Figure 4.5: Left figure shows the geometrical properties of the model. Right top figure
shows the culvert imposed and the right bottom shows the connection between the flow

area and the storage area

The Manning roughness was used as per the classification of the Corine land cover, which
was classified as open water(0.030), Aquatic bed(0.030), shrubs (0.040), and trees(0.045)
as per Chow(1959) in the interested region. Variable time step courant number has been
taken whereas the maximum courant number was 0.7, minimum courant number as 0.3,
and a number of steps below Minimum before doubling as two that ensured the stability of
the model.Finally, the time step of 1hr was taken into account and simulated for 35 hours
during different return period discharges.

The simulation was done for two different scenarios. First, the whole DTM acquired
through the drone was selected, and flood mapping was assessed, which shows the area
that could be affected during different flow conditions. Second, only the DTM downstream
of the dam was selected in order to see the changes in the downstream side due to the

sediment transport after dam removal.

The study is more focused on the second case, as the sediment volume calculated from
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the 1D morphodynamical analysis was used to see the changes in the flood plain in the
downstream area. This sediment transported downstream was uniformly distributed to
the flooded area and the DTM was modified considering the changes in terrain due to the
increase in depth after sediment deposition. This helps to access the risk of inundation in
the human settlement areas in the downstream.

The DTM collected with the help of the drone was for the limited region, the additional
DTM was used that was provided by the Emilia -Romagna. As this DTM covers large
area in this region, which would be very effective to observe the flood inundation impacts
in the downstream of dam. The similar methodology that was performed in the previous

DTM was implemented in this case.
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Chapter 5

Results and Discussion

As stated in chapter 4, one dimensional simulations in HEC-RAS was done taking into
account the different year return period discharges. In order to observe the relation be-
tween the flow between the bypass called lateral structure and the dam as inline structure,
multiple simulation have been performed. Although the primary focus was to find out the
threshold flow value that overpass the dam so that it can be used for the morphodynamical
simulations, the spatial depth and velocity changes was also observed to the downstream
in different extreme events.This also helps to know the flood mapping downstream in
presence of the dam at different return periods.

The constant hydrograph with 5,10,20,50,100 and 200 return periods discharges.In this
model the inline structure flow stability factor has been raised to 3 that helped to dampen
the higher oscillations of energy slope occurred during the simulation.In addition under
the htab parameter function the points were increased to 500 and Starting Elevation was
set as the minimum channel elevation by pressing copy invert.The discharge through the
bypass was again used as an lateral hydrograph in this case.The flow in the river and bypass

channel after the several simulations has been observed as below:
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Discharge in River(Qyiy) [m?/s] | Discharge from culvert(Qeu) [m3/s]
10 10
20 15.28
50 21.17
100 27.41
120 29.39
200 34.59
500 43.5
1000 51.88
1383.9 56.51
1855.5 61.11
2396.4 65.45
3268.3 72.05
4091.1 78.16
5102.9 85.02

Table 5.1: Discharge in river and culvert

During the simulation process, the hydrograph with small discharge was used and at a small
discharge most of the river discharge flow through the bypass channel. After increasing
the river flow, the increment in the flow of bypass channel was also observed as shown in
the Table 5.1. During the simulations, the overflow that exceeded the dam height, reaching
a notable 120m3/s was observed and larger than this flow it was estimated that the river
flow is divided into bypass channel flow and the flow that overpass the dam.However, at
this discharge level, the bypass channel did not reach full capacity.

The bypass channel functions similarly to a pressure pipe when the flow rate surpasses
150m3/s. The major goal of this simulation series is to calculate the distribution of
discharge values between the bypass channel and the riverbed (dam overtopping). This
knowledge is critical to understanding sediment movement in morphodynamic simulations.

Given the sediment-filled upstream portion of the dam, it is clear that only discharges
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that surpass the dam overtopping threshold may successfully carry silt downstream. This
discovery expands our understanding of sediment dynamics, as even after the dam removal
the upstream of dam filled with sediment would be transported only the discharge larger

than the threshold discharge. The Figure 5.1 shows examples of simulations,
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Figure 5.1: Discharges at Dam and lateral bypass channel during different discharges

A important relation have been derived between the discharges of the dam and bypass
channel after performing the different simulations. The power-law relationship is a math-
ematical form that describes a functional dependence between two variables, typically

expressed as y = a - x¥

+ c¢. Additionally, parameters of the power-law model can be
estimated from empirical data, and the resulting model can be used for predictive pur-

poses. For example, predicting the flow rate of water through a culvert based on the
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river discharge. In this case, the scaling factor a was calculated as a = 10.81 with a
95% confidence interval of (5.132,16.5) and b = 0.248 with a 95% confidence interval
of (0.1972,0.2989) that represents the rate at which the culvert discharge changes con-
cerning changes in river discharge and ¢ = —7.414 with a 95% confidence interval of
(—17.08,2.248) which is a constant term as a baseline. These coefficients and the model
as a whole can be used to predict or simulate culvert discharge based on different levels of

river discharge that can help in future detailed research as well.
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Figure 5.2: Relation between the discharge in river and the discharge in bypass channel

The threshold discharge of 120m?3 /s is the important parameter for the geomorphological
simulation. 1-D morphodynamical simulation was performed considering the threshold

value and for the 10 years of time frame to observe the evolution of river bed and sediment
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transport. The two scenarios has been assessed. First, the geomorphic evolution of river
bed and volume of sediment transport has been calculated without considering the bypass
and secondly, the realistic scenario considering the bypass was evaluated. In both the cases
the maximum sediment deposited were observed in the 500m upstream of the dam and
same length of the profile was taken into account for the analysis of transport of sediment.
For the first scenario, the instant dam removal was considered and the bypass was not
taken into account. The mean daily discharge data as already calculated in section 3.2
was used and moving window of 10 years starting from the year 2005 with 9 simulation

windows were taken as shown in Figure 5.3

Evolution of the profile for the time window number 1 Evolution of the profile for the time window number 2

Figure 5.3: Figure above shows the 9 windows of simulation taking 10 years of data at

each window for evolution of river bed without considering bypass

The change in geomorphic elevation in each window was seen higher during the initial stage
however was reduced significantly afterwards.The average profile from the 9 simulation
window was considered to calculate the final profile which is shown in Fig. 5.4(a).
Furthermore, it has been seen that change in elevation near the dam was considerable
and area shows the aggradation and degradation in that area as shown in figure below.
Additionally, the amount of sediment transport considering the bypass was higher for
first year and decreases significantly afterwards as shown in figure 5.4(b). Finally the

cumulative volume has been calculated was 44753 m? /s as shown in figure 5.4(c).
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Final profile after 10 years
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Figure 5.4: Figure in left 5.4(a) shows initial and final profile of the riverbed, figure in
middle 5.4(b) shows the sediment transport in time and figure in right 5.4(c) shows the

cumulative sediment transport for 10 years without considering bypass.

Similarly, for the second scenario considering the bypass during the simulation the different

9 window was taken containing 10 years in each window as shown in figure below.
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Figure 5.5: Figure above shows the 9 windows of simulation taking 10 years of data at

each window for evolution of riverbed considering bypass

The profile of riverbed considering the bypass before and after dam removal has been
shown in Figure 5.6(a) and the sediment transport in time has been shown in Figure 5.6(b)
where it has been seen that the sediment transport has been higher for few years and then

decreases afterwards. Also the cumulative volume as shown in figure has been calculated
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in Figure 5.6(c).
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Figure 5.6: Figure in left 5.6(a) shows initial and final profile of the riverbed, figure in
middle 5.6(b) shows the sediment transport in time and figure in right 5.6(c) shows the

cumulative sediment transport for 10 years considering bypass

In both the scenario it has been depicted considerable variations in bed elevation over
certain years, and then decreases in following years. The sediment pulse propagation in
both the cases was observed as similar to two phase model where during the initial phase
the large sediment is transported following to transport limited condition. However, the
differences in the initial propagation phase in the first scenario without considering bypass
and the second scenario with considering bypass shows that the presence of bypass in the
river channel has its impacts on sediment transport and temporal variation in sediment
pulse propagation in Trebbia river. To represent the realistic case in Trebbia river contain-
ing bypass the results from second scenario has been taken for further analysis. Notably,
downstream aggradation and upstream degradation occurred near the dam, resulting in a
quasi-equilibrium state caused by sediment transfer from upstream to downstream. The
simulation of riverbed alterations concentrates on the bypass portion between the outflow
and inlet, which activates when the discharge exceeds 120m?, suggesting a crucial thresh-
old for investigation in the dam section.

Furthermore, the volume of sediment moved downstream peaked in the first four years,
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followed by a significant reduction, highlighting the importance of sediment transport in
the early stages. The cumulative volume of 35645m> shown in the above figure illustrates
this tendency. Additionally, the amount of the downstream pool near the dam, which
is critical for sediment trapping during transport, was calculated as 12143.15m>. As
discussed earlier in section 2 there is human settlement in the Bobbio town downstream
which could be affected by the increase in flood due to the transport of sediment. For this
reason, the 2D hydrodynamic simulation was performed to show how the depth of flow
changes after the transportation of sediment.

The 2D hydrodynamic simulation was carried out under present circumstances to de-
termine the downstream flood implications. Unfortunately, the Digital Terrain Model
(DTM) developed does not cover the full Bobbio region, nonetheless, the impact of floods
at different return times has been closely monitored. The analysis shows that, even in the
current scenario, without considering dam removal and sediment transport the right bank
at Bobbio Beach Ponte floods during the Q200 return period. Furthermore, the depth of
flow has increased significantly throughout the Q200 return period, increasing up to 10
meters from the initial level near the bridge and shown in Figure 5.7. During different
return periods such as Q5, Q20, Q100 the maximum depth observed was 4.8m,6.6m and
9.2m at the location near the bridge shows the substantial increase in depth of flow during
higher return periods. With that increase in depth, houses in the right bank seems to
be inundated. This analysis was done to access the condition during the extreme flood
condition even without considering dam removal. So it could be anticipated that, there
might occur some adverse effects due to the sediment transport after dam removal at this
stage. Not only this, the analysis showed the applicability of 2D/Storage area connection
effectively to generate the inundation map, flood velocity, depth in this kind of complex

geometry simulating the bypass.

Shishir Kumar Acharya | M.Sc. Thesis Page 93



Figure 5.7: Flood mapping during different return periods

As discussed earlier, the volume of sediment transport was already calculated and the
river bed profile after the dam removal has been obtained through 1D morphodynamical
numerical simulations. However, this simulations lack the capacity to offer a detailed
spatial overview of the study area. To address this constraint, a supplemental 2D hy-
drodynamic analysis was conducted, focused on the flood-prone area downstream of the
dam. The flooded area was determined using 2D hydrodynamic modeling with a return
period of 200 years, as shown in Figure 5.9. First the flood map, was exported from
the HECRAS in QGIS and masked with the full DTM.The sediment computed above
was divided by the total area i.e.305842m? to determine the change in bed elevation of
the Digital Terrain Model (DTM), amounting to 12cm and elevation of the selected flood
section was increased with 12cm as shown in Figure 5.8. After that the increased elevation
masked raster is then merged with the full raster to obtained a new DTM that was used for
HECRAS to obtain the flood map results after increasing the elevation due to sediment

deposition after dam removal.
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Figure 5.8: Figure on top left shows the flood map extracted from the HECRAS results
in 200 year return period,Figure on top right shows the merged layer after changing the
elevation of the flooded map section and figure below shows the profile after increasing

elevation

The following Figure 5.9 shows the flooded area after the modified DTM after post dam
removal condition. It is crucial to note that these simulations are based on the assumption
of a single-stage dam removal, and the volume of the pool immediately downstream of
the dam which has a volumetric capacity of 12143.15m3 has not been taken into account.
These assumptions were made to simulate the most critical case for a thorough study.Also,
in this case the smaller DTM section was taken and only 12 cm change has been observed
and it is very small change in such a small section. As shown in Figure 5.9., the change
in the flow depth of the flooded areas in downstream with Q200 return period before and
after the dam removal was less than 10 cm in most of the areas.

Even assuming the worst-case scenario, in which no sediment deposition occurs in the
aforementioned pool, and with such a small DTM section the data show that the rise in

water levels downstream is not particularly substantial.
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Figure 5.9: First figure shows the flood mapping in downstream of dam before considering
dam removal and second figure shows after dam removal and the third figure shows the

difference between the two cases

Similarly, the terrain that include the large section was also evaluated in this study. The
DTM was provided by the Emilia-Romagna region. Additionally, the DTM was then
smoothed with the SAGA Gaussian filter. As, this DTM includes the large area and covers
the Bobbio town where the human settlement is high, potential flooding has been depicted
in that area during higher return period after the hydrodynamic modeling as shown in
figure. In this case, the similar methodology was conducted as before and the flooded
area during Q200 return period was calculated as 1062481.69m? . And again dividing the
sediment transported in the flooded area results in the 3.3 cm change in elevation.Figure
shows the difference in the water depth in the two scenarios before and after the dam
removal. The change in the depth of water level was seen with maximum 4 cm after the
sediment deposition. Furthermore, this change was seen in very few areas whereas most

of the areas contains even smaller change.
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Figure 5.10: Figures in first and second column shows the flooded areas before and after
considering dam removal and figure in third column shows the difference between two

cases

The results obtained after the simulations considering two different DTM also shows
the minimal change in the flow depth after the dam removal. As was expected, this
results bolster the fact that there is insignificant effects in the downstream settlement after
the sediment transport. The amount of sediment transported is quite low even without
considering the pools and depression along the downstream of the channel. Although the
through knowledge of the volume of sediment that can be stored in these pools needs very
detailed analysis, the profile of the terrain shows the number of depressions and pools that
can store sediments. The results obtained from the morphological analysis are of great
importance as that shows the time frame of around four years is critical as the sediment
transport is large comparing to the following years that could have some impacts to the
ecological habitats in the downstream, however the ecological aspects can be expected

to recover after these few years effects as it depends on the types of ecological habitats
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downstream that needs further detailed analysis.

Starting from the complexity attributed due to the presence of bypass just upstream the
dam and the relation between the dam and bypass with the discharge threshold value
of 120m> also caused the sediment transport last longer for four years and affected the
geomorphic evolution of river bed. Although the cumulative volume of sediment transport
was taken into account, if the sediment transport each year was taken the effects to the
downstream would have much less.

This results shows that the San Salvatore dam removal in the Trebbia has less effects in the
downstream and the sediment transported have short-term effects in the geomorphology
of the river and the flood risk to the settlement downstream. This feasibility analysis
of the pre and post-removal geomorphic assessments revealed that the majority of the
geomorphic alterations occur within a short period of time, driven mainly by the initial
base level modification - an observation common to dam removals elsewhere, indicating
that post-removal long-term sediment production may not occur or may impair downstream
geomorphic and ecological stability.

Although, there could be some impacts in the ecosystems due to the migration of sediments
after dam removal can leading to a drop in fish habitats and changes in sediment dynamics
may disturb riverbeds, affecting spawning sites and interfering with the overall ecological
balance required for fish survival however the case is different in this study as very small
volume sediment transport has been depicted and this volume of sediment could have
minimal impacts for those species. In addition, some positive impacts could occur in
resident fish and at-risk species and would have better access to formerly inaccessible
habitat, and the restoration of sediment flow would most certainly aid the formation of
critical fluvial habitats downstream.

These findings in this feasibility study are significant given the rising number of dam
removals over the previous decade in different part of the world. To fully comprehend the
influence of dam removal on river geomorphology and its impacts downstream, it’s crucial

to collect post-removal data and validate the findings of this study in this particular river.
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Chapter 6

Conclusion

Over the last several years, academics have focused more on the potential usefulness of
dam removal in river restoration. The expanding number of scientific research gives a sig-
nificant opportunity for learning how to better manage watersheds and increase our grasp
of the science of river restoration. To this end, feasibility study was carried out starting
from the initial phase of data acquisition and the hydrodynamic and morphodyanamical
simulations has been performed to produce some important results that bolster the decision
making in the dam removal and river restoration in Trebbia river in this dissertation.
Initially, the parameters needed for hydrodynamic and morphodyanmic analysis were
calculated such as grain size and distribution using the Matlab-based object detection
software called BASEGRAIN, different return period discharge were calculated through
statistical method of return period analysis, drone data acquisition was done to generate
high resolution digital terrain model using CLOUD-COMPARE software.

The study included a comprehensive analysis taking into account the bypass that connects
the dam’s upstream and downstream zones. The discharge threshold was determined us-
ing one-dimensional hydrodynamic modeling in HEC-RAS. This also addresses the first
research questions of finding the threshold value that overpasses the dam. Notably, it
was determined that exceeding a certain threshold value is required to transport sediment
present immediately upstream of the dam under such conditions. Furthermore, the study

used 1D morphodynamic modeling using threshold discharge and the results showed that
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the cumulative volume of sediment transfer in 10 years following dam removal was neg-
ligible. The results also showed that in the presence of bypass, the sediment transport
resembled those observed in the staged dam removal condition-with the certain amount
of sediment transported each year during when the discharge overpass the threshold dis-
charge. During the first four years, the geomorphic evolution of river bed was high
comparing with the following years, however after that period the change in river bed was
unnoticeable suggesting that the San Salvatore dam removal have effects for few years in
the geomorphic evolution of river bed. This results also allowed to answer the second
research question.

To further investigate, 2D hydrodynamic modelling in HECRAS was performed in two
steps. First, the flooded area was calculated in 200 year return period discharge and the el-
evation that needs to be added to the flooded area was calculated with the ratio of sediment
transport volume by flooded area.The total volume of sediment calculated was uniformly
distributed along downstream area to resemble the worst case scenario assuming that all
the cumulative sediment transported downstream at once. And secondly, again the 2D
hydrodynamic simulation was conducted with elevation changed DTM to see change in the
flood area and the flow depth to the downstream. The results indicated a modest increase
of only 12cm and 4cm in flow depth for both smaller and larger Digital Terrain Models
(DTMs) selected, following sediment transport subsequent to dam removal. Importantly,
the study found no significant spatial alterations in the flooded area.

In this feasibility study, it has been found that the geomorphic evolution of riverbed oc-
curs only over few years transporting low amount of sediment and the effect of sediment
transport to downstream Bobbio town regarding the flood risk was minimum after the dam
removal. Due to sediment transport downstream after the removal of San Salvatore dam,
it is believed that the aquatic habitat will be reconnected and the dam removal would also
result in the restoring sediment budget downstream that would help native fish species by
creating the gravel bars and substrates.Although more research is also required to under-
stand linked biotic-abiotic responses to the removal of dams and to inform efficient and
successful dam removal and restoration strategies in an array of physio-graphic contexts.

However, detail analysis is required in terms of a cost benefit analysis in removing the dam
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as well as long-term monitoring is important to fully understand ecological effects. Also,the
study area is important from the recreational point of view, that needs to be well understood
in consultation with appropriate regional agencies and in a public dialogue with residents
in the area. In addition, different channel evolution model should be studied and validated
regarding the geomorphological changes, forms and processes during pre and post dam
removal condition.

Based on the fact that, the transport of impounded sediments following dam removal is
not expected to result in significant downstream deposition and even most of the sediment
would be trapped in pool just downstream of the dam. Finally, comparisons of "before"
and "after" scenarios for dismantling the dam demonstrate that there is negligible change in
terms of depth or lateral extent of flooding in the downstream suggest that the Free Trebbia
River Project conducted by the Open rivers programme to remove the San Salvatore dam

appears to be a commendable option for river restoration.
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Chapter 7

Appendix

7.1 BASEGRAIN Analysis
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Location and details are provided in details in Section 3.3.1
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yipx)

=@ photo analysis (Fehr)
—=— estim. fines (Fuller)
©__photo analysis (Fehr, final)

(4309, dgol(P;) = [72.6,109.4,221.5)mm

[d3p.d (F [31.6,103.4,221.5)mm

sieve throughput(p.) [], b-axis by volume

0.1

0 50 100 150 200 250 300 350 400 450 500
di[mm]

Fig. D

Figure 7.1: Figure shows the process GSD analysis in BASEGRAIN software. Fig A: Pre-
processing of the raw image. Fig-B: Output of object detection after five steps processing.
Fig-C: Analysis based on Fehr(1987), Fig-D: GSD curve by volume with calculated grain

size diameter
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Figure 7.2: Figure shows the process GSD analysis in BASEGRAIN software. Fig A: Pre-
processing of the raw image. Fig-B: Output of object detection after five steps processing.
Fig-C: Analysis based on Fehr(1987), Fig-D: GSD curve by volume with calculated grain

size diameter
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LOCATION: 900902
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Figure 7.3: Figure shows the process GSD analysis in BASEGRAIN software. Fig A: Pre-
processing of the raw image. Fig-B: Output of object detection after five steps processing.
Fig-C: Analysis based on Fehr(1987), Fig-D: GSD curve by volume with calculated grain

size diameter
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LOCATION: 900903
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Figure 7.4: Figure shows the process GSD analysis in BASEGRAIN software. Fig A: Pre-
processing of the raw image. Fig-B: Output of object detection after five steps processing.
Fig-C: Analysis based on Fehr(1987), Fig-D: GSD curve by volume with calculated grain

size diameter

Shishir Kumar Acharya | M.Sc. Thesis Page 106



LOCATION: 900906
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Figure 7.5: Figure shows the process GSD analysis in BASEGRAIN software. Fig A: Pre-
processing of the raw image. Fig-B: Output of object detection after five steps processing.
Fig-C: Analysis based on Fehr(1987), Fig-D: GSD curve by volume with calculated grain

size diameter
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LOCATION: 900912
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Figure 7.6: Figure shows the process GSD analysis in BASEGRAIN software. Fig A: Pre-
processing of the raw image. Fig-B: Output of object detection after five steps processing.
Fig-C: Analysis based on Fehr(1987), Fig-D: GSD curve by volume with calculated grain

size diameter
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