Debris Hazard Assessment in Extreme

Flooding Events

Jacob Stolle

Thesis submittedh partial fulfilment of the requirements for the degree of

Doctorate in Philosophy Civil Engineering

Under the auspices of the Otta®arleton Institute for Civil Engineerinig cotutelle with the
Technische Univeristéat Braunschweig

Academic advisa: Prof. loan Nistor Prof. Emil Petriyiand Prof. Nils Goseberg

_

110

University ofOttawa
Ottawa, Ontario, Canada

© Jacob Stolle, Ottawa, Cana@919



Debris Hazard Assessment in Extreme Flooding
Events

Von der
Fakultat ArchitekturBauingenieurwesen und Umweltwissenschaften
der Technischen Universitat Caraldilhelmina
zu Braunschweiin Cotutelle mit der
University of Ottawa

zur Elangung des Grades eines
Doktor -Ingenieurs (Dr.-Ing.)
genehmigte

Dissertation
kumulative Arbeit

von
Jacob Stolle

geboren an®6.09.1991

ausOttawa, Canada

Eingereicht am24. Mai2019
Disputation am: 23August2019

Berichterstatter/in: Prof. loan Nistor, Prof. Nils Goseberg, Prof. Emil Petfitgf. Ronald Riggs, Prof.
Ana Da Silva Prof. MuratSaatcioglu, and Prof. Majid Mohammadian

201671 2019



Abstract

Coastal areas are often importemeconomic, social, and environmental processes throughout the world.
With changing climate and growingpulations in these areas, coast@aihmunities ha become
increasingly vulnerable to extreme flooding events, such as tsunami, storm surges, and flash floods.
Within this new paradigm, there has been an effort to improve upon current methods of hazard
assessmenparticularly for tsunami. Recently, tlienerican Society of Civil Engineerd$CE) released
the ASCE7 Chapter 6 which was the o r Ifidt&tandardwritten in mandatory languagiat

addressed tsunami resilient design in a probabilistic mdonseveral of its prescriptionsVhile often

the focus tends to be on mapping the hazards related to hydraulic loading corplisétssinamifield
surveys from disastatrickencoastalcommunities havalsoshown the importance of also considering
the loads exerted by solid objects entrainethiwithe inundating flows, commonly referred to as debris
loading. Limited research has addressed debris hazard assessment in a comprehensive manner.

Debris loading can be generatlividedinto two categories: impact and damming. Debris impact loads
are caised by the rapid stifof solid objects against a structure. Debris damming loadbaresult of

the accumulation of debris at the facepfrounda structure, causirtihusan obstruction to the flow.
The primary difference between these loadsedtitne periocverwhich they act. The rapid loadimye

to debris impacts requires structural properties be corsldlenssessing thassociatetbads whereas
debrisdamming loads are generally consideired quasistaticmanner In assessing the hazar
associated withoth impact and dammirlgading conditions, methodologies must be developed to
consider the likelihood of the load occurring and the magnitude of that load.

The primary objective of this thesis was to develgpababilisticframework forassessing debris hazards

in extreme coastal flooding events. To achieve this objective, the components of the framework were split
into three general categories: debris transport, debris damming, and debris impact. Several physical
experimentabtudies wee performed to address each of these components, representing the most
comprehensive assessment of debris hazards in extreme floodingtedatts

Debris transport was addressed to estimate the likelihood of debris loading occurring on a structure. The
studies presented harexaminethe different parameters that must be considered in assessing the motion
of debris with the flow. The studies showed that the initial configuration of the debris and hydrodynamic
conditions were critical in determining thetion of the debris. The stochastic properties of the debris
motion were also assessed. It was shown that the lateral displacement of the debris could be approximated
by a Gaussian distribution and the debris veloojtya Kumaraswamy(1980)distribution. The study of

debris impact wagirtherused to develop the current models used in estimating the impact force. The
rigid body impact model was compared to models where thetstal response was considered. The
analysis showed that the effective stiffness model proposethélynel and Dal{2004)was hkestsuited

to provide a conservative estimation of the impact force. Additionally, the impact geometry was taken

into consideration examining the influence of various parameters on the impacFtotbermoredebris
damming was examined for the firghg in tansient loading conditions. Thisrticularstudy examined

the influence of the transient wave condition on the debris dam formation as well as the influence of
different debris geometries. The influerafehe debris dam geometry was correldtethcreases in

loading and overtopping conditioasstructuresThe assessment of debris hazasderitical in the

development of accurate design conditions. The probabilistic framework presented within this thesis
expected terovide a basis fagstimating debris hazards and inform future studies in the development of
hazard assessment models.
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Chapter 1. Introduction

1.1 Background

Recent majocoastaflooding events, such as the 2017 Hurricane Harvey and tt&I88onesian
Tsunami, indicatéhe need for improved hazard assessment methods. With the changing climate and
rising sea levels, coastal communities are increasingly vulnerable to extreme floodindIEN&Dts

2014) As these events can have severe economic, environmental, andnspabs orcoastal
communities, accurate estimation of floodiragards is critical in resiliensustainablelesign.

Within the Canadian context, the coastal environment is a significant part of the Canadian landscape as

the country is not only bordered by the worl dodés t
encompasses several important internal mawiaters, such as the Gulf of St. Lawrence and the Hudson
Bay, aswelasthes hor es of the worl doés | argest fresh water

these environments is compounded by the fact that 25 percent of the Canadian popwdationtizse

coastal area®FO 2002) As a result of urban developmeexpansionand intensification, this

percentage willikely rise agglobal trends indicatpopulation density in coastal areadi continue to
increasgManson 2005)However, these areas pose inherent hazards due to the proximity to large marine
water bodies. These hazards can manifest in the form of extreme flooding events caused by storm surges,
hurricanes, antbunamij leaving millions of Canadians vulnerable to such disasters.

The vulnerability of Canadian coastal communities is further accentuated by the ongoing and future
climatic changegManson 2005)Already, as a result of flooding, there has been a significant rise (160%)
in the average cost of water damage claiover the period of 20002011 (Friedland et al. 20145ea

level rise and coastal erosion will only escalate the susceptibility of coastal areas to extreme floodi
events by reducintheir natural protection arektending flood plain§Chouinard et al2008, Boon

2012) Increased intensity, duration, and frequency of storm events will likely exceeatemipdesign
conditions andead to the futility of manycurrent engineered protection meas@e€C 2014) The

National Research Council of Canada (NRC) has recently expressed a desire to include the effects of
climate change in upcoming versions of the National BuildindeCof Canada (NBCC). Howevénese
changes have not yet been implemeiiBatrett and Hannoush 2016)

Tsunamj while occurring les®ftenthan storm surge and hurricane events, can be significantly more
devastating as observed during the 2004 Indian Ocehthar2011 Tohoku Japan tsunaittis is of
particular concern for the West Coast of Canada, where the nearby Cascadia SuBdueti@SZ), that
has historically triggered major tsunami evejfigest et al. 2010rould potentially rupture (2%
certainty) in the next 50 yeaf&oldfinger et al. 2012)Additionally, tsunamifrom far-field sources, such
as the case of the 1964 Alaska Earthquake were shopatentiallyinduce sigrficant damage to
Canadian West Coast comanities.C a n a Bast@east inot immune to tsunami hazard as it has been
hit by the two most damagirigunamiin Canadian history: the one generated by the 1917 Halifax Port
Explosion and the 1929 Grand BankstRguakeand subsequent (localized) tsund@liague et al. 2003)

In theNational BuildingCode of CanadaNBCC), limited prescriptions exigbr the design of structures

in extreme flooding event®alermo et al. 2009As previously mentioned, the standard does not
currently address the issue of climate chaiggerett and Hannoush 2016) tsunami engineering, a
recent paradigm shift due to the devastation of the 2011 Tohoku Tsunami has revised the practice of
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addressing tswami designThe system has moved from a historioeh system utilizinga probabilistic
approaciiChock2015) Thi s shift has | ed to the devel opment
7 Chapter &, written in mandatory language, specifically floe design of tsunannesilientinfrastructure

(ASCE 2016a)The standard relies on a variety of tsunami sources and magnitudes to develop a

stodhastic catalogue of tsunami scenariwwhich arethenused to assegrobabilistically quantifiable

hazards. Similar changes may be necessary in the assessment of other coastal flooding mechanisms as the
local historical record likely will no longer refletuture design conditions.

Historically, the estimation of flooding hazards has focused on the hydraulic conditerfioodplain

mapping, hydraulic loadingjield investigations of floogtricken communities have indicated the

necessity for considerg secondary effects, suche®sionand debrigGhobarah et al. 2006, Raison

et al. 2007, Palermo et al. 2018he focus of this thesis will address debris hazards, where debris

defined as any solid object entrained within the fld¥g. 1-1 shows examples of treffectsof debris

loadingon structures in the aftermath of the 2018 Indonesian TsuRami-1(a) shows debris loading

on structireswhere a naval ship was washed onshore impacting the structure causing damage to the outer
facadeFig. 1-1(b) shows fuel tanks which had been picked up withirfldve and impacted the

structures around a gas station. Fuel tanks have become of particular concern due to the potential
environmental concerns associated with chemical gpi#snier et al. 2018)

A

Fig. 1-1. Examples of erosion and debris loading from the 2018 Indonesian Tsunamiataampu
Naval Base and (b) Gas Station near the Palu City Shopping Mall.

Debris loading can be broadly defined in two categories: impact and damming. Debris impact is a rapid
impulse force applied to a structure caused by the debris striking thenstretbris damming occurs

due to the accumulation of debris at the faicer aroundstructuresThe accumulation resuliis an

increase in the drag forces exerted on the structure and is generally treated as a static load. While both of
these loading catitions involve solid objects entrained within the flow, the different time scales on

which they act requires different considerations (i.e. structural respotisecase of debris impadtom

a design perspectiviVith the objective of developing mettialogy for addressing debris hazards in

extreme floding events, tis thesis outlinethe results of several studies examining the various concerns
influencing this complex topic.

1.2 Objectives

The intent of this thesis is to validate and improve upon the current design stgrdpaiedn the
ASCE7 Chapter 6 for the assessment of detaizardsn extreme flooding events. Due to the relatively
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large scope of #hresearch conducteithe thesisvas separated into three distinobgrams eachwith
their own objectives(l) debris transpor{2) debris impact, an{B) debris dammingHence, theoverall
objectives of the thesis consist of:

1) Establishing a framework for evaluating the vulnerabditgoastal communities to debris loading
conditions.

2) ldentify key characteristics of debris loading that can improve upon the current standards and aid
practicing engineers in assessing debris loading potential.

3) Provide comprehensive, higjuality data tdoe further used in the calibration and validation of
numerical models.

Based on these overall objectives, the objectives of gagmaminclude:

1) Debris Transport
a. Examining and quantifying the stochastic distributions of debris spreading and debris
velocity.
b. Examining the influence of the initial spatial distribution of the debris on debris spreading
and velocity characteristics.
c. Developing a framework for determining the likelihood of debris loading conditions
occurring during a major flooding event
d. Providing concise data and empirical models regarding the trajectory, orientation, and
velocity of debris when transported in highergy flows.
2) Debris Impact
a. Examining and quantifying the impact characteristics of the debris.
b. Evaluating the influence ahulti-debris impacts on the maximum loading conditions.
c. Assessing and identifying challenges associated with the current conservative impact
models used in the design standards.
3) Debris Damming
a. Examining key characteristics influencing the capture and&tom of a debris dam.
b. Evaluating the secondary effects associated with a debris dam (flow accelerations,
backwater rise, etc.).
c. Determining a methodology for assessing the maximum loads associated with the
formation of a debris dam.

1.3 Scope

The primary objetive of this thesis is to provide comprehensive, fjghlity data for the assessment of

the current ASCH Chapter 6 design guidelines. The study focuses on providing this information through
physical modelling experiments. Due to time constraints agsiqdd constraints of the laboratory
environment, thatudy hasome inherent limitations in the evaluation of debris transport and loading:

1 The focusis on the impact of large debris acting in a Lagrangian mar8realler debris are
generally assumed teelubiquitous and therefore are addressed as a debris flow by changing the
density of the inundation flood. Generally, all structures are designed for smaller debris impacts
due to relatively small loads and, therefore, there is less need for hazard essessasures.

1 The experiments were performed aekativelysmallscale (1:40 or smaller). Due to limitation of
the available laboratory facilities, the issues of saasassessed through physical modellihge



geometric scale was chosen to be as lasgeossible while maintaining reasonable prototype scale
flow conditions.A discussion of theeimplicatiors arepresented ilChapter 6

1 Due to the lack of fieldnvestigation data regarding debris, the physical modelling experiments
could not be directly validated using field datdowever, the candidate did validate the
prescriptions of ASCE7 Chaptenghich are derived from limited field datéurtherinvestigations
will be needed to address scale effects before any conclusions should be confidently applied.

1  The number of debris investigated in the experiments were limited by both the available equipment
as well as the analysis techniques. Additionalyarge number of debris would interact with the
flume walls, therefore, biasing the results.

1  The physical modelling experimergmployedan idealized topography. The influencecomplex
topographies wagot investigated within this thesis. A secondabjective of the thesis was to
provide benchmarking data for numerical modéts such, omplicated sitespecifictopography
was not used to simplify any calibration efforts.

There are a wide range of factor that will influence debris motion and impdatdoanany of which are

site specifiqParola 200Q)Therefore, the fztors that were chosen to be investigated were generalized to

be applicable in a wide range of situations. As a secondary objective of the thesis is to provide benchmark
data for numerical modelling, it was decided to maintain an idealized setting. Adtitjdhis will allow

for future experiments at larger scales to address scale issues in a simple setting.

1.4 Contributions and Novelty of the Study

The novelty of the present study lies in the comprehensive approach to the evaluation of debris hazard
assessment within extreme flooding events. Previous studiebéenémited in scope, failing to address

the stochastic nature of the debris hazare Sthdy presented herein is the first study to examine the
probabilistic properties of debris transport in extreme flooding events, aiding in the development of
framework for estimating debris hazard. The study also examines the evolution of the débris m

allowing for the development of analytical models addressing the important transport characteristics, such
as debris velocity and orientation, which dictate the forces exerted on structures.

The comprehensive approach further enables-deth exanmation of the impact forces exerted on
structures in extreme flooding events. Previous studies into debris impact ekaarefelly controlled
impact conditions which limit the interactions of the debris within the surrounding fluid. This can have
implications due to the added mass and damping effadtsis studytheinfluence of the surrounding
hydrodynamicsvascaptured unddransienthydrodynamic conditions. Most critically, as the debris
motion was not constrained, multiple debris impactsatbelinvestigated, examining thesensequences
on design equations.

This study also for the first timginvestigates debris damming undemsientloading conditions. While

debris damming has been identified in several field investigations as a potential loading condition, limited
studies exist examining the phenomenon in transient loading conditions. Previous studies have
predominantly focused ohe likelihood of debris damming occurring in riverine environments. An
examinatiorof formation mechanisms and resistance coefficients under transient loading may better
represent debris dammiwlgiring the initial phases of a flo@yent.
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Hydraulic EngineeringASCE. Under Review.
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within this thesis.
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Modelling of Coastal Inundation from Cascadia Subduction Zone Tsunami and Implications for
Coastal Communities on Western Vancouver Island, Cahdaral Hazards Springer. 0, pp.

1-25.

- The author aided in the deepiment in the manuscript by providing scientific and
editing help to the author during the development and review of the manuscript. The
manuscript was not included within this thesis.
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Nishida, Y., Shibayama, T., Esteban, M., Nistor, I., and Goseberg, N. (2019). Engineering
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Civil Engineering Canadiarscience Publishindn-Press



- The author was part of the international reconnaissance team that travelled to Palu,
Indonesia to examine the aftermath of the 2018 disaster. The author was responsible
for the synthesis of the results and the drafting of the original manugdrept.
manuscript can be found in Appendix B.

7) Stolle, J, Nistor, |., Goseberg, N., and Petriu, E. (2019). Multiple Debris Impact Loads in
Extreme Hydrodynamic Condition3ournal of Waterway, Port, Coastal and Ocean
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- The author \as responsible for the development of the analytical model used in this
manuscript as well as a part of the development of the experimental plan on which
the validation was baset@ihe manuscript can be found in Chagier

8) Stolle, J, Takabatake, T., Haman@., Ishii, H., limura, K., Shibayama, T., Nistor, I., Goseberg,
N., and Petriu, E. (2019). Debris Transport over a Sloped Surface in TslikeaFiow
Conditions.Coastal Engineering Journalaylor and Franci®1(2), pp. 244255

- The author was respdbke for the development of the experimental program and
analysis that contributed to the bulk of the manuscFipe manuscript can be found
in Chapter 3.

9) Von Hafen, H., Goseberg, Nstolle, J, and Nistor, I. (2019)GateOpening Criteria for
Generatingpam-break Waves using Smoothed Particle Hydrodynardms:nal of Hydraulic
Engineering ASCE. 145(3), 04019002.

- The author acted as the secondary supervisor for the primary author (Haéai H
Additionally, the author performed the experiments necgg$oeathe calibration of
the numerical model and aided in the initial development as well as editing of the
manuscriptThe manuscript was not included within this thesis.

10) Stolle, J, Goseberg, N., Nistor, I., and Petriu, E. (2018). Debris Impact Foncelerible
Structures in Extreme Hydrodynamic Conditiodhaurnal of Fluids and Structureklsevier. 84,
pp. 391 407.

- The authomwas responsible for the development of the analytical model used in this
manuscript as well as a part of the developmettt@Experimental plan on which
the validation was basefihe manuscript can be found in Chapter 5.

11) Stolle, J, Derschum, C., Goseberg, N., Nistor, I., and Petriu, E. (20&8)is Impact under
Extreme Hydrodynamic Conditions Part 2: Impact Force Responses feRiyohDebris
Collisions.Coastal Engineeringslsevier.141, pp. 107 118.

- The authomwas responsible for the initial development of the manuscript.
Additionally, the author performed the experiments used in the analysis as well as
aided in the development of the experimental protddwmt. manuscript can be found
in Chapter 5.

12) Derschum, C., Nistor, IStolle, J, and Goseberg, N. (201&)ebris Impact under Extreme
Hydrodynamic Conditions Part 1: Hydrodynamics, W&#mricture Interactions and Impact
GeometryCoastal Engineeringklsevier. 141, pp. 24 35.

- The author was responsible for the final analysis and development of the manuscript.
Additionally, the author @rformed the experiments used in the analysis as well as



aided in the development of the experimental protddwt. manuscript can be found
in Chapter 5.

13) Stolle, J, Takabatake, T., Nistor, I., Mikami, T., Nishizaki, S., Hamano, G., Ishii, H.,
Shibayama, T Goseberg, N., and Petriu, E. (2018). Experimental Investigation of Debris
Damming Loads under Transient Supercritical Flow ConditiGosistal EngineeringElsevier.
139, pp.167 31.

- The author was responsible for the development of the experimeamaplvell as
the execution of the experiments. The author was also responsible for the
development of analysis techniques and writing of the manusthetmanuscript
can be found in Chapter 4.

14) Stolle, J, Ghodoosipour, B., Derschum, C., Nistor, I., RetE., and Goseberg, N. (2018wing
Gate Generated Dabreak WavesJournal of Hydraulic Research, IAHRaylor & Francis.
DOI: 10.1080/00221686.2018.1489901

- The author was responsible for the development of the experimental plan as well as
the executia of the experiments. The author was also responsible for the
development of analysis techniques and writing of the manusthetmanuscript
can be found in Appendix A.

15) Esteban, M., Glasbergen, T., Takabatake, T., Hofland, B., Nishizaki, S., Nishi&ohé, J,
Nistor, 1., Bricker, J., Takagi, H., and Shibayama, T. (2017). Overtopping of Coastal Structures
by Tsunami WavesGeosciencesMiDPI. 7, 121.

- The author aided in the development of the experimental facilities used in the
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the development of the manuscriphe manuscript was not included within this
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16) Stolle, J, Takabatake, T., Mikami, T., Shibayama, T., Goseberg, N., Nistor, |., and Petriu, E.
(2017). Ldoratory Study of Debris Damming Loads and Effects in Flood EvEeissciences.
MDPI. 7, 74.

- The author was responsible for the development of the experimental plan as well as
the execution of the experiments. The author was also responsible for the
devebpment of analysis techniques and writing of the manusa@itiygt.manuscript
can be found in Chapter 4.

17) Stolle, J, Goseberg, N., Nistor, I., and Petriu, E. (2018). Probabilistic Investigation and Risk
Assessment of Debris Transport in Extreme Hydrodyn#&uoitditions.Journal of Waterways,
Port, Ocean, and Coastal Engineerid®SCE. 144(1), 04017039.

- The authomwas responsible for the initial development of the manuscript.
Additionally, the author performed the experiments used in the analysis as well as
aided in the development of the experimental protddwt. manuscript can be found
in Chapter 3.

18) Stolle, J, Nistor, I., Goseberg, N., Mikami, T. and Shibayama, T. (2017). Entrainment and
Transport Dynamics of Shipping Containers in Extreme Hydrodynamic CondiGioastal
Engineering JournalJSCE, 1750011.



- The author was responsible for the initial developroeétite manuscript and final
analysis. The authavasnot present for the experimental progrdihe manuscript
was not included in this thesis.

Other Refereed Contributions
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1.6 Outline of the Thesis

To address the objectives stated in Secti@nthe thesis detala set of studies examining debris hazard
assessmentithin the comext of the three stated areas: debris transport, debris impact, and debris
damming. To address these issues, the thesidiwdsdinto the followingchapters

1 Chapter2.0 outlinesthe current statef-the-art in regards to debris hazard assessment. A
deailed literature review was performed in each of the three akesection also addressthe
numerical modelling of solid bodies to develop an understanding of necessary validation
parameters for numerical modki.addition, a section was addaddressing the current
methodology for debris hazard assessment in the major tsunami design guidelines.

1 In Chapter3.0, a series of studies were performed examining the properties of debris transport.
The objective of the section was, along with Section . identify variables important in
estimating the displacement of debris along with developing an understanding of the
probabilistic properties of debris trasp The section cumulates with a proposal for a basic
probabilistic framework estimating debdhazard.



Chapterd.0 outlines studies examining debris damming inasuitike flow conditions. Based

onthe river studies outlined in Section 2.0, the studies aim to provide a basic understanding of
debris damming behaviour in transient, energetic fftonditions while also providing a

preliminary estimation of loading and potential overtopping conditions.

Chapter5.0 examines a series of studies aimed at developing a roe@tim understading of

debris impact loading. The studies examine the inflaari¢he hydrodynamic conditions on the
debris impact geometry and force distribution. An analytical model is presented to examine
cases where debris impact flexible structufeklitionally, a study examines the consequence

of assessing only a single dshimpact compared to an agglomeratiomoftiple debris.

In Chapter6.0, the potential limitations of the previous sections are discussed, particularly
related to how the results can be applied at prototype scale. The application of the probabilistic
mockl is also outlined with an example.

Chapter7.0summarizeshe thesis by outlining the genecalnclusions drawn from the studies

in each area. Future work is also proposed to address some of the issues outlined in Section 6.0.
The Appendices include arfes ofstudies that were also part of the development of thasis,
which did not directly contribute to the objectives outlined in Section 1.2.



Chapter 2. Literature Review

2.1 Debris Transport

Debris transport in extreme hydrodynamic evets lireen extremely difficult to assess in the field.

Debris, defined as any solid object entrained within the flow, can vary from anything from construction
materials to vehicles to shipping vessels and often have multiple sNei&set al. 2014)This makes
associating debris in the aftermath of an event with a specific source challéfgjboget al.(2012)

examined the performance of fuel storage tanks in the aftermath of the 2011 Tohoku Tsunami outlining
the vulnerability of these system to damage from hydrodynamic loading, and thdfrefbke]ihood to
become debris.

Naito et al.(2014)examined the position of displaced shipping vessels after the 2011 Tohoku tsunami as
they had a very clear source (the port) and substantial documentation of their exact position before the
tsunami occurred=rom theforensic engineering survey, Naito et al. (2014) was able to develop a
conservative estimation of the maximum spreading angle of the shipping vessels in relation to their
source. Based on the analysis of the relatively limited datilae et al.(2014)developed a method of
assessing the maximum area vulnerable to debris loading from a specific Sagr2el). The maximum
displacement of the debris was calculated based on the debris concentration, which was defined as the
plan area of the debris divided by the spreading area of the debris. Again a conservative estimate was
made to establish a debdsncentration of 2% would contain the majority of the debris. Therefore, the
debris limits are defined by tR2.5 cone containing an area 50 times the plan area of the debris.

A 50 x Plan Area of Debris
o at Debris Site

0.91 m Inundation Depth

A lylv\ﬂm\- Region™

. -~

| ey \ Truncated by

Inflow Region; Inundation Depth
y g / \

,\‘ 50 x Plan Area of Debris
§ at Debris Site

I
A Flow Direction
I

Fig. 2-1. Method ofassessing maximum debris transport area from Naito et al. (2014).

However, if the spreading area encroached on an area where the inundation depth is less than 0.91 m, this
area is not considered as it was expected the debris would ground and no loregatprimsward, as a
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result this would be the maximum inundation limit of the debris (red area). Additionally, from the center
of the inundation limit, a spreading area can be again determined us#pPtBecone from the

inundation limit to the shoreline. The second area represents the potential spreading as a result of the
outflow. Therefore, any critical buildings within the two spreading areas (shaded &igaZ1) should

be designed for a potential debris impact.

Matsutomi(2008)examined the transport of driftwoad steadystate flow conditionsThe study showed

that given an appropriate acceleration distaps@rgated as 20 times the length of the driftwood), the
debris would reach the local flow velocity. Additionally, the lateral displacement of the debris could be
approximately modelled as a Gaussian distributtf@u et al(2014) examined the mass transport of

boxes over a sloped surface in a broken solitary wave. The study showed that the inertia of the boxes
caused the maximum displacement to be less than the maximum inundation of the wave. The reduced
displacement resultein several boxes being slaed offhore due to the retreating waRieben et al.
(2014)also examined the transport of boxes in a broken solitary wave, however, using a optical tracking
algorithm, allowed for thé&rajectory of the boxes to be trackdthe study found that the eshhore motion

of the debris was relatively repeatable, contrasting thelaife motion which appeared to be random.
Additionally, Rueben et a(2014)found that the o#horevelocity was 20 40% of the oshore velocity.

Nistor et al.(2016)investigated the transport of shipping containers over an idealized, flat harbour setting
to validate the field results froMaito et al.(2014) The study found that the22.5 cone was a vgr
conservative estimation of the spreading aféa. authors noted that the debris transport was dependent
on the number of debris present at the source, due to-dielmiis and debrifiuid interactionsGoseberg

etal. (2016b)extended the study to investigale influence of obstacles debris transport. The study

found that obstacles placed within the flow resulted in a decrease in the longitudinal displacement,
however, no difference was noted in the lateral spreaditigrce balance based on the entrained debris
resulted in the equatiqi®hafiei et al. 2016b)
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where & is the mass of the debris, is the acceleration of the debris, is the drag coefficient, is

the density of wateq) is the crossectional area exposed to the flaw,is the wave front veloty, ®

is the velocity of the debris anal is the displacement of the debi®tolle et al(2017a)used the same

experimental setup to investigate the influence of multiple debris on the entrainment process. The study

found that the increased number of debris redilt a slower acceleration, however, similar peak

velocities were observe8tolle et al(2017a)proposed an extension of E@-2) to include the number of

debris present within the agglomerati@n: (

> 25 2 (2-4)
ceQ 0

While the primary method of evaluating debris transport in extreme hydrodynamic events has been

physical modelling, there are still multiple challenges that must be overcome to properly model debris

motion in an experimental setting. The motion of delsris highly random proceéBocchiola et al.

2006, Matsutomi 20093herefore, extensive data is needed to establish ngfahiasults. Additionally,

further research is needed investigating scale effects related to the laboratory experiments.

[
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2.2 Debris Loading

2.2.1 Debris Impact

The focus of debris impact modelling in hydraulic engineering has emphasized single debris impact. The
mgority of studies to date have been in steathte flow conditions. In deriving an analytical approach of
estimating the maximum impact loadjiige most common methodologges a Single Degrdef-

Freedom (SDOF) modé@Haehnel and Daly 2002The model is based on the assumption that the

structure will be rigicand the impact duratioshort reducing the SDOF modgtig. 2-2) to the following
differential equation:

d o Qo m . (2-5)
whered is the mass of the debrisis the displacement of the structure and delfdis,the contact
stiffness (generally takess the stiffness of the debris).

u
kd<_|<_|

my \
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Fig. 2-2. Single Degre®f-Freedom (SD®) model for debris impacts.

The solution of the SDOF model requires an assumption of one parameter either: the contact stiffness,
impact duration, or impact displacement. When the contact stiffness is assumed the sdidig2-5f,
for the maximum impact forcéQ) can be calculated as:

O 6 a Q (2-6)
pP P P
CIRCIG) @7

whereo is the impact velocityb is the stiffness of the structure, atiis the stiffness of the debris.
This method is referred to as the cornstdfness approacand is most commonly useddesign
guidelines (see Sectidh4). When the impact duration J is estimated, the impulsaomentum approach
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is used. This assumes that the momentum of the debris goes to zero and the debris exerts an impulse on
the structure. Using this approach, tbibowing equation can be derived:

"oa

cC 0 (2'8)
This assumes the impulse is shaped as a sinusoid. When the impact displaogrizasfumed, the
work-energy approach can be used. This assuhs the kinetic energy of the debris goes to zero when
impacting the structure, resulting in the equation:

ao
“O v (2'9)
w

Theoretically, these estimations of the maximum impact forces are equivalert/er due to the
difficulty in properly estimating the parametgitsey haveaesulted irlarge variationsn their accuacy in
an experimental setting.

Another common approach to debris impacts is the use of the Hertzian contac{Heottel 882) where

the deformation is assumed to occur at the face of the structure (as opposed to be distributed throughout
the structure)Matsutomi (2008proposed the following equation to estimate the impact force of a single
tsunamidriven debris

s 9 (2-10
o0 M Hm 7o
wherea,is thespecific weight of the debri® is thediameter of the debris is thelength of the debris
Cuwis theinertia coefficient withCy = 1+Co, Co is theadded massoefficient uis thedebris impact
velocity and(k is theyield stress of the debris

Arikawa et al.(2007)performed 1:5 scale experiments of shipping containers impacting structures under
tsunamilike surge fronts. Based on Hertzian contact mechanics, the following empirical equation was
developed:

o p L da (211

v - —- - 0
o‘ v Ta a

0
% (2-12)
where®is half of the radius of the contactfadgd, s P o i s s o ©i8 the modulus ab elastiaity. d
Ikeno et al(2013)further tuned the empirical equation (E2:11)) to include a wider range of debris

types:

0

O T[& T04a 60 ﬁ (2-13)

whereD is the width of the side of the debris impacting the structure.

The variationsn experimental data from the analytical equations listed ateowkto be a result of the
difficulty in addressing the other influences on the impdaehnel and Dalg2004)identified that he

mass of the debris does not uniformly act around the impact point, resulting in the rotation or redirection
of the debris. This is commonly referred to as obliquengssvhere the debris velocity vector is at an

angle from the impact vector, and eatrieity (Q, where the impact occurs out of line with the cenfer
gravity (CG), which were addressed as added parameters (@-&q.
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T
where—is the angle between the debris velocity vector and the normal fage@3), - is the distance
between the CG and the impact point, and the radis of gyration. Additionally, due tie rapid
deceleration of the debris upon impact, the water behind thés dedads to be similarly decelerated.
However, the extent of this influence is difficult to address as it depends on the debris geometry, degree
of submergence, orientation upon impact, and natural frequency. Generally, the issue is addressed as an
added mass Cm) added to the mass of the debR&ggs et al(2014)in a physical modelling experiment
comparing irair and inwater impacts of shipping containers found an insignifiggfhience of the
added mass coefficierhafiei et al(2016b) in a similar study, found that the impact force increased 1.5
times in the irair experiments. The authors noted that the submergence ratio was significantly greater
thanRiggs et al(2014) which was likely why the difference was so pronounced. Further research is
needed in addressing an appropriate value for the added mass due to the highly specific nature of the
parameter.

b1

(2-14)

(2-19

Flow Direction

Fig. 2-3. Conceptual plan view drawing of the debris impacting a structure.

Bloketal.(1983)used t he SDOF model t o grgcture. Howewer, imthek hi pds i
study, the stiffness of the structure was used as opposed to the stiffness of the impacting object. They
furthered the springnass system to examine eccentric impacts that result due to yaw (arowaXit)e z

rotations. Theesulting coefficient could be multiplied by H-6) to reduce the magnitude of the impact

force:

(2-16)

i 0
wherel is the shortest straight line distance between the CG and the impactkesiatet al(2016)

noted that the equations fradaehnel and Dalgy2004)tend to overestimate oblique impact fordeeno
et al.(2016)determined that a portion of the kinetic energy of the debris is transformed into rotational

14



energy, with the remainder transferred into the strecBased on the conservation of enetiggno et al.
(2016)developed the dimensionless parameteas a ratio of the oblique and maximum impact forces:

p T OEL
_— . (2-17)
U
P T

wherel is the length between the CG and the impact point. Based on a comparison with physical
experiments, Eq2-17) tended to over predithe experimental impact force.

Khowitar et al.(2014)examined the longitudinal impact by a pole awolumngoverned bylimoshenko
(1914)beam theoryFig. 2-4). Theimpacting pole is governed by the edienensional wave equation
(Paczkowski et al. 2012y he impact is considered to be sufficiently short that the deformation of the
beamis domnated by shear. The shear force in the column is given as:

"O ¢l "Oor (2-18)
wherell is the shear coefficieniQis the shear modulu8, is the crossectional area of the column, gnd
is the positive direction shedr ( T 07 of). The corresponding force in the pole is:

'O 00 - (2-19
WhereO is the elastic modulus of the pote, is the crossectional area of the pole,dn

is the strain in the pole. The force in the spring is equal to the difference in the deformat
(0O QY V¥

(a) (b) A

L,

.

Fig. 2-4. (a) Longitudinalimpact by a pole with a beam (adapted fighowitar et al.(2014). (b) Impact
zone after impact.

Solving for the equilibrium condition dfig. 2-4(b) and assuming a rigid column will result in E2+6).
However, if the column has an associated stiffnesatremging the equation results in the terms:
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e MT (2-20)

| C
R
wherg is the ratio of mass per length of the pole and colums the nordimensional specific
stiffness of the pole antlis the nordimensional specific stiffness of the colurimowitar & al. (2014)
showed that gs approaches 1, the impact force is dictated by the axial response of the pole.
Alternatively, iff approaches 1, the force is dominated by the shear response of the column.

(2-21)

The current body of research has emphasized single debris impacts and constrained flow c@ngitions.
to the random nature of debris transpartter investigation is needed for more realistic scenarios where
there are multiple, frefloating debrisAdditionally, the current models do not capture the response of the
structure to rapid impulse loading and should be exteadddalidated fostructures that are not rigid.

2.2.2 Debris Damming

Debris damming is often considered atearisstatic load: they fan as debris agglomerate onto the face
of a structure resulting in increased loading due to a larger exposed area to the incomirig.fi>tv.
shows examples of debridlamming from recent tsunami eventskig. 2-5(a), large agglomerations of
debris come in contact with structures causing large debris &&gn2-5(b) shows two shipping vessels
which constricted the flow between the houses causing rapid backwater rise. Field interviews (see
Appendix B) with residents indicated that large acelation of debris during in Wani Harbour (Central
Sulawesi, Indonesia) resultedtive constriction of flow to aaxtent that it limited the inundation of the
tsunami.

Fig. 2-5. Field evidence of debrdamming loads in (a) the 2011 Tohoku Tsun@viauTube, 2011pand
(b) the 2018 Palu Indonesian Tsunami.

Debris impact and debris damming have been examined within the context of steady and-stetteady
flow conditions. Debris damming load®)( ) are ofen considered as an adjustment to the drag force
equation associated with hydrodynamic forces, tending to act as a sta(i¢ébeet al. 2014)

P, (2-22)

O 06 ®

where” is the density of the fluid) is the drag coefficient (commonly taken as that used for a
rectangular pier = 2.0§, is the crosstream width of the debris daif)js the water depth, ariis the
flow velocity.
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Debris damming has noebn extensively examined foase of coastaflooding where nosstationary
hydraulic conditions may uniquelhogern the process of dam formatiand buildup. Significant

research has been conducted by hydraulic researchers investigating the formatiors ofatiebgat bridge
piersin steadystate caditions Parola(2000)prepared a report on the design of highway bridge piers
resistant to dbris damming loads. His study found that the drag coefficient was dependent on the
blockage ratio (the fraction of the total unobstructed esestion blocked by the debris dam) and on the
Froude (O)) number.

While the debris dam influences the loagsréed on a structure, the formation of the dam also can have
secondary effects that must be considered in the design process. The constriction of the flow path results
in backwater rise, potentially overtopping flood protection structures adjacent ¢cathtbe location of
interest(Schmocker and Hager 201Debris darvinduced fow constrictions also causes flow

accelerations underneath and downstream of the(Bagliara and Carnacina 201@}ich can results in
significant scouringMelville and Dongol 1992)

Fenton(2003)used the conservation of momentum equations to calculate the increase of backwater levels
due to the presence of obstacle in aarophannel. The solution used a linear approximation of the
momentum equation, making the proposed equation only applicable over a small reduction in momentum
flux:

o 0 0 @
¢Q O pbd

whereo is the velocity of the fluid at the obstadleis the crossectional area of the chanrielis the
Boussinesq coefficient ardlis the crossection area of the obstacle transverse to the flow direction.

(2-23)

Schmocker and Hagé2013)examined the formation of debris dams at a debris rack. The study
examined the influence of opening size, debris densitylahds volumeSchmocker and Hagé2013)
gualitatively showed the temporal evolution of the dethais formation stayed relatively similar
regardless of experimental conditions. The study also found the dam formation and backwater rise to be
dependent on the Froude number as the dam tended to compact horizontally and be forced further into the
crosssection of the flow at higher Froude numbers:

o ™o 8

- (2-24)

()
where'Qis the backwater rise ana is the volume of debris. Pagliara and Carna¢2@d 0)examined
the influence of debris dam roughness and porosity on scour profiles. Botigheees and the porosity
of dam had significant influence on the scour depth and final bed pRif#iscanelli et a(2015) in a
study of stony debris flows at channel confluences, determined that a decreased dam porosity resulted in
an incease in backwater rise.

The study of debris damming in tsunalike flood events has not often been addressed. Pasha and
Tanaka (2014) examined the capture of debris at inland forests understtadiow conditions with a

Froude number of 0.7. The studxamined several different debris geometries and found that the capture
mechanism varied based on the contact area with obstacles. Cylindrical debris, with the smaller contact
area, tended to oscillate at the front of the structure forming less statde Siailar taBocchiola et al.

(2008) the capture efficiency was determined to decrease with increasing flow velocity and increase with
debrislength.Limited studies have addressed debris damming in transient loading conditions, considering
the prevalence in field observations, further research is needed into this phenomenon.
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2.3 Numerical Modelling

The modelling of floating solid objects has be@e of the challenges that has traversed the fields of
hydraulic, environmental, and mechanical engineering. Various attempts have been made using a host of
computational fluid dynamics (CFD) models solving the Na8igkes equations. The models have
utilized both Eulerian (looking at a single location and observing the fluid properties through that
location) and Lagrangian (following individual fluid packets) approaches. Within these two approaches,
two discretization techniqguese commonVolume-of-Fluid (VOF) and Smoothed Particle

Hydrodynamics (SPH) methods. The VOF method extends the typical Finite Volume Method (FVM)
Eulerian fixed mesh discretization to allow for fim&face tracking by storing information regarding the
extent to which a cell contas a fluid (1i being fully submerged, Dbeing empty)Hirt and Nichols

1981) SPH discretizes the domaima a set of particles for which the Nav&tokes equations are
numerically solved for each particle using a differentiation of interpolation forniMlaeaghan 1992)

The following section will provide a comprehensive examination of the available literature for the
modelling of floating solid objects, particularly focused on the attempts owbyaoupling the sadf

fluid interaction.

2.3.1 Eulerian

The initial phases of floating solid body transport were focused primarily on completely immersed bodies.
Peskin(1977)examined the flow pattern of blood in the heart which solved the N8tid&es equation

using a Laplacian solver, where the heart contractions were modelled using a springGlgstémski et

al. (1997 extended this work using a technique called fictitious domain where the entire domain was
considered to be an incompressible fluid but the markers within the solid body had a fixed distribution.
These techniques required the motion of the body tobek before hand and could not represent the
physical phenomenon actually occurring within the immersed flow. Moreover, all these techniques were
extremely computationally expensive. The introduction of the VOF method allowed for tisaiffaee
boundaris to be clearly defined within the cells, and more realistic boundary treatments to be examined.

The primary challenge of using the fixed cell Eulerian approaches, like VOF, is discretizing the solid
boundaries within the individual cellXing et al.(2001)applied the VOF technique with a moving grid
strategy, which adapts the grid to fit the surfaces of the body.ethaitjue was compared to the free
floating motion of a solid body under wave motion, however, significant deviations were observed from
experimental resultSwidan et al(2013)used a dynamic unstructurgdd (Hadzic 2006Y0 model water
impact loads on wedge shaped hulls.

Other techniques involve using a fixed Cartesian grid system that considers the solid objects to be an
additional phasd-ekken(2004)assigned uniformly distributed markers to the solid in the initial

discretization of thelomain. The number of markers within each cell was then used to determine the
amount of the solid withigradoethat Tbhet matkersont
fixed fluid grid. The method was limited as the rotation of an objecited in spaces occurring between

the subgrids resulting in small losses (~0.01%) in domservation of mass equations.

Kleefsman et ali2005)utilized the VOF method to investigate the application to greser wave

impacts on marine inferucture. The model was tested by examining the impingement of falling wedges,
cones, and cylinders into an initially stationary, free surface. Visual observations comparing the model to
experimental results showed reasonable accuracy. However, a rietggiib was noted when

comparing the pressure information. The spike resulted from cells initially empty being seeded with a
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small amount of water causing the VOF method to rapidly fill in the cell with water. In the following time
steps, the subsequemstiable flow velocity caused spurious spikes in the pressure.

Wu et al.(2014)developed a Partialell Treatment (PCT) to incorporate the VOF method into solving

the solidfluid interface. The technique was incorporated into a Large Eddy Simulation (LES) model
using the VOF methd to track the fresurface. The PCT treatment calculates an effective mesh cell size
by reducing the size of the cell based on the presence of the object within the cell. This treatment
preserves mass and continuity features of the flow around thébgahtposing a porous effect on all

fluxing quantities. The motion of the fluid was then determined by the Discrete Element Method (DEM)
which sums all of the forces acting on an element (cell) and solving the Euler equations for the rotation
and translatin of the solids. The treatment was tested against floating and sinking block cases with good
agreement between the measured and modelled trajectories.

2,32 Lagrangian

The research around the application of SPH modelling of floating solid objects has priowardgd on

the implementation of the boundary conditions to accurately reproduce the solid body motion. The most
commonly used boundary conditions in SPH are: repulsive, ghost particles, and dypainméz

Gesteira et al. 2012T he repulsive boundary conditions exert a force normal to the wall, where the
magnitude of the force is a function of the distandeéen the particle and the wélllonaghan 1994)

Ghost patrticles are a set of particle placed outside the domain with the physical quantities necessary to
enforce the necessary boungaonditions(Fourtakas et al. 2015J he dynamic boundary conditions are

the most commonly used of these conditions where the boundary pantekesforced to satisfy the same
equations as the fluid particles, however, instead of moving, the density of the boundary particles
fluctuate exerting a pressure on the surrounding fluid par(i€esspo et al. 2007)

Rogers et al(2009)implemented the repulsive boundary conditions under the conclusibtnéh

repulsive boundary most accurately represents the physical phenomenon. The object was considered to be
a rigid body and the forces on each boundary particle were summed from all the surrounding fluid
particles. The frictional force was a functiontieé normal force. The forces on each boundary particle

were then summed to determine the force on the solid body. The translation and rotation of the solid body
was determined using the equation of rigid body dynamics. The model was compared to exgderiment

data examining the motion of a caisson breakwater under wave loading. Qualitatively, the motion of the
caisson breakwater was well represented, however, the measured forces showed large fluctuations due to
gaps in the fluid continuum formed as violelotf forcing anisotropic particle distributions. This has

been reasonably handled in future version of the @oidel et al. 2012sing particle shifting schemes,
however, further investigation is needed to address free surface instabilities.

Another method of calculating the motion of solid objects is to initially treat the solid as a deformable

fluid. The motionis calculated based on the conservation of momentum between the fluid and solid

particles. An additional treatment is performed to correct the relative locations of the particles within the
solid object to a fixed distanc8hao and Goto{2004)utilized this technique within an SPHES

coupled model to analyze the motion of a floating curtain wall.t&tlenique performed reasonably well
compared to the experimental results but tended to have some inconsistencies near sharp corners. This
met hod tends to be |l ess straightforward compared
effects of spunus pressure fluctuatioifiRen et al. 2015)

Hashemi et al(2012)compared the use of dynamic boundary particles to the ghost particle technique
while also introducing a patrticle shifting and time stepping scheme to reduce the pressure fluctuations
comma to the SPH models. The model was validated against a falling cylinder through a water column
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case study. The model showed significantly improved motion of the cylinder as well as consistent
pressure surfaces around the cylinder. However, the authotsthateat high particle accelerations near

the solid boundaries, the particle spacing needed to be considerably reduced to get consistent results.
Omidvar et al(2013)extended this work to include a vdyia mass technique which allowed for
progressively finer resolution near areas of interest which reduced the computational cost of the dynamic
boundary procedure in high acceleration flows.

One of the other causes of the pressure fluctuations in the $ftldtion is a result of the sofitlid

and solidsolid boundaryCanelas et a(2015)introduced ai-SPH term into the continuity equation to

control the density fluctuations caused by the dynamic boundary and to handle the interfacial interaction.
Thel-SPH term is a diffusive term which contributes to the density field and ssoothhe high

frequency oscillations. The result of this smoothing at the interface between two materials allows for a
more uniform ordering of the particles and reduce
increases in pressure. Thiedel was compared to previous versions of SPH where the boundary layer

around a falling cylinder was considerably more continuous than the previous models

One of the advantages of the SPH method is the relatively simple coupling with commonly used

Lagrangan solid solvers, like DEMCanelas et a[2013)coupled a nottinear Hertzian contact

mechanics DEM to calculate the normal and tangential components of the force. The friction at the solid
faceismodelledasaspridga s hpot system using Coul ombds Law. Th
experimental reults qualitatively examining the collapse of a stack of cubes in ébdzeik flow. The

authors noted that the increased computational load resulted in a reduced resolution which influenced the
propagation of the wave. This resolution also affected tHessawhich momentum transfer occurred

between the cubes and the fluid which resulted in differences between the experimental and numerical

results.

Canels et al(2016)extended the SPBEM coupling to the updated Distributed Contact DEM {DC

DEM) model to improve the models application to compleargetries. The contact mechanics is

calculated similarly to the DEM model froB@anelas et a(2013) However, instead of a direct

calculation of the forces between solids, the particles are constrained together by-daghpal system

where the deformation of the system is dependerthe overlap of the two particles in contact. This
approach allows for a generalization of the geometry and information is not needed regarding the normal
and tangential directions of the interacting topologies.

2.3.3 Lagrangian-Eulerian

An additional option exists regarding the modelling of floating solid objects that addresses the
shortcomings of the Eulerian and Lagrangian models by combining the approaches in the Arbitrary
LagrangiarEulerian (ALE) method. The method relies on the tigvaent of a kinematical description

of the deforming continuum to allow for better descriptions of distortions than the Lagrangian models and
more detail than the Eulerian modé@Donea et al. 1982)n the ALE description, #8nnodes may move

with the material as in the Lagrangian model or be held fixed as in the Eulerian model. Alternatively, the
nodes could also be moved in an arbitrary manner to give continumesieng capabilities. The

primary drawback of this methodtise extreme computational costs related to the calculation as studies
carrying out this method tend to be performed on supercompkiterst al.(1998)applied a coupled
EulerianLagrangian technique for modelling the motion of leukocytes within the bloodstream which
allowed the model to handle higher Reynolds numbers, extending the welkdwahski et al.(1997)to a

fully EulerianLagrangian technique.
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Yang et al(2017)used an Immersed Boundary Method (IBM) to investigate the entrance of a falling
wedge into a still basin. The IBM introduces a forcing term (usually in thedbenspring stiffness) to

the momentum equation to represent the influence of the solid boundary on tlfgdhgdand Stern

2015) The force on the structure is calculated through a surface integration of the pressures acting on the
immersed boundary. The method was relatively successful at predieidgopping velocity and

pressures acting on the falling wedge. Additionally, the air entrapment was well represented which has
been shown to be an important consideration in the water entry problem.

An additional EuleriasLagrangian coupling uses the Edan fixed window technique to calculate the

fluid flow features and the solid phase is treated as a discrete phase where the pressures are integrated
onto each individual particle (Lagrangialgbal and Raul§2016)examined the settling velocity of

particles for application in process engineering. The model coupled a DEM solver for the Lagrangian

solid particle and utilized the Eulerian PISO solver in@GipenFOAM package for the fluid components.

A semianalytical term was added to the momentum equation to include the momentum exchange
between the Lagrangian and Eulerian phases. The inclusion of the momentum exchange allowed for the
viscous (drag) force®tbe considered. However, the authors noted that the correct selection of the
momentum transfer model is necessary as in some settling velocity cases the model used in this study did
not compare well to experimental results.

One of the challenges in ALE @ addressing the discrepancy in scales between the phenomenon
influencing the object motion (generally influenced by the bulk flow characteristics) and the finer scales
of the fluid (needed to resolve flow features such as edéleszetti and Pete(2018)examined the
coupling of OpenFOAM and a DEM model over multiple scales. The application was applied to large
particles where bulk flow dominates the motion of the particle. Aghe model considered the particles
as a Lagrangian object and the fluid as a fixed mesh. Ardesh system was used where the coarse
mesh maps the Lagrangian properties of the particles to Eulerian anpditile interactions are solved.
The fine nesh solves the NaviStokes equations to identify smaller scale turbulent properties. This
splitting of the responsibilities reduces the calculation burden on the fine mesh allowing for improved
computational efficiency. The results of this model compareltito experimental results and the
conservation of energy was significantly improved over the single scale models.

2.4 Design Specifications

2.4.1 Design of Structures for Vertical Evacuation from Tsunami (FEMA P646)

The guidelines set by FEMA P64B012)use the contaedtiffness method of determining the impact
force caused by debris in the inundating tsunami flow. The guidelines use the following equation to
estimate the impact force:

O 66 WQa (2-29)
whered is the added mass coefficient (recommended to be®.0),is the maximum flow velocityQ
is the effective stiffness of the debris ands the mass of the debris. The impact force should be
considered locally on a single member of the structiutieeaelevation of the water surface. The type of
debris should be determined based on the location of the vertical evacuation structure and potential debris
in the surrounding area. The use of the maximum flow velocity should also take into considleeation
inundation depth as smaller debris with little to no draft will travel at a higher velocity than larger debris
requiring larger depths to float. The maximum flow velocity should be determined using a numerical
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simulation, unless unavailable, in whichse the flow velocity of a wooden log on a uniformly sloping
beach can be determined using the following equation:

a
0 ¢QYp ? (2-26)

where'Yis the design runup height aads the ground elevation at the structirbe FEMA P646 also
addresses debris damming loads by modifying the equation for the drag force caused by the inundating
flow, the following equation is derived:

"0 ?" 56 (2-27)

whereo is the drag coefficient) is the breadth of the debris darigp is the maximum product
of the water depth and flow velocity. The force should be assumed to act uniformly over the extent of the
debris damand at the submerged height of the structural components.

2.4.2 Coastal Construction Manual (FEMA P-55)

The Coastal Construction Manual is primarily concerned with flooding and debris impact loads associated
with the flooding. Determining whether or not tingact will occur is less of a concern as long as

reasonable allowance is made for the debris impact. The following equation is recommended for
determining debris impact force:

O & Qb 66 (2-28)
wherew is the weight of the objeatyis the velocity of water) is the depth coefficien§ is the
blockage coefficient and is the building structure coefficient. The method is largely an empirical
approach relying upon engineeribgst practices to determine the coefficients.

243 Tsunami Loads and Effects (ASCE 7 Chapter 6)

The ASCE 7 applies debris impact loads to buildings where the minimum inundation depth exceeds 0.91
m and the forces will be applied to the perimeter graeidg carying structural components

perpendicular to the inflow and outflow directions specified elsewhere in the code. The loads will be
applied to points critical for flexure and shear within the inundation depths. All buildings will be designed
for impact by foating wooden poles, logs, vehicles, tumbling boulders and concrete debris; and building
in proximity to a port or shipping yard the potential for strikes from shipping containers, ships and barges
will be determined.

The design impact force of wood logsd poles is determined using the following equation:

O 066 @ (2-29)
where’O is an importance factor specified by the type of buildings the orientation coefficient (0.65
for logs and poles) is the maximum flow velocity at depth sufficient to float delkits, the
effective stiffness of the debris aad is the mass of the debris. The impulse duration for elastic impact
will be:

. ., O

0 ca o (2-30)
The ASCE 7Chapter 6 was the first standard to provide a method of assessing if extreme debris impacts
were of concern. The method was adapted ixaito et al.(2014) a full description can be found in
Section2.1 TheASCE 7does not explicitly address debris damming, however, the influence of debris
accumulation is mentioned within hydrodynanoads. A common practice in mitigating hydrodynamic

loading is breakaway walls, which reduce the drag loads by reducing thesectismal area of the
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structure. ThASCE 7sets a lower limit to the reduction in cressctional area as a result of debris
accumulating and filling the sections where the walls break away.

Debris damming is addressed through calculating the overall drag forces as:

o 2066 6w
where6 is the drag coefficient (dependent on the width to inundation depth fatis)the density of
the fluid (considering density changes due to entrained sediment and small &biis}he importance
factor dependent on the type of buildif@s the water depth, antfis the flow velocity$ is the
closure coefficient, calculated as:

(2-31)

B o 0 pRO (2-32
0Q

whered  ando are the projected area@flumn and wall elements, is the combined

projected area of the slab and beam exposed to thedl@ithe width of the building, ari® is the

average story height. Debris damming is incorporated into this equation by restricting thamini

closure coefficient (ratio of area enclosed to the total project vertical plane area) (Gdrdén et al.

2015)

&

2.5 Research Needs

Field surveys of recent major flooding events have shown the necessity for considering debris loading in
the design of critical infrastructuf¥eh et al. 2014, Nistor and Palermo 2Q13dwever, there has been
limited work in addressinthe potential hazard in a comprehensive manner. Based on the literature
review conducted above, the follow points are important in the development of a hazard assessment
framework:

1 Current methods of assessing debris dynamics are limited due to thé dath cegarding
debris transport in major flooding evefiidaito et al. 2014)Current estimations rely on the
final resting positions of debris transported within the event and do not capture the
intermediate processes, such as acceleratidmelocity, that may influence the magnitude
of loading events.

9 The probabilistic properties of debris transport have not been adequately addressed. A
comprehensive study is needed to address the complex interaction between variables that
dictate the trajeory of debris in extreme flooding events.

1 The single degreef-freedom model has limitations due to the assumption of a rigid body
impact. This limits the potential influence of the structural response and inertia of the
structure on the impact force. Exiding the model would allow it to be more flexible in
handling fiextraordinaryo debris impacts wher
that of the structure.

9 Limited studies have addressed the impact geometry and, in particular, the appropriate
geometric coefficients for design standards. The current standards provide an engineering
estimation for the coefficients, however, limited information exists regarding mean values or
the distribution of these values.

1 Video evidence from the 2011 Tohoksuhami(Fig. 2-5(a)) showed large agglomerations
of debris impacting structures. Current studies have focused on the impact of a single object
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impacting the structurdextending these models to include multiple debris impacts could
improve estimations of impact conditions within major flooding events.

1 Studies into debris damming have primarily focused on ststadg flow conditions. Studies
into transient flow have stvn the formation of complex hydraulic conditions around
obstaclegStGermain et al. 2013Wwhich may influence the formation of a debris dam.

1 Debrisdamming studies have tended to focus primarily on the likelihood of debris dam
formation. Combining these studies to examine the drag forces and backwater rise would
develop a comprehensive picture of debris damming from a design perspective.

1 Several numécal modelling techniques have been developed for addressing solid body
transport. However, limited data sets exist for the validation of these models. Comprehensive
data sets addressing the different processes involved in debris transport are necdbgary fo
further development of these numerical models.

Based on this literature reviewhere is clear need for developing a deeper understaotideipris hazard

in extreme flooding events. Leveraging the results from the studies outlined above, the§pfioygram

aims to develop probabilistic methodology for assessing debris loading in major flooding events. A
framework will be developed that considers the different variables that have been shown to influence

debris transport. Additionally, the study Ixim to address the shortcomings of debris loading

assessment by extending the current models to apply to a wider range of scenarios, particularly related to
mul tiple debris impacts and fAextraordinaryo debri
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Chapter 3. Debris Transport

3.1 Debris Transport over a Sloped Surface in Tsunami-Like Flow
Conditions

Preprint of an article  printed in the Coastal Engineering Journal © 2019 Taylor & Francis.
https://www.tandfonline.com/doi/abs/10.1080/21664250.2019.1586288

3.1.1 Objectives
Currently, the research has predominantly focused on developing empirical relationships between the
number of debris and their spreading characteristics due to a multitude of variables that influence debris
transport. To further describe the physical pmeea of debris transport, the study presented in this
section aims to investigate, for the first time, the influence of the bed topography and friction on debris
entrainment and transpofthe study of friction was motivated by the worklimfamura et al(2008)
where the friction contributed to the typenootion (sliding, saltation, entrainment) of boulders in
tsunamilike flow conditions.The objectives of this study aredmtend this work to address positively
buoyant objects

1 Investigate the influence of bed friction on the lateral spreadinépagdudinal

displacement of the debris.
1 Determine the influence of the bed friction on the maximum velocity of the debris.
1 Examine the relationship between the longitudinal and lateral displacement of the debris

3.1.2 Experimental Setup

Facilities

The experimets were performed in the Tsunami Wave Basin (TWB) (4.0 m x 9.0 m) at Waseda

University (Tokyo, Japan), shown fig. 3-1. The TWB consists of a vertical reservoiaatied to a

shallow basin. Two bed topographies simulating a nearshore coastal zone were used for these
experiments: a 1:10 slope and a horizontal section. The chosen slope represents some of the commonly
shoreline characteristics such as those typicalipdan Japan or Chile. The limit of 1:10 slope and flat
section was located 4.20 m from the vertical reservoir outlet and continued for a distance of 4.00 m. The
flat bed had a constant elevation of 0.20 m above the flume bottom. The flat bed was rneidess s

steel and, for the experiments involving increased surface roughness, the slope was covered entirely with
a 0.0035 m thick carpet, made of 100% polypropylene with a density of 188 kg/mall experiments,

the bed was impermeable. The stithter depth in the basin was kept constant at 0.15 m for each
experiment. The initial water head in the reservoir was 0.90 m before each experiment. The reservoir was
filled and accurately maintained using a vacuum pump. To initiate the wave generationyaheeai

located at the top of the reservoir were opened at 50% of theirsgossnal area to allow the release of

the water column. An elongated solit§yoseberg et al. 2018)as formed by the release of the water
column- a full description of the hydrodynamic conditions is presented in the Results section.
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Fig. 3-1. Waseda Tsunami Wave Basin: (a) side view and (b) plan view. The wave gauges are shown as red
circles, and the video cameras are shown as blue squares. The model debris are displayed as green
rectangles. The slope sectionl®@n as a solid line, the flat section as a dashed line.

The origin of the coordinate system (0,0) was placed at where the slope or horizontal section began, along
the longitudinal axis of the basin. The positivdirection was in the onshore directiontioé flow along

the bed surface, the positiyalirection was in the spanise direction, and the positivedirection was

upwards. The centroids of the debris were placed=at.78 m (on the slope) ad= 0.28 m (on the flat

section), both at 0.28 mdm the water line. The debris were placed with the long axis perpendicular to

the flow direction. In cases with more than one debris, the initiatdieris spacing was 0.02 m.

For the remainder of this paper, tintp= 0.00 s refers to the instant whwe water depth at the reference
wave gauge (W@ exceeded 0.002 m. Wave gauge ¥Weas kept at the same position (Or@&ipstream

of the debiris site) for all of the experiments. The remaining three wave gauges (WG, accuracy: 0.15%)
(Table3-1) were rotated among the 4 positions showfign 3-1 (red circles), ensuring that a nmmiim

10 experiments were measured at each position.
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The video cameras (CAM, 1920 px1080 px,Table3-1) were fixed over the dry section to track the

motion of the delis. The area of interest (AOI) is shown as the blue shaded &Faa 811. The CAM

were synchronized with the hydrodynamic data using an LED light. The LERomé®lled by the data
acquisition system (DAQ). Before the experiments began, the LED was switched on; once the water
column was released, the LED was instantaneously switched off. The CAM monitored the intensity of the
pixels associated with the LED ligim each image; once the LED was switched off, the CAM began to
track the debris in poftrocessing. The 5 V voltage signal controlling the LED was recorded with the

DAQ; when the voltage dropped below 2.5 V the light was set to be off. The estimathrbsjzation

error was +/0.017 s.

Table3-1. Instrumentation.

Instrument Manufacturer Sampling Rate
Wave Gauge (WG) KENEK Co. Ltd. 50 Hz
Video Camera (CAM) Sony Co. 60 Hz
Data Acquisition System (DAQ KENEK Co. Ltd.

Debris Models

The debris were modelled as 1:50 geometriesdigled 6.1 m long prototype shipping containers (model
dimensions: 0.12 m x 0.045 m x 0.045 m). The mean mass of the debris was 0.11DK§B+Hg) with

a draft of approximly 0.021 m. Using Froude similitude, the mass of the model debris at prototype
scale (13,875 kg) approximately represents an average|daliyed shipping container (14,400 kg). The
model debris were built of solid pine wood (with a specific gravity=S¥45) and the wood was
homogeneous. To adjust the friction between the bed and the debris, sandpaper was fixed to the face of
the debrisFig. 3-2). Each model dels was painted with a water resistant paint to limit the intrusion of

the water and differentiate the color from the bed as well as between individual debris. The debris were
painted either blue, green, or red; however, the color did not correspondemitfatérial on the debris
surface.
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Fig. 3-2. Model debris 1:50 shipping containers (model dimensions 0.12 m x 0.045 m x 0.045 m).

The coefficient of static friction for each debbied pairing was estimated through dry tests. The debris

was placed on the bed and the bed slope was gradually increased until it started to move. The coefficient
of static friction was determined basedaoforce balance of the debris. The mean coefficients of static
friction are shown imable3-2. The dry test was repeated five times for each sedtidghe mean error

in the estimation of the coefficient was determined to b2G%.
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Table3-2. Coefficient of static friction between deblisd pairs.

Coefficient of Static Friction Stainless Steel (S) Carpet (C)

“) [Min. Max.] [Min. Max.]
Wood (W) 0.41 [0.35 0.50] 0.50 [0.41 0.56]
Fine Sandpaper (FS) 0.45[0.37 0.53] 0.75[0.65 0.91]

Coarse Sandpaper (CS) 0.59[0.49 0.66] 0.85[0.60 0.95]

The debris were tracked using a cardgsiaed object tracking algorith{Btolle et al. 2016, 2017a)

Previous validations of the algorithm have shown that the approximate error of the tracking®as +/

T 0.03 m. The algorithm gerctified each image using six control points placed on the dry area of the
slope. The individual debris are identifiadéach image based on the color of the debris by a thresholding
technique. The original validation of the algorithm noted that the error tended to increase with increasing
number of debris. This was a result of the algorithm incorrectly passing uniqtifedebetween

different individual debris. By expanding the number of colors used to identify the debris from one to
three, this issue was averted for up to 10 debris used within these experiments. A full description of the
algorithm can be found i8tolle et al(2016) The debris were tracked as long as they were in the dry area
of the basin. If the debris overtopped the dry area and fell into the stilling basin or were washed offshore,
the tracking was truncated.

Experimental Protocol

Table3-3 outlines the experimental variables used in these experiments. Each variation of the variables
was used for 3 repetitions which resulted in a total of 36 experimental categories argetiiental

trials. For each trial, the same initial wave condition was used. Sandpaper was added to the outer faces of
the debris to change the friction between the debris and the bed. The debris were glade@&m

from the edge of the watdFi@. 3-1), with the first debris placed with the centroid onto the center basin.

The flow resistance was adjusted by including an artificial carpet on the bed of thevsilegde friction

between the debris and the bed was adjusted by adding sandpaper to all faces of the individual debris.

Table3-3. Experimental Variables (abbreviations used to label experimental runshbrhis work).

Bed Slope Surface Roughnes  Debris Material Number of
Debris
1:10 (S) Stainless Steel Wood (W) 1
(SS)
Flat (F) Carpet (C) Fine Sandpaper (FS 3
Coarse Sandpaper 5
(CS)

For the single debris case, the centroid of the debris was plagedla®0 m. For the subsequent

additions of debris, a single row of debris was maintained with a 0.02 m spacing between their outer faces
(Fig. 3-3). In the following section, the debris trajectories are compared between the tests with different
debris positions (displayed a integers-ig. 3-3). The position refers to the debris that had the same

initial centroidy-position.
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Fig. 3-3. Debris configuration for (a) 1, (b) 3, and (cd&bris. Debris positions indicated as numbers
throughout the remainder of the study.

3.1.3 Results
Hydrodynamics

The hydrodynamic forcing condition was developed by releasing a 0.90 m column of water from the
vertical tank Fig. 3-1). The release of the water column generated an elongated solitar{Nisteoe et

al. 2016)profile that propagated over the stilater section. The bed topography was initiated at a
distance of 4.00 m from the outlet of the vertical tank. For the case of the 1:10 slope, the wave begun to
shoal atk = 0.00 m, eventually breaking over the slopestfbre. For the flabed, the incoming wave was
reflected by the sharp vertical discontinuity, which simulated a hdikeoenvironment. The reflection
caused a strong amplification of the wave front amdiking over the edge of the vertical quay. In both
cases, the wave traveled onshore as a turbulent, igg8-4 shows the mean water surface elevation

(=) over time ¢) for each of the bed topographies. Time instant 0.00 s represents the arrival of the wave
tip (when— exceeded 0.002 m) at a distance @25 m from the debris site (at WG The wave shows a
pronounced steep front, common to a broken solitane\dafsteinsson et al. 201, #pllowed by an
elongated tail which increases tiharation of the flow. A second peak can be observed at approximately
0.50 s behind the wave front. A numerical study of the @siglas 20163howed that the reduced

head, as a result of the vacating chamber, caused the water entesiilty\tiader section to cease

building the initial wave, forming a secondary smaller wave behind the initial wave form.
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Fig. 3-4. Time-histories of the mean water surface elevatighs( x =-0.05 m andlistances of (0)0.25
m, (c) 0.5 m, and (d) 1.25 m from the debris site.

Table3-4 outlines the hydrodynamics conditions associated observed at the debRgysBetb). The

wave front velocity was calculated using the difference in the arrival times between the WG upstream of
the debris site and the WG 1.25 m downstream ofi¢heis site. The maximum wave height was the
maximum wave height at 0.25 m upstream of the debris site and the standard deviation was the one
between the individual experiments. Overall, the wave showed strong repeatability with limited deviation
betweente wave profiles. For all cases, the wave tip traversed the length of the dry area, overtopping
into the end of the stilling basin.

Table3-4. Hydrodynamic conditions at debris site.

Bed Wave Front Maximum Wave Standard Weber Reynolds
Topography Velocity [m/s] Height [m] Deviation [m] Number ]  Number ]
SSS 2.027 0.115 0.003 6537 6.35 10°
SC 1.515 0.116 0.005 3647 1.75 10°
F-SS 2.419 0.033 0.002 2655 7.98 10
F-C 1.724 0.036 0.004 1472 6.21 10

Studies into the physical properties of solitary waves have shown that the duration of the wave does not
adequately capture the duration of a tsurigtai event(Madsen et al. 2008Within these experiments,

the flow durations were approximately 5 s, corresponding to 35.5 s at prototype scale, which is an order
of magnitude smaller than a typicalinami evenfKamphuis 201Q)The issue of flow durain is

common in tsunami engineering studies due to the large wavelengths associated with tsunami flow
conditions and technical limitations of most experimental facilities. Some facilities have been shown to
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accurately reproduce tsunami wave rufidpssetto et al. 2011, Goseberg 2013a, Schimmels et al; 2016)
however, these experiments require a large facility and using small scales, leading to potential scale
effects. Solitary waves have previously been used to investigate wave laadidgbris motiofYao et

al., 2014) The authors of the present study amkiedge that the current wave conditions allow for only

the analysis of the incipient motion of debris and cannot capture all phenomena associated with a tsunami
flood event.

The measured hydrodynamic conditions compare well to field and numerical mpadélive 1993
HokkaidoNanseiOki Tsunami (water depths ofi515 m, flow velocities of 3 15 m/s). As the
experiments were scaled considering Froude similiti@die (atio of gravitational to inertial forces),
Bricker et al.(2015)noted the importance of properly considering the surface tension and Vismss
when addressing tsunami modelling by showing how flow resistance can be significantly influenced when
improperly scaled. As shown Trable3-4, within these gperiments, the Weber numbes () (ratio of
surface tensiotp inertial forces) exceeded the critical value of 120 determinétebiall and Warburton
(1996) Furthermore, the Reynolds numb&rQ(ratio of viscous and inertial forces) was in the fully
turbulent regiméTe Chow 1959)However, the Reynolds number did not achieve the 1.00°

typically associated with a tsunami, therefore, the boundary layer within the flow may not be properly
represente¢Bricker et al. 2015)

Debris Transport

This section focuses on the maximum spreading area of the debris in onshore direction. The maximum
displacement of the debris in the flow direction will be referred to as the longitdispécement while

the maximum displacement of the debris in the cflasg direction will be herein referred to as the

lateral displacement. The lateral displacement is normalized by the longitudinal displacement to obtain
the spreading angle.

Debris Sprading

Fig. 3-5 shows the spreading angle for all the cases organized by the debris position (as indigted in
3-3). The debris position is defined by the initial centrgidosition of the debris. The lateral spreading is
defined by the spreading angté,(given as:

w W

OAF+ - -
® (3-1)

wherew is the position in thg-direction at the maximum-position,w is the initialy-position of the
debris,o is the maximunx-position, andb is the initialx-position of the debris. The spreading angle
was only considered for the onshore motion and, therefore, one value would be associated with each
debris for each trial. The spreading angle at the maximum displacement was selected to maintain a
consistent defiition with previous literaturéGoseberg et al. 2016b, Nistor et al. 2016)

An ANOVA test was performed with the null hypothesis that mean spreading angles for each debris
position were the same. The test showed that the mean spreading angles for each debris position were
significantly different p-value<< 0.005,F-statistic = 64.1, degrees-freedom (dF) = 320).
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Fig. 3-5. Debris spreading anglg)(for all tests as a function of the initial debris position (as showigin
3-3). The nean spreading angle for each position is shown as a red line, the blue lines indicated the second
and third quartile, the dashed lines show the first and fourth quartile, the outliers are shown as red crosses.

Fig. 3-5 shows that the debris tended to be driven away from the geometric center of their source. The
debris in the center of the configuratign=0.00 m) had a spreading angle close to 0. Therefore, the
debrs moved in essentially a straight line, as it had been observed in previous expd@todetst al.

2018c) As the debris position moved further from the center position in the longshore directimeathe
spreading angle increased. The difference in spreading may be a result efyanmogtric pressure
distributions caused by the obstruction of flow and gaps between {Bliés and Oguz 2002, Alam et

al. 2011)resulting in unequal forces autj across the debris face. Considering the debris configuration as
a porous solid object, the stagnation point would occyrad.00 m, resulting in a symmetrical force

acting on the central debris, with increasingly asymmetrical forces on the dethrés from the center.
However, further investigation is needed to address these forces as high resolution water depth and
velocity data are needed to examine this pattern of debris spreading. Additional considerations are also
needed to investigate theluénce of turbulent eddiéRueben et al. 2014nd gap siz€Alam et al.

2011)

As was shown through the ANOVA test performed above, the spreading angle was dependent on the
initial position of the debris. Therefore, to addrése influence of friction on debris spreading, the debris
positions must beonsidered individually. Fig. 3-6 shows the spreading angle for the slopedéaand
horizontal (fi j) bed topographies by debris position. The mean spreading angle is shown as a solid line
and the raw data points as markers. The standard deviation and 95% CI are shown as patches. A two
samplet-test was performed between the stainless atekcarpeted cases with the null hypothesis that

the spreading angles were the same. Tthsttshowed no significant difference between the spreading
angles for 27 of the 30 sets. The sets, in this case, refer to the paired slope and carpeted nisdsuremen
each debris position. It is unclear why significant differences were observed for the 3 éaAsds\(H

and FFS); further experiments may be necessary to better capture the mean distributions.
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Fig. 3-6. Spreading anglg J as a function of the debris surface friction for stainless steel (blue) and carpeted
case (orange). The sloped bed is shown in the left hand colue)re¢ated by thg debris position: (a)

0.28 m, (b)}0.14 m, (c) 0 m, (d) 0.1, and (e) 0.28 m. The horizontal bed is similarly organized in the
right hand column. The maximum spreading angle estimated by Eq. (1) is shown as a grey box and the +/
22.8 spreading angle predicted fradaito et al.(2014)as a dashed box in eafgure.

An ANOVA test was used to examine the influence of the debris surface friction on the spreading angle.
Similar to the influence of the bed friction, no significant difference between the mean spreading angle
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for 18 of the 20 sets were observed. $hts in this case refer to the paired means based on the debris
friction for each debris position and bed friction. Therefore, friction appears to have no significant
influence on the debris spreading. The debris spreading angle seems to be primaridgmtepe the

initial configuration of the debris. This phenomena had not previously been examined in the study by
Nistor et al.(2016)and, as can be seen by the comparison with Bavt{ich shows that, for the outer
debris, the spreading angle is underestimatextor et al.(2016)used fewer numbers of debris to the
lateral (only three) which may have contriliite the reduced spreading angle. Comparing to field
estimation of spreadin@Naito et al. 2014)for the outermost debris, the spreading angle could potentially
be under predictedNaito et al(2014)used field data where confounding influences, such a
channelization and direction of flow as a result of irregular terrain, cannot be accurately estimated.
Furthermore, as this study examines the incipient motion of the diblerispreading behaviour of the
debris in the latter stages of the flow may vary.

However, it should be noted that the debris trajectory was measured under idealized settings, with a flat
propagation surfac&occhiola et al(2008) in a study of large woody debris transport in rivers, noted

that the trajectory of debris over bars present in the river was dependent on the contact of the debris with
the baras it dictated the rotation of the debris. A larger coefficient of friction would require a greater

force to dislodge from the bar and potentially influence the rotation of the debris. Further investigation is
needed to address the influence of obstgmesent in the moving path of debris.

As the friction had no influence on the spreading angle, the mean trajectory of the debris for all the cases
can be averaged over the longitudinal displacenfégit3-7(a) shows the mean trajectory (solid line) and

the 95% confidence interval (Cl) (dashed line). Comparing the trajectories of the sloped and flat bed
shows a relatively similar evolution of the lateral spreadinchérinitial stages of the propagation, where

the peak acceleration occurs, limited spreading can be observed. However, as the debris continue to
propagate, the deviation from the mean trajectory increases. Additionally, an increase in the mean
spreading ang can be observed for the debris located at the outer edges of the configuration as the mean
trajectory deviates from the straight line path observed for the central debris.

To address the stochastic nature of debris transport, empirically deriveitatatisidels have been used
to estimate the debris trajectoBtolle et al(2018c)used a ID Gaussian model to examine the lateral
spreading of a single shipping container using the development of the variance over distance to analyse
the normal probability density function of the lateral deviation. However, this model is limited in
addressing the stochastic nature of the transport of debris in the flow diregtiand Vanmarcke
(2010) in a study of winedriven debris, used a2 Gaussian model which could adequately capture the
variation in the wind direction. A-D distribution reqires an understanding of the covariance between
the two variables, in this case, theandy-positions.Fig. 3-7(b) shows the development of the Pearson
correlation oefficient(Fisher 1925)which is the normalized value of the covariance:

"o LN . (32
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wherewis the mearnx-position at an instance in time, ands the meary-position. The lateral
displacement was taken as the absolute valaddeess only the magnitude of the displacement. To
adhere to the assumptions of the correlation coefficient, tfee i@s calculated at each time step to
ensure independent samples: Aalue equal to 1 represents a perfect positive correlation betheen
variables whilel denotes a perfect negative correlation. As it can be obseriggl 817(b), for both bed
slopes, the correlation coefficient in the lattexgsts of the flow approached zero. This indicates that the
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x- andy-positions are statistically independent, quantitatively confirming this assumption made in the
wind-driven debris model biin and Vanmarck¢2010)
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Fig. 3-7. (a) Debris trajectory as a function of the distance from the debris origin for sloped (black) and
horizontal (red) beds. (b) Pearson correlation coefficignag a function of timed).

Longitudinal Displacement

Fig. 3-8 shows a comparison of the longitudinal displacement (displacementxditextion) for each of

the debris positions for all cases. The longitudinal displacemenfinedas the maximum displacement

of the debris in the-direction. An ANOVA test between the groups showed that there was no significant
difference p = 0.78,F-statistic = 0.44¢dF = 320) in the longitudinal displacement of the debris.

Therefore, unlikehe spreading angle, all debris positions will be considered simultaneously in the
analysis presented Kig. 3-9.
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Fig. 3-8. Longitudinal debris displacemer ( ) for all cases as a function of the debris position.

Fig. 3-9 shows the longitudinal displacement for each of the experimental cases, as oufliable 813.
Themean values are shown as a solid line and the raw data as markers. The longitudinal displacements
are compared thlistor et al.(2016) An examination of the influence of the coeffiti®f friction shows

that it did influence the longitudinal displacement. The greater the coefficient of friction, the smaller the
longitudinal displacement. This was likely due to the friction being most critical during the initial
entrainment of the deisrand whenever grounding occurred. The greater coefficient of friction would
require a larger initial force to overcome the friction force, as well as substantial losses in moment as the
container was dragged along the bed. It was also observed thhg t@ses with the coarse sandpaper

and the carpet; the debris was initially entrained in a rolling/saltation type motion as opposed to sliding.
The additional rotational component of the motion would result in less energy applied to the longitudinal
displacemen{lmamura et al. 2008'he roughness ahe debris surface, as well as induced turbulence
within the flow, could also have influenced the drag forces, specifically the drag coeffiemér and
Fredsge 200&)cting on the debris. However, this effect would likely be negligible in comparison to the
frictional losses.

The influence of friction was more pronounced for the flat bed skeige3-9b). Due to the shallower

water depths in the initial stages of the flow, the debris tetulbd dragged across the bed surface as
opposed to being completely entrained (afloat), as was observed for the sloped bEic29¢a)). The
constant interaadn between the bed surface and the debris would result in substantial kinematic friction
losses in summation. Unlike the sloped bed, the debris on the flat bed cases with low coefficients of
friction tended to overtop at the end of the slope, resultiagiinncated maximum value. Thus, the
influence of friction was likely more substantial than indicated within this study, as the values were
normalized by this truncated value.

Goseberg et a(2016b)andNistor et al.(2016) in a study using similar hydrodynamic conditions, found
that the number of debris present at the debris source influencedtiaum longitudinal displacement.
However, in this study, there was no significant correlation between the number of debris and the
longitudinal displacement. This was likely due to the initial configuration of the debris, as this study only
used a singleow of debris, wheredsistor et al.(2016)employed multiple rows parallel to the apron

edge. The multiple rows of debris resulted in collisions between the debris which resatddional

energy loss. Additionally, as was notedSiolle et al(2017a) the entrainment of multiple rows of debris
caused the formation of agglomerations of debris which acted as a single object with a reduced cross
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sectional area transverse to the flow direction and greater mass, thus, reducing the acceleration, and
therefore the displacement, of the debris (BeR)). Based ornthe results of this study, the number of

rows of debris, as opposed to number of debris, is likely the primary driver of the longitudinal
displacement. However, further investigation into the influence of the gap between debris in the initial
configuration may be necessafflam et al. 2011)
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Fig. 3-9. Longtudinal displacement for the (a) sloped and (b) flat bed cases. The stainless steel bed surface
is shown in blue and the carpeted surface is shown in orange. The black lines show a comparison of
longitudinal displacement to the empirical solution preskimt@listor et al.(2016)

Comparing the present resultsNistor et al(2016) the equation reasonatdgtimated the longitudinal
displacement for the case most resembling the experiments with the flat bed and similar coefficients of
friction in the case of wood (0.30 Mistor et al.(2016)). As expected with increasing friction, there was

an increase in discrepancy between the empirical and experimental results. For the case of the sloped bed,
the empirical equation significantly over predicts the longitudinal displacement. Thislysdiresult of

the kinetic energy of the wave now also contributing to the change in gravitational potential energy of the
debris, in addition to the kinetic energy, causing a reduction in the longitudinal displacement.

Therefore, the debris/bed fricti@s well as the slopaust be considered when estimating the
longitudinal displacement of debrisnamura et al(2008) in a study of boulder transport, suggested a
time-varying friction factorWeiss and Diplag2015)used an impulsbased approach to estimate the
entrainment of boulders. However, neither of these procedures considers the grounding process of
positively-buoyant debris. Therefore, further analytical development is needed to adequately address
frictional influences on longitudinal displacement.

Debris Velocity

Fig. 3-10 shows the debris velocity (in the flow direction) for all cases normalized by the mean wave
front velocity, as displayed ihable3-4, for both the sloped (a) and flat (b) beds. The debris velocity
showed a distinct profile, regardless of bed topography and dedafifsiction. This was expected, as the
wave profile was not changed throughout the experintéhe initial wave front entrained the debris
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causing an acceleration to B®0% of the bore front velocity. Due to the relatively short duration of the
flow, the debris may have not reached the maximum surrounding flow velocity.

For the incipient motin of the debris, the evolution of the debris velocity was reasonably well

represented by E@2-2), except for a time delay related to the initial entrainment ofi¢eis. The cases

with the larger coefficient of friction have a slightly increased time delay due to the larger momentum
required to overcome static friction. However, due to the short duration of the wave used in this study, as
the local flow velocity dcreased as the wave reached its maximum inundation exte(?; Bgqlid not

capture the deceleration due to the assumed constant wave front velocity.

- - --Shafiei et al. (2016)
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Fig. 3-10. Debris velocity (U) normalized by the mean wave front velocity at the debris site for (a) sloped
bed and (b) flat bed. The dashed line shows the theoretical evolution of the debris velocity f(®) Eq.

The debris rapidly decelerated due to the reduced flow velocity and shallower flow conditions causing
grounding of the debris. The influence of the friction candaglily observed within this stage of the flow

as the debris with the greater coefficients of friction tended to have a sharper reduction in velocity. The
later results in a reduced longitudinal displacement of the debris in the first stages of theoflewveH

due to the closer proximity to the shoreline, the increased water depth and flow velocity as a result of the
secondary wave results in the debris with the greater friction having a larger and earlier secondary
velocity peak. For the flat bed cas$ed. 3-10b), the debris continued propagating until the flow depth

was insufficient and permanent grounding occurred.

For the sloped bed case, due to the drawdowneoivave, the debris were then washed in the offshore
direction, resulting in the negative velocities observdeign3-10a. Similar to the secondary wave, the
debriswith the greater coefficient of friction experienced greater flow depths and velocities due to their
proximity to the shoreline resulting in increased offshore veloRiixgben et al2014) in a study of the

motion of generic boxes in a broken bore, found that the onshore velocities were approxirtately

times greater than the offshore velocities. In this study, the ratio of onshore to offshore velocities was 2.5
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to 4. The discrepancy between this study and thaueben et al2014)is likely due to the gentler
composite slope (1:30 to flat bed) used by the later which resulted in reduskdrefflow velocities.

3.1.4 Discussion

This study examined the transport of debris in a tsufizenivave, however, as was noted in the
Hydrodynamics section, the wave profile used within this study has a flow duration an order of magnitude
lower than that of aactual tsunami everfiMadsen et al. 2008As the influence of the friction within

this study primarily ocurred during the initial entrainment (andamtrainment) of the debris, the longer
duration of the flow may result in a less significant influence of friction on the maximum spreading area
of the debris. Therefore, the conclusions of this study sholydberused in addressing the incipient

motion of the debridiVeiss and Diplag2015)noted, in a parametric study of boulder transport in tsunami
and storm waves, that the duration of the flow above the critical entrainment force (impulse) dictated if a
boulder would be mobilized. While in this study the debris were mobilized in all casekirdtion of

flow in smaller wave conditions may become a cruc
has examined entrainment criteria considering the impulse approach for positively and neutrally buoyant
objects such that further researchhéeded to address this issue.

While this study does not address the development of an analytical equation assessing debris transport,
the conclusions drawn from this study are critical in its future development. There are essentially four
phases of transpip for positively buoyant debris, that need to be addressed: initiation of motion,
entrainment, fully entrained, and grounding. The initiation of motion requires several considerations
related to the type of motion. A force and moment balance on thed algal need to be simultaneously
assessed to determine whether the object would initially slide, saltate, or roll. Therefore, as was shown in
this study, the friction between the debris and the bed will be of critical importance. The entrainment of
the déoris would be dependent on the buoyancy of the debris: the more buoyant the object, the more
easily it would be entrained. Within the fully entrained phase, for positively buoyant deb(i;2xhas

been shown in several studies to approximate the displacement of(Sblafisi et al. 2016b, Stolle et al.
2017a) For the grounding phase, essentially the same parameters as the entrainment and initiation of
motion would be relevant, resultingthe deceleration of the debris motion as it once again comes in
contact with the bed. The critical challenge within all these phases is coupling the force balance with a
hydrodynamics solution capable of capturing the varying local flow velocity ared degpth which, as

shown, is also influenced by the flow resistance. Furthermore, this study also showed that the slope of the
bed also plays a decisive role in determining the displacement of the debris.

While this study focused on the onshore conditfonslebris transportig. 3-10 showed that offshore

debris velocity can reach up to 40% of the onshore velocity. Additionally, due to overtopping of the wave
into thestill basin and the relatively short duration of the flow, the offshore velocity could exceed the
measured values within this study. Limited studies have addressed the offshore motion of debris due to

the wave drawdown and limited guidelines exist withia current standards and guidelines. Further

research is needed to address this important aspect of the debris as this study has shown that the velocities
can reach magnitudes large enough to cause structural damage if not properly addressed.

This study § limited to addressing the motion of a single type of debris in an idealized ddgiisgtomi
(2009)noted in a study of driftwood motion that the shape of the object played a significant role in the
acceleration and orientation of the debris withinftbe. The orientation can alternatively have an effect

on the acceleration as it has an influence on the added hydrodynamic mass. Moreover, while previous
studies have shown that the debris velocity does not exceed that of the wayie dedrgn et al. 2014,

Yao et al. 2014, Stolle et al. 2017#)ese studies have also been performed under idealized topographical
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(flat) conditions. The presence of bed features and obstacles may cause flow accelerations that have a
significant influence on the maximum debris velocity.

3.1.5 Conclusions

The study outlied herein examines the influence of friction on the entrainment and transport of 1:50
geometricallyscaled shipping containers over a sloped and flat surface in tslikeuffdw conditions.

For the first time in a study pertaining to debris motion, tietién was varied through the bed friction as
well as the skin friction at the surface of the model shipping containers and by using multiple initial
debris configurations were used to analyze the influence of their number. Based on the results of this
study, the following conclusions can be made:

1 The obvious assumption that the initial position of the individual debris had an influence on the
spreading angle could be confirmed. Asymmetric water depths and turbulent eddies formed by
the obstruction of theatris were the likely cause of the difference in lateral displacement.

1 The variation of skin and bed friction was observed to have no significant influence on the
spreading angle of the debris.

1 The friction had a however a significant influence on theitadmal displacement (in the flow
direction) of the debris. Due to the reduced flow velocities caused by the bed friction and due to
greater forces required to initially entrain (aneergrain) the debris, longitudinal displacement
was reduced.

1 The numler of debris did not have a significant influence on the longitudinal displacement of the
debris. As the debris were placed in a single row in this study, limiteddebeis interactions
occurred, which previously had been shown to reduce longituds@hdemen(Nistor et al.

2016)

1 The debris velocity reached betweer®®% of the wave front velocity. The offsleovelocities
were consistently 2.6 4 times less than the onshore velocities.

This study provides an exploratory examination on the influence of friction on debris entrainment and
transport. Due to the relatively short duration of the wave used witlsistindy, the conclusions reached

should only be applied to the incipient motion of the debris. The study also only examined a single
hydrodynamic boundary condition, field surveys of disastiecken communities showed that several

wave types can occur the event of a tsunami, dependent on the local topogi@iahashi et al.

2011) Due to challenges related to the measurement of flow conditions around the debris, the use of these
results to calibrate a numerical model may beessary to fully evaluate the phenomenon around debris
motion.

3.1.6 Link to Section 3.2

The study presented here examined the variables that influence debris transport of a flat surface. The
results of this study were used to provide a basic understandingrif dgnamics to be extended into a
probabilistic model in the following sections.
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3.2 Probabilistic Investigation and Risk Assessment of Debris
Transport in Extreme Hydrodynamic Conditions

Preprint of an article printed in Journal of Waterways, Ports, Ocean, and Coastal Engineers ~ © 2018 American
Society of Civil Engineers. https://ascelibrary.org/doi/abs/10.1061/(ASCE)WW.1943 -5460.0000428

3.2.1 Objectives

While theprevious literature ha®cused on the physical phenomena related to debris transport in

extrerme hydrodynamic conditions, each discussed the stochastic nature of the debris transport. While the
randomness of debris motion was acknowledged by most authors as a crucial aspect, little work has been
accomplished to probabilistically investigate how debend to spread out from their initial location.

Reasons as to why this goal has been difficult to investigate are twofold: fs#&t) Btudies only allow to
analyse debris distribution from a singular event, and, secondly, many past experimeraahptagked
sufficient repetitions which would have provided the required data to assess data from a probabilistic
perspective. Hence, this study investigates for the first time debris spreading using a probabilistic
approach which involved a sufficientigrge number of test repetitions while providing a framework to
probabilistically descr itdrmeobj@gdaive ofiassessing the riskaalatechtg . Wi t
extreme debris loadinghe specific objectives of this study are:

1 Evaluate the inflence of the hydrodynamic forcing factogmely a danbreak wave generated
by the sudden release of water impounded in the reservoir section with various initial alepths,
wave velocity profile and the debris spreading.

9 Study the influence of multiple das configuration at initial origin on debris spreading and their
velocity timehistory.

1 Investigate the probabilistic properties of debris transport and spreading and propose a framework
to guide future studies in this regard.

3.2.2 Experimental Setup
Experimatal Facilities

The experimental work presented in this paper was performed in the Hydraulic Laboratory of the
University of Ottawa (Ottawa, Canada)tire HighDischarge FlumeKig. 3-11) as part of a joint
research collaboration program between University of Ottawa, Canada, and Universitat Hannover,
Germany. The experimental flume was modified to simulate a harbour area with a flat horizontal

topograply.

The flume was 30 m long, 1.5 m wide, and 0.80 m deep. The impoundment reservoir which was used to
generate the daforeak wave was 21.55 m long with the full 0.80 m depth. The flume was fitted with a
swing gate placed on top of a 0.20 m high horizomiakffloor, which was installed in the flume to avoid
damaging the protective membrane of the flume. The false floor was 8.45 m loRgg($Se&l). The

false floor was painted with a mixture of paint and sand partisé&a( grain size g = 0.001 m). A
steadystate test was performed to determine the D¥eysbach friction coefficient which was

determined to be 0.014 for the entire length of theeflloor. The swing gate was fitted with a counter
weight (12.5 kg) which helped increase the opening velocity of thelJaeapid gate opening was

critical in ensuring the generation of a wadifined darrbreak wavegLauber and Hager 1998)
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Fig. 3-11. University of Ottawa darbreak flume showing thgosition of the structure, the swing gate,
the impoundment reservoir, the false floor and instrumentation used as well as its location.

The origin of the righhanded reference system was placed cdhigre on the upstream edge of the
swing-gate. The posive x-direction was to the right when facing the upstream direction, pogitive
direction was in the flow direction, while positivedizection pointed upwards.

A free-standing structure was placed at a distance of 7.03 m downstream of the swing gats ased

in a series of experiments examining debris impact loads. As thdak flow conditions were initially
supercritical Fr > 1) and the debris propagated within the bore front, additionally, the analysis in the
following section truncatethe pesented result® a point 0.5 m from the front of the structure.

Therefore, the presence of the structure did not influence the results presented in the following sections.

Debris Model

The 1:40 scale of the experiment was set using the Froude similituelédividual debris was modelled
asafully-loaded 6.1 m long x 2.4 m wide x 2.4 m high shipping container, 14 400 kg at prototype scale
(Knorr and Kutzne2008) The debris model had dimensions of 0.06 m x 0.06 m x 0.15 m, with a mass of
0.226 kgand was hollow, with a wall thickness of 0.005The debris were made from higholecular

weight polyethylene (PEIHMW) with a material specific gravity (SG)393.The design and weighting

of the model debris, as a result of the presence of instrumentation within the debris, resulted in a draft of
0.025 m in still water. For each experimental test, the debris was placed at a distance of 3.20 m from the
gate. Before the beginning of each test, the debris was dried and the excess water was removed from the
flume bed. Debris were smothered with petroleum jelly to reduce water infiltration inside the debris
models.

The debris was designed to have a solid green color to ensure significant contrast between the debris and
the flume bed. Using the camdrased object tracking algorithm, developedbyile et al(2016) the

debris were tracked throughout the area of interest (A@Iyshn Fig. 3-11. The object tracking

algorithm was tested in similar experiments as presentstbile et al(2016)with in a position

determination error of 010m7i 0.03 m.

The theoretical coefficient of static friction between the debris model and the false floor surface was
approximately 0.4Malhotra and Subramanian 1994he suggested coefficient of static friction used in
the design of shipping containers (for transportation guidelines) {&@¥8 2003) The initiation of
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motion of the debris resulted in the immediate floating of the debridtingsim little influence of the
dynamic friction on the motion of the debris.

Instrumentation

The location of the instruments utilized in thexperiments is shown Kig. 3-11; instrumentation was
used to collect in parallel data on the hydrodynamic forcing factor and the resulting debris motion. The
data provides the basis for the probabilistic analysis in this study. The raw data was collegtegausin
data acquisition (DAQ) systems (HBM MX840B and HBM MX1601B), synchronized using a FireWire
(IEEE 1394) connection. The water surface elevations were measured using capp@@nce

gauges (WG) with a sampling rate of 1200 Hz. Each of the WG aaditeated before installation with a
calibration coefficient greater than 0.89G1 was placed within the reservoir, immediately upstream of
the swing gate (y =0.01 m) to act as a reference point for its opening. The incipient drop in the water
level recorded by WG2 was taken as time origin, t = 0.008G2 andWG3 were placed 2.00 m and

3.20 m, respectively, downstream from the gate to measure thaistoey of the water surface elevation
of the propagating bore, a result of the almost instantargaarsng of the gate impounding the water
volume.

A HD camera (CAM1) was placed to analyze the motion of the debris as the debris propagated through
the AOI. CAM1 was externally triggered with a 25 Hz trigger signal output from a third DAQ system
(Nationallnstruments USE009). WG6 was additionally used to evaluate the synchronization between
the DAQ systems and camera system. Six reference points were placed within the AQkfergece

each image within the flume coordinate system.

Experimental Protoal

The experimental protocol was separated into éategories, as shown Trable3-5. The experimental

work focused partly on the influence of thehodynamic forcing factor, the dalmeak wave generated

by the 0.20 m or 0.40 m impoundment water depth behind the gate in the reservoir section of the flume
(ho). The initial configuration of the debris was of interest and the guiding question wawilhdebris

placed with the long axis perpendicular to the flow directiGhgdwith the long axis of the debris

parallel to the flow direction (9Dinfluence how debris would eventually spread? Each experimental test
was repeated at least fourteen (tdes.

Table3-5. Experimental Protocol

Experimental Impoundment Depth Ig?fgﬂ?;?;f Experimental ID Number of
Test [m] 9] [#] Repetitions [#]
EO1 0.40 0 254263, 274283 20
EO2 0.20 0 219222, 294303 14

101-110, 264273,
EO3 0.40 90 584293 30
EO4 0.20 90 111-120, 223226 14
3.2.3 Results

Hydrodynamics

The hydrodynamic forcing factor used in this experiment was aluteak wave. In recent years, the
generation of darreak waves has been one of the methods used to physically model the inland
inundation due to a broken tsunami wélreamura et al. 2008, Afaesly et al. 2012, Shafiei et al.
2016b) Chansor(2006)demonstrated, using data from the 2004 Indian Ocean Tsunami, that of the
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characteristics of an instantaneous daeak were similar to those of anundating bore propagating

over a coastal plain. Additionally, the ddireak wave has a longer flow duration than solitary waves,
especially when a sufficient impounding reservoir length is provided. The unrealistic wave period of
solitary waves traditinally used to model tsunami waves was one of the primary drawbacks to other
tsunami physical modelling techniqu@8adsen et al. 2008)

Fig. 3-12 shows the measured tiAéstory of the water surface elevations recorded by the three WG,
whose location ist®wn inFig. 3-11. The mean water depths obtained over the test repetitions are
displayed as solid lines with the 95% confidence interval indicatm@c¢huracy of the water surface
measurements. For both the 0.20 m impoundment depth and the 0.40 m impoundment depth, the results
showed good repeatability of the water surface elevations and the arrival times of the bore front at each
wave gage. The timaveraged standard deviation in water surface elevation was 0.0078 m and 0.0019 m
for the 0.40 m and 0.20 m impoundment depths, respectively.

{a) WGl (y =-0.01 m)
0.4

T T ' —0.40 m lmpoundment

- S N _ (.20 m Impoundment
02 ~ [193% Confidence Interval
) 1"“-.,'_,/7 B ) ) - - -Chansen (2006) Solution

Water Surface Elevation [m]

Time [s]

Fig. 3-12. Averaged timehistory of the water surface elevation profiles for 0.20 m and 0.40 m
impoundment depths for: (a) WG1 (y3-01 m); (b) WG2 (y = 2.00 m); and (c) WG3 (y = 2.40 m).

The results of the inundating bore were compared to the analytical soluéiatambreak wave

proposed byChansor(2006) TheChansor(2006)solution builds upon thRitter (1892) solution for a
dambreak wave propagating over a frictionless surface in aigdimie reservoir, by including the

frictional effects in the rounded tip of the bore front. Using the arrival of the bore front at WG5 and WGBS,
the average bore fromelocity at the debris site was 2.46 m/s and 1.35 m/s for the 0.40 m and 0.20 m
impoundment depths, respectively. Using the Chanson solution, the velocity of the bore front at the initial
location of the debris site was estimated to be 2.65 m/s and 1s6@&/Ini¢h slightly over predicted the

velocity.

As can be observed Fig. 3-12, the bore front arrived later than predicted by the analytical solatidn
additionally, the bore was not as steep as predicted by the same solution. Térectiaged difference of
the bore front arrival between the experimental results arahidigtical solution was 0.0132asd
0.0157sfor the bores generated by thd@m and 0.20 m impoundment depths, respectively. The
discrepancy between the bore front and the analytical solution was likely a result of the design of the
swing gate. To ensure proper gate sealing, two metal columns protruded 0.06 m into tbeatbossf
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the flume were set on the later sides of the gate frame. The protrusion resulted in the formation of cross
waves as a result of the flow acceleration into the shielded areas behind the columns. The influence of the
crosswave can be observed by ttapid increase in water surface elevation around ~1 s after the bore
arrival, similar effects were observed as a result of en@ag inKhankandi et al(2012) As debris

propagated within the initial phase of thedyahe influence of the crosgaves was negligible.

Debris Transport

As discussed in the introduction, in assessing the vulnerability to debris impact and subsequent potential
structural failure, two aspects to consider are the debris spreading andgefidledisplacement of the

debris), which would determine the likelihood of debris impact; and debris velocity in the onshore

(positive y) direction, which would influence the maximum impact force. The following section will

examine the stochastic propes of the debris trajectory, defined as the propagation path of the debris
geometric centroid, solely as a result of the inundating wave. Using the daasexhobject tracking
algorithm di scussed in fiDebr i s Mitedterbughthe A@l.lDued e br i s
to the flat, horizontal bed as well as to relative size of the flume, the debris spreading as a result of

drawdown was not considered. The subsequent section addresses the debris velocity profile.

Fig. 3-13 outlines a typical debris transport mechanism of the debris in the EO1 and EO3 cases. The
difference between the debris transport trajectories can be observed as EO3ireauldeger deviation

in the lateral direction due to the rotatiointhe debris. Previous studiasing the same type of debris
showed that the equilibrium orientation of the debris was with the long axis perpendicular to the flow
direction(Stolle et al. 2015, 20174 the case of the debris initially placed with the long axis
perpendicudr to the liow direction Fig. 3-13a), little to no rotation of the debris occurred which resulted
in a relatively uniform force acting on the cresstion of he debris facing the incoming flow. However,

in the case of the long axis of the debris placed parallel to the flow direEtgp3{L3b), the debrisvas
rotated towards the equilibrium orientation, resulting in an uneven distribution of forces onto the cross
section of the debris, forcing thus the debris to deviate from the central axis of the flume.
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Fig. 3-13. Comparative images depicting the debris transport through the AOI for EO1 and EO3. The box
outlines the topmost face of the debris tracked by the objemtking algorithm. The internal point
represents the centroid oktlebris which was used to estimate the displacement of the debris. The black
dashed line represents the central axis of the flume.

Debris Spreading

Fig. 3-14 details the debris trajectories for eachtwf categories listed ihable3-5. Each ést shows the

mean trajectory, as a solid line, and the 95% confidence interval, as a shaded patch. Within each figure,
the trajectory is compared to the spreading angles propoddditoyet al.(2014)(dotted line) andNistor

et al.(2016)(dashed line)Table3-6 displays the statistical parameters related to debris transport. A
Bartlett tesi{Snedecor and Cochran 198@s performed over the entire length of the AOI, with a null
hypothesis that all the categories come from population with the same vaTiaad®artlett test was
performed to determe if any significant deviations occurred along the AOI. These deviations would
potentially influence the distan@eraged values or be the result of a significant topographical or
hydraulic featureThe p-value was above 0.05 throughout the AOI andietioee, spreading distance and
standard deviation displayedTiable3-6 were averaged across the trajectory of the debiis.mean
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trajectory washown to compare to the commonly used assumption that the debris trajectory can be

approximately estimated as a straight line. The mean and maximum standard deviation are displayed to
show the variation of the debris trajectory.
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Fig. 3-14. Debris mean trajectory for each of the experiments tests: (a) EO1, (b) EO2, (c) E03, and (d) EOA4.
The trajectories are enclosed by the 95% confidence interval (shaded region). The predicted spreading
angles from Naito etla(2014) (dotted line) and Nistor et al. (2016) (dashed line) are displayed in black.

Predominantly, the debris was enclosed within the proposed spreading areas. However, in the case of
EO4, the debris propagated outside of the exposed spreading aresegrbgNistor et al.(2016) In both
methods of estimating the propagation paths, the proposed spreading area assumed that the mean
trajectory would be a straight line. As can be obse inTable3-6, the mean trajectory was not a straight
line, resulting in the overlap of the debris spreading area with the predicted spreading asabA
observed in botlig. 3-14 andTable3-6, within each category, there was a slight bids the negative
x-direction. Previous studies have indicated a straight trajectory has generally been observed in steady
state conditiongBocchiola et al. 2006, Matsutomi 200®)s the bias was in the same direction between
the categories, the deviation of the trajectory could be a result afmformity of the friction or

topography across the flume bdthe formation othe crosswvave as a result of the constriction at the

gate formed a distinctly-B wave profile, which could cause lateral debris deviation due to the water
surface slope. However, creagsves did not form until after the initial wave front had passedé¢bes

site, as can be observed bg gtepped wave profile Fig. 3-12b at around 2.8. Therefore, the cross

waves were unlikely to have had a significant influence on the consistent deviation. The deviation trend in
the negative direction in each case suggésitsthese inconsistencies were common across experiments.

Therefore, any additional deviations related to the manual opening of the gate did not represent a major
source of inaccuracies.
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Table3-6. Distanceaverage statistics related to the debris trajectory for the four experimental categories.

Trajectory Statistics Trajectory Distribution
. Mean_ MeanStandard Maximum Standard Two-sidedt-test  ShapireWilk test
Experimental | - Spreading Deviation -value -value
Category Distance [m Deviation [m] (pU - 0 (po - 0
[m] ' '
EO1 -0.075 0.025 0.036 1.17x10° 0.379
E02 10.056 0.064 0.108 0.042 0.539
EO3 0.009 0.053 0.079 0.337 0.336
E04 0.118 0.096 0.134 8.50x10° 0.683

In the cases with smallenpoundment depths, the debris had a wider variance around the mean,
associated with the standard @ion of the trajectoryFig. 3-14b and d); reams for this behavior lie in

the physics of the entrainment and advection processes by which the debris are transported. As a result of
the smaller water depths, the debris come in contact with the flume bed more often and over longer
durations as the watdepth to draft ratio is smaller than for the waves generated by larger impoundment
depth. This contact of the debris resulted in them pivoting around their contact point as frictional forces
would initiate torqgque ar ooudddditidnaly clande the exfosed ent er
surface area facing the forcing flow which in turn causes the debris to deviate from their previous
trajectory vector, therefore resulting in a wider spreading area. At each instant of grounding, deviation
could potentlly lead the debris closer to or further away from to the ideal straight propagation path, with
increased grounding eventually resulting in larger deviations overall. The pivoting of debris hence
influenced the maximum spreading area of the debris. Tinébemm orientation of the debris was with

the long axis of the debris perpendicular to the flow direction, which counters previous results in steady
state conditions experimental wdiocchiola et al. 2008 Matsutomi (2009suggested that the

slenderness ratio (length divided by width of debris) influenced the propagation characteristics of the
debis, though this study does not examine multiple slenderness ratios to evaluate that aspect of the
propagationAs a result, the debris initially parallel to flow (E03 and E04) would pivot to propagate
perpendicular to the flowAs described b¥ig. 3-13, the rotation of the debris towards the equilibrium
propagation orientation resulted in asymmetric forces acting around the debris centroid causing the debris
to pivot about the central vertil axis.The resulting pivoting caused an increase in the spreading area as
well as its variance associated with each experimental category.

While debris propagation has been examined in a variety of experimental qgttiagsira et al. 2008,
Matsutomi et al. 2008, Matsutomi 2009, Naito et al. 2014, Rueben et al. 2014, Goseberg et al. 2016b,
Nistor et al. 2016)one of he primary comments in most of the analysis conducted in these previous
studies was related to the probabilistic nature of debris motion, yet this was never explicitly demonstrated.
One of the most commonly used statistical distributions, and one ofyttes&emption in many statistical
tests(Rache 1991) is the Gaussian distribution. As discussed earlier, there was a bias related to the
flume bed, therefore the normalcy of the data was tested around the mean trajectory. As the real mean and
variance was unknown, the Shapitblk test (Shapiro and Wilk 1965)n which the null hypothesis

states that the distribution of the data is normal, wastseleA reliability level () of 5% was selected to

be consistent with previous debris propagation studies. The resulting digtemageg-values are

shown in Table 2. In each case, fhealue exceeded 0.05 suggesting that the debris trajectory was
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normally distributed around the mean trajectory and thus, the previously assumed normalcy of the
processes involved could be, for the first timeed with confidence

As stated in the introduction, in previous studies analyzing debris trajectory, @ablésltto propagate in
a straight line. A twesidedt-test (Table3-6), with a null hypothesis that the spreading distance comes
from a normally distbuted function with a mean of 0 m, indicated that EO2 and EO3 were not
significantly different than the expected 0 m (corresponding to a straight line). While EO1 and EO4
showed a significant differencp-yalue << 0.05), the trend of the mean trajectarthe negative x
direction suggests that the difference was likely the result of the experimental facilities and was not
influenced by the inherent statistical nature of the procekgde\tie lateral displacement was statistically
different than 0, the ahdard deviation and mean lateral displacement were less than the length of the
debris. From a practical engineering perspective, the difference would not be significant and the
assumption of a straight trajectory would still hold.

A quantified analysis ofdach experimental category was performed to evaluate the difference between
each experimental category. For this comparison, ssamaplet-test was performed between each
experimental categorRachev 1991)in which the null hypothesis states that the two categories come
from distributions withequal means ahvariances. As shown Fable3-7, the categories were not
significantly different. EO3 appears to be the only category that wasisatiy different, with each
comparison consistently resulting in the lowgstlues.As the difference between category means was
not significant, the negative deviation of the debris was common between experimental categories and
therefore a result of factor common between experimental categories, in this case most likely the bed
surface.

A second evaluation was performed to analyze the difference in the standard deviations between the
experimental categories. A tvgampleF-test(Box 1953)was performed, with a null hypothesis that the
two categories come from normal distributions with the same variance.

Table3-7. Comparison pralues between trajectory profiles of the expental categories.

Two-samplet-test (J= 0.05) Two-sampleF-test (J= 0.05)
Experimental | ¢, E02 E03 E04 EO1 E02  EO3 E04
Category
EO1 - 0.293 4.76x10° 0.185 - 0.002 0.065 5.17x10°
E02 0.293 - 0.004 0.065 0.002 ~ 0342 0.220
E03 4.76x10°  0.004 - 3.30x10° 0.065 0342 - 0.006
E04 0.182  0.065 3.30x10F - 517x10° 0.220 0.006 -

As shown inTable3-7, significant differences were observed between the experimental categories,
particularly in the case of EO1, where relatively small standard deviations were observed. A comparison
between th@-values of the impoundment depth influenced more significantly the variance than the initial
orientation of the debris, with the standard deviation increasing with lower impoundment depths.
Additionally, a difference can be observed in bbéile3-7 andFig. 3-14 between the standard

deviations bthe cases with the same impoundment depth and different orientations. As described above,
the rotation of the debris towards the equilibrium orientation resulted in asymmetric forces acting on the
debris causing increased lateral spreading.
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Debris Velody

The second issue related to the debris impact forces was the need to assess the impaof tliedoci
debris. Based oBEq. (2-2), the debris velocity is limited by the bore velociby Y, which was defined in
Shafiei et al(2016b)as the flow velocity directly behind the bore front, assumed to be constant.

Fig. 3-15shows the mean eshore y-direction) velocity profiles, as a solid line, along with the 95%
confidence interval (the faded area) for eaxperimental category, for two different initial debris

orientations: 0 and 90 degrees. The velocity was normalized by the wave cel&#®y.(As can be

observed irFig. 3-15, there is initially a high standard deviation, particularly for EO1 corresponding to an
impoundment depth of O, which was related to the overtopping of the debris during the initial
entrainment phase which resulted in thegerary occlusion of the debris from the camera. The mean
acceleration distance, defined as the distance travelled by the debris to reach maximum propagation
velocity, is shown as a dashed line and is compared to the acceleration distance fetateaglgcity

which was proposed bylatsutomi(2009)
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Fig. 3-15. Debris mean trajectory for each of the experiments tests: (a) EO1, (b) EO2, (c) E03, and (d) EOA4.
The trajectories are enclosedthg 95% confidence interval (shaded region). The predicted spreading
angles from Naito et al. (2014) (dotted line) and Nistor et al. (2016) (dashed line) are displayed in black.

Fig. 3-15 shows that the debris reached a guegsiilibrium propagation velocity within the AOI after

approximately 0.75 m from their initial location. Comparing the maximum velocities of each category, as
expected, those withéHarger impoundment depths consistently had a higher normalized propagation

velocity. However, for all cases, the maximum velocity approximately approached unity. The discrepancy
between the normalized velocities for the smaller impoundment depth magddtaf viscous scale

effects.Lauber and Hagdfi998)indicated that darbreaks with an impoundment of less than 0.25 m

showed viscous effects in the bore profileandas di scussed in fiHydrodynamic
0.20 m impoundment depth had a larger difference comparing to the analytical profile proposed by
Chansor(2006)

The acceleration distances for all experimental categoees significantly smaller than the 20 times the
length of the debris proposed Matsutomi(2009) The deviation in the acceleration distances are likely
due to the differences in both the hydrodynamic forcing factor and the differencesypetof debris.
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The dambreak wave eventually reached a gesisadystate flow velocity equal to "(Q2, however, the

theoretical, initial bore front velocity is approximately"CQ, and tends towards the quaséady state
velocity over the AO[Chanson 2006)he flow velocity, initially higher due to the unsteady flow
conditions, increased the acceleration of the debris, and therefore reduaeckireation distance
compared to the steadyate flow caseComparing the results as a function of the initial orientation of the
debris, the debris initially perpendicular to the flow directidf) (@ached maximum velocity before the
debris placed palial to the flow direction (99). Consideringeq. (2-2), as all other variables are constant,
the larger area of the debris projected to the flow resulted in incraesel@rationShafiei et al(2016b)
additionally noted that the density of the debris influenced the contribution of the added mass of water in
the case of debris impacts. Similarly, the differing densities between the type of debris used idythis stu
andMatsutomi(2009)may influence the added mass of water acting on the debris throughout the
acceleration process.

For a quantified analysis of the debris velocity, the mean normalized eiguilielocity is shown in

Table3-8. The mean normalized velocity was considered to be the mean velocity from the distance taken
for the debris to reach maximum velocity to the end of the Ad. normalized velocity was tested using

a twosidedt-test, where the null hypothesis was that the mean velocity was equal to the wave celerity. As
it can be observed in Table 4, the mean equilibrium velocity was generally significantly different than the
wave celerity. As discussed earlier, this was potentially a result of viscous scaling effects. Additionally,
the friction associated with the flume bed was not considered within the wave celerity. In the case of the
larger impoundment depths, the debrisved closer with the wave front. According to the analytical

solution for a darbreak flow(Chanson 2006Yhe bore front velocity decays frogn "CQ to the "CQ
as the bore propagated, resulting in the increased velocities obseRigd3ii5. Therefore, given a

sufficient propagation distance.the debrisod velo

Table3-8. Test statistics for the equliium velocity for each experimental category.

Normalized Equilibrium  gi3ndard Deviation  TWo-sidedt-test

Experimental Category

Velocity (—) [-] (—==1,U=0.05)
EO1 1.040 0.078 0.28
EO2 0.754 0.067 8.47x10°
EO3 1.095 0.080 0.001
EO4 0.879 0.111 0.004

Probabilistic Approach for Debris Transport

In a similar problem in structural engineering, the Eurocodédtion on Structure¢EU 2006)

addresses accidental impacts on structures, where the motion of an impacting object has a typical

trajectory (e.g. car travelling along a road, a ship passing underneath a bridge) characterized by a normal
distribution to determine he pr obabi l ity of accidental i mpact. A
spreading of the debris around the mean trajectory was normally distributed. As a result, in assessing the
likelihood of debris impact, a normal probability density functiBprélated to the position of the

centroid of the debris could be utilized and can be expressed mathematically as follows:

b 2o 3
.,
wherewis the lateral spreading,is the standard deviation, ahds the mean trajectory. As discussed in
ADebris Spreadingodo, in the cases presented in thi

than 0 mHowever, as previously discussed, while the result was stdtiss@nificant, the magnitude
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of the deviation was less than the length of the debris, making thus the difference not significant from a
practical engineering perspective. Combined with previous studies conducted insstdadpw

conditions which indiated that the mean trajectory of the debris was approximatekBodcuhiola et al.
2008, Matsutomi 2009)he assumption of a straight trajectory is likedyid. However, the influence of

an irregular bed surface profile has not been examined in detail and may influence the validity of this
assumptionln those cases, the difference in the trajectory was likely biased by inconsistencies in the
experimentasetup. Assuming that the mean trajectory would be at 0 m, the only variable should be the
standard deviation. Within the context of the spreading distribution, the standard deyipntore(ated

to the spreading angleXas proposed bMaito et al.(2014)andNistor et al.(2016) Eq.(3-4) shows the
relationship between the number of debris and the spreading angle, where the hydrodynamic forcing
factor was not considereNistor et al.(2016)determined that an increased number of debris in an
experimental trial resulted in an increase in the spreading angle due +eibtir collisions.

Additionally, Rueben et al2014)postulated that the presence of other debris within the vicinity of the
debris of inteest resulted in turbulent eddies which further influence the debris spreading. However, the
influence of the turbulent eddies has not been confirmed within an experimental &ztimgaring to the
current studyNistor et al.(2016)used a different forcing factor in the form of a broken elongated solitary
wave. HoweverBaldock et al(2012)showed that a broken solitary wave ppaigating over a horizontal
plane acts similar to a dalmeak wave. Therefore, isolating the initial wave height of the solitary wave,
0.075 m fronStolle et al(2017a) the following equation can be used to estimate the standard deviation:

. gOARD  COAMR X XTBLé © (3-4)
whereQ is the impoundment deptf, is the number of debris within the experiment &nd is the
longitudinal displacemenkig. 3-16 shows the change in the standard deviation across the 3.5 m AOI
compared to the standard deviation predicte&dpy(3-4). Eq.(3-4) (black lines) slightly underestimates

the slope of the line of best fit by 16.5% and 14.5% for 0.2@ad0a40 m impoundment depths,
respectively. The discrepancy may be a result of the coefficients related to the influence of the number of
debris, an aspect which was beyond the scope of this iodgover, the initial orientation of the debris
was showrio have a significant influence on the standard deviation of the lateral spreading. As it can be
observed irFig. 3-16, the orientation influenced tliebris lateral displacement between the cases with
similar impoundment depths. However, as the influence of this parameter is affected by the equilibrium
orientation of the specific debris type, which is dependent on the physical debris properties, such a
slenderness ratiMatsutomi 2009)the influence of the orientation was not considered in the present
work. The moment of inertid)(also has a significant influence on the angular acceleration around the
debris centroidlkeno et al. 2016)Considering that only a single debris type was used in this study,
further research on muldiebris motion is needed to fully investigate the influenddeinitial

orientation on Eq(3-4).

Given the need of pratitners and planning engineers in the field of tsunami mitigation and engineering
to estimate the lateral spreading for an analysis oEpieific vuherability, the predictive Eq3-4) is

hence an improvement, allowing to estimate the standard deviation from a mean trajectory based on a
number of debris and their distance away from the initial location. While the limitetthis proposed
equation lie within the bounds of the current study (number of debxsl8)| future research will allow

for a more sophisticated insight as the number of experimental datasets will hopefully increase.
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Fig. 3-16. Standard deviation as the debris propagated through the AOI compared to thegredict
standard deviation from E-4).

With an understandg of the change in the standard deviation as a functitangftudinal displacement,

Eq. (3-4) can be applied together with E(R-3) to develop a probability density function along the
propaation mth of the debrigrig. 3-17 shows the probability distributions for the 0.20 m and 0.40 m
impoundment depths, enclosed within the bounds proposbBidiby et al.(2014) Developing similar
probability distributions from known debris sources, such as shipping yards in coastal communities, will
allow local authorities to assess vulnerability of criticdtdstructure to extreme debris impacts.
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Fig. 3-17. Probability density function for the two different hydrodynamic forcing factors: bores
generated by the 0.20 m and 0.40 m impoundment depths. Theggebeding bounds are displayed as a
black line: Nistor et al. (2016) solid and Naito et al. (2014)dotted.

3.2.4 Discussion
Scale Effects

Investigating the debris transport processes requires the use of hydraulic scale models. Laboratory
investigations arenherently based on the assumption of similarity of Froude numbers: the use of model
scaleddown flow velocities based on maintaining the ratio of inertial to gravitational forces. This
particular choice of scaling violates other scaling laws by introdustiatg effects; these are discussed
herein. The application of the ddmeak wave in these experiments has aftla justification. Firstly,
dambreak waves have commonly been used in tsunami engineering, particularly in studies related to
hydrodynamic lads on neashore structure§alermo et al. 2009, Ataesly et al. 2012, Skerman et

al. 2013, Shafiei et al. 2016l}hansor(2006)demonstrated the similarity between a broken tsunami
wave propagating over dry land and the analytical solution forlateak waves. The longer period
associated with the dabreak wae is also more representative of that of a tsunami wave compared to
previous methods of physically reproducing a tsunami Wishaglsen et al. 20085econdly, the dam

break wave has been comprehensively evaluated bptiygical modelgLauber and Hager 1998,
Khankandi et al. 2012ndtheoretical studie€Ritter 1892, Chanson 2006he application of analytical
solutions allows for an easymparison to experimental results and the prevalence ofodaak

laboratory facilities allows for similar studies to reproduce and improve on the presented results.

This study examined the probabilistic nature of debris motion propelled by-aréaknwave. However,
the relatively smalkcale of the experiments resulted in potential scale effects that need to be addressed.
The smaller impoundment depth (0.20 m) wagler than the threshold impoundment depth from the
comprehensive experiments performed.-ayber and Hage1998)for viscous effects to influence the
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dambreak bore mpagation. However, the experiments performetddayber and Hagg1998)were
only evaluated for one nesimensional distanc&( — p Jtfrom the gate, thus posing questions as to

whether their criteria is comprehensively applicable along the propagation disgtanicer and Hager
(1998)noted that, inhe farfield of propagation, the influence of many factors that influenced bore front
profiles, such as the gate opening time, diminished and the wave profile approached that of the analytical
solution. To additionally assess any influences of the surésision on the initial entrainment of the

debris, the calculated Weber number was in the range of 1924 to 2721, which significantly exceeds
accepted critical values of 2.5 to 1@®akall and Warburton 1996)

Rueben et al2014)postulated that one of the factors influencing debris spreading was the formation of
turbulent eddies. As turbulence generally does not scale well with Froude $8alingnd Leveque

1994) to avoid the influence of viscosity on the experimental study, the flow should be within the fully
turbulentdomainwit Reynol dd&s nu rlle €row 1950¢As determihig flGvOv@ocities

for dambreak flow conditions tergito be difficult to assess, a slightly modified Re will be dédosi et

al. 2004)

Y'Q iQ (3-5)
where"Yis the bore front velocityQis the characteristic wave height behind the wave front, asithe
kinematic viscosity. Using E3-5), the Re number at the debris site ranged from 1.50 x11.67 x 10
for the 0.40 m impoundment depth and 4.8[0%i 5.17 x 10 for 0.20 m one. Hence, the Re number was
maintained within the fully turbulent zone. However these numbers were significantly lower than ones
that have been observed in the field® (Bricker et al. 2015)Therefore, the turbulent boundary layer
typically present in coastal flooding events was not reproduced in these experiments. Though, as the
debris in these experiments tends to float in the upper portite dow, the boundary layer is unlikely
to have had a significant influence on debris propagation.

The flume bed significantly influenced bore characteristics and debris propagation. As the experiments
were run successively, water was removed from thedlbed; however a thin layer of water remained

on the flume bed, which slowed down the bore propagéBbGermain et al. 2013Additionally, in
undstorted models, the influence of bottom friction tends to be disproportionately greater at model scale
for both the debrided and fluiebed interactiongHughes 1993)At the same time, prototype frictional
elements on the ground of coastal areas such as msdiamegetation, fences and other roughness
elements do have an effect on the propagation of the tsunami inundation over dry terrain. Reproducing
scaleddown roughness elements is difficult and researchers often resort to using a rather uniformly
distributed equivalent friction instead. The difficultiasassessing these scale effects at the ssnalé
presented suggest that further research is needed to quantify these effects for use at prototype scale.

The flat, horizontal bed slope was chosen to represent an idealized coastal setting, whereatiorgravit
acceleration affected the debrisd motion as a res
influence of bed slope on dabneak wave propagation had shown that the wave front velocity would be

reduced Chanson 2005xand therefore, based on Eq. 3, theximam debris velocity would be reduced.

To the authorsdéd knowl edge, no research has examin
debris. This represents a gap in the understanding of debris transport which requires further investigation.

Vulnerability Assessment of Debris Loads

As discussed in the Introduction section, assessing the vulnerability of coastal areas to debris impact has
been difficult due to problems related to identifying debris sources and impact sites in the aftermath of a
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tsunami even{Charvet et al. 2014Building design guidelines and standards considered all areas are at
risk of debris impacfFEMA 2012, ASCE 2016ajhereas the consideration of debris loads in fragility
curves analysis has been mostly ignotéd.and Vanmarcké010)proposed a stochastic vulnerability

model for windborne debris during extreme events. The basiseif thodel considered the distribution

of debris entrainment, debris velocity, and debris trajectory. Within the vulnerability model, the debris
trajectory model was modelled, similarly to this study, using a Gaussian distribution. The debris velocity
was nodelled using a Beta distribution, which is a continuous probability distribution to represent random
gualities on the interval of [0,1{5upta and Nadarajah 2004 this case as a ratio of the maximum

debris velocity. The development of the Beta distribution of debris velocity véittinnamiike flow

was however outside the scope of this study.

Currently, debris entrainment parameters have yet to be fully developed with regards to unsteady flow
conditions. However, basic force balance of a floating object can provide a staitinipgletermining

the hydraulic condition needed to entrain defiistor et al. 2017) However Braudrick and Grant
(2000)noted that, in steadstate conditions, logs were entrained slightly before the force balance suggest,
stating also that future research was needed. Applying a simiferability model a&in and
Vanmarckg(2010)to debris loads in extreme flooding events would be possible with further development
of stochastic debris parameters, particularly with respect to debris impact conditions.

The application of a stochastic appredc debris motion could also help improve the analysis of the
fragility curve for tsunamprone coastal communitieSharvet et al(2015)applied a binary method of
assessing if a debris impact occurred. Using a probabilistic analysis of debris motion can improve the
accuracy when assessing potential damage from debris impact by providing a betterndidgrsta

potential debris impactsiatzikyriakou and Li(2017)modelled the 2012 Hurricane Sandy to examine

both the positive and negative influences of seaward buildings on building survival rates by shielding and
debris generation. The inclusion of surrounding buildings into frag#isgssment improved the

performance of fragility curves in their case stu@gpseberg et a{2016b)showed that the debris

trajectory was not influenced by the presence of obstacles, the focus of the study was on the absolute
magnitude of the spreading angle. The presence of major topographical features, as well as the presence
of other debris, may influence the assumption of amabdistribution. Hence, further research is needed

to evaluate this aspe¢iowever, significant work is still needed to apply such methods particularly to
extreme debris loads from largeale debris, such as vehicles and shipping containers.

3.2.5 Conclusions

This study analyzes the motion of debris in extreme hydrodynamic conditions, focusing ofbreedim
wave as forcing factor for debris motion. The debris were modelled as a-doalrchipping containers
and were tracked using a cambéased object tr&ing algorithm developed by Stolle et al. (2016). Four
experimental categories were examined for two hydrodynamic forcing conditions and two initial debris
configurations. The analysis investigated the probabilistic nature of debris motion, concluding that

1 The hydrodynamic forcing condition had a significant influence on the debris (lateral) spreading.
In the case of the dabreak waves generated with a larger impoundment depth, less lateral
spreading occurred.

1 The initial placement configuration of the debris did have a significant impact statigard
deviation of thdateral spreading. Additionally, the initial placement configuration had a
significant impact on the debris acceleration distance to reaclibeiqun propagation velocity.

1 The debris spreading was normally distributed around the mean debris trajectory.
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1 The standard deviation of the debris distribution increased with longitudinal displacement of the
debris.

1 The equilibrium propagation velocity tfe debris can be modelled as approximately the dam
break wave celerity (CQ).

The application of the probabilistic nature of debris motion could significantly improve the accuracy of
fragility curve analysis by better predicting both the probabilitg pbtential impact and its maximum

impact force. While significant research is still needed to address issues related to the scaling of debris
motion in laboratory conditions, a basic understanding of debris spreading distribution could improve the
alreadywell-developed fragility curveand eventually be included in comprehensive vulnerability

models

3.2.6 Link to Section 3.3

The investigation of thenotion of a single debris piee@s used to provide preliminary insight into

debris motion to be extended int@ra complex conditions. The following section examines the motion

of multiple debris building upon the basic characteristics outlined in this study, using this development to
outline a preliminary framework for assessing debris hazard from a probap#istjgective.
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3.3 Physical Modelling of Flood-Driven Debris

Preprint of an article under review at the Journal of Waterways, Ports, Ocean, and Coastal Engineers © 2019
Ameri can Society of Civil Engineers.

3.3.1 Objectives

The following study intends to build upodmetframework outlined ihin and Vanmarck¢2010)and

applying this framewor k t o ke aventsasing résultsabtaynedl debr i s
from physical modelling. Debris hazard assessment has important applications in the design of flood

resistant structure@Chock 2016and fragility analysigCharvet et al. 2015)hile also potentially

informing recovery of valuable objects efforts in the aftermath of flooding events. With the overall aim of
developing a stochastic framework for estimating debris hazardp#uific objectives of this study are:

1 Based on previous literature, develop an understanding of the parameters governing debris
transport.

1 Establish a methodology, based on physical processes, for estimating the displacement of the
debris both in the flowdirection and laterally.

1 Develop a method for estimating the design loading conditions through the physical behaviour of
debris motion.

This study will focus on applying the framework in tsundike flow conditions, in this case, a dam

break wave. The pisical model was designed as an idealized, flat topography to limit the influence of
aspects, such as bed slope and obstacles within the flow. In order to test and build the framework, the
study will address one type of positively buoyant debris, saidaah shipping containers, scaled
considering Froude similitude.

3.3.2 Methodology
Experimental Facilities

The physical modelling was performed at the University of Ottawalateak flume (Ottawa, Canada)

(Fig. 3-18). The facility is 30 m long, 1.5 m wide, and 0.8 m deep, with a false floor 8.45 m long, 0.20 m
high placed at one end of the flume. The remainder of the flume was used as a reservoir to impound a
volume of water, whiclwvas released by a swinging géttifen et al. 2018, Stolle et al. 2018bhe
coordinate system of the facility is defined from the upstream side of the gate on the bedlsétfiedt.

The positivex-axis is in the direction of the flow, the positiy@xis is flume right, and the positizeaxis

in the upwards direction.
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Fig. 3-18. University of Ottawa darbreak flume (30 m 1.5m 0.8 m) side view (a) and top view (b).
The red circles indicate the position of the wave gauges and the green box indicates the position of the
debris. The red cross represents the geometric center of the debris site. The parameters for the debris
configuration are shown in (c) for orientatio®) (= @® and (d) 96.

The debris used in this experiment were 1:40 geometrically scaled shipping containems (001@ m

0.06 m); made of high molecular weigh polyethylene-tRNEW). The shipping contaiers were scaled
as the mean weight of fulipaded shipping contain@knorr and Kutzner 2008konsidering Froude
similitude @& = 0.236 +/0.005 kg).The resulting density’ () and draft of the containers was
approximately 416 kg/frand 0.025 m, respectively. The debris were placed with the centroids of the
furthest downstream debrisxat 3.20 m. The number and configuration of the debris were varied
throughout the experiment to examine the influence of the initial entrainment of the debris on debris
transport. Before each experiment, the debris were sealed and covered in petr@ewentwater
intrusion.

The experiments were performed within the context of a larger experimental protocol examining debris
impact forces on a structugPerschum et al. 2018, Stolle et al. 2018a, 2018c, 20T8a)structure (0.20

m 0.20 m 0.80 m)was placed at a distance of 7@3rom the gate. To eliminate potential

interference from the structure, as well as fromréflected wave, the motion of the debris was tracked
only to a distance of 6.50 m from the gate, resulting in a maximum longitudinal displac¥tjenft¥.30

m. The debris continued to be displaced by the flow until captured in a net covering thedraitoof

the flume.

The bed of the false floor was covered with 1 4siBved sand and painted to have a fixed bed surface.
Stolle et al(2018b) in a hydrodyamic analysis of the flume, determined that the approximate Parcy
Weisbach friction factor was 0.0293 by fitting the instantaneous wave profile of various impoundment
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depths to th€hansor(2006)solution for a danbreak wave. The coefficient of static frictidn |

between the debris model and the false floor was approximatelySiate et al. 2018¢which slightly
exceeds the suggested ffmgent (0.30) used in the design of shipping container transportation methods
(GDV 2003)

Instrumentation

Three wave gauges (WG, RBR BB, capacitanceype, accuracy = +0.1%, 0.50 m measurement

range, 1200 Hz) were placed in the flurfkeg(3-18). Wave gaug (WG1) was placed in the reservoir (at
x=-0.10 m) to determine the opening of the gate. When the water surface in the reservoir dropped 2% of
the initial impoundment deptlnd), the gate was considered to be completely open indicating the start of
eachindividual experiment (reference times 0.00 s). Wave gauges WG2 and WG3 were placed on the
false floor, z = 0.005 m above the bed at distancas=d.00 m and 3.20 m, to measure the propagation

of the wave downstream. Before the WG were placed ifiuhee, they were calibrated ensuring ah R

value of 0.99.

The debris were tracked through the aséiterest (AOI) using a highefinition camera (CAM, Basler
pi1900632gc). The CAM was externally triggered using at5output signal from a data acqtiisn
system (DAQ, National Instruments USB09). The signal was simultaneously sampled by a second
DAQ system (HBM MX1601B), also sampling the WGs, to synchronize the images with the
hydrodynamic data. The estimated synchronization error was approximatel94 s.

Debris Tracking

The position of the debris were tracked using a caiinasad tracking algorithns{olle et al(2016)

however, it was adapted to and modified for the purpose of this study. Aam&tedle ¢ al. (2016) the
algorithm has difficulties tracking more than six debris of the same colour throughout image sequences.
This is due to the algorithm passing the identifiers of the individuals between debris. As a result, the
algorithm cannot reliably distguish the trajectory of a single debris across the AOI. As outlinStbile

et al.(2016) the algorithm was separated into two distinct features: object detection and object tracking.
The object tracking feature was mainly responsible for maintaining the uniqudiédeAs in this study

up to 12 debris were used, the object tracking feature was eliminated to avoid challenges related to the
passing of identifiers. The object detection algorithm was then used to identify the position of the centroid
of the individuadebris within each frame. The accuracy of the method without the object tracking
algorithm was compared to manual selection of the individual debris within the image in three
experimental trials resulting in an approximate error eD#45 m.

The chalénge with removing the object tracking feature is the motion of the individual debris cannot be
assessed. To address this issue in terms of the lateral displacement of the debris, the displacement
discussed in the following sectioWd) referstothelateal di spl acement of each de
frame) from the geometric center of the initial configuration of the debris (at rest). The geometric center is
determined based on the position of the centroid of each debris (black crdsge8-t9). The

geometric center was determined by conceptualizing a rectangle that would capture the position of all the
debris centroids in each image (green rectangtégri3-19) and taking the mean of the outmost

coordinates (red cross). Within this study, the initial geometric center was always positipre@l @0

m. For the debris velocity, as the displacement of an individual debris could not be tracked, the velocity
of the group of debris was assumed to be relatively constant. Therefore, the velocity of the group was
calculated by the trajectory of theayeetric center of the debris within each framRigy(3-19).
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Flow Direction

Fig. 3-19. Measurement of debris position and velociing the object detection algorithm. The green

box represents a single debris, the black crosses are centroids of individual debris, and the red crosses are
the centroid of the debris group. The faded green box represents the conceptualized rectainglecused
determination of the centroid of the group.

Experimental Protocol

With the main objective of developing a probabilistic framework regarding the debris dynamics based on
physical processes, dimensional analyidisghes 1993)vas performed based on ¢erbalances (outlined

in the following sectiop Toaddress the relevant parameters found through the dimensional analysis,
several hydrodynamic forcing conditions and debris configurations were experimentally tested and used
for the analysisTable3-9). The hydrodynamic forcing conditions was varied by changing the water

depth impounded in the reservo®]. The debris configuration was adjusted by changing the number of
columns of debrisi (), the number of debris withimach columng), the spacing between the edges of the
debris (held constant in tlxe andy-directions) (Y, and the orientation of the long axis of the delgis (

An g -value of 0 refers to the long axis of the debris perpendicular to the flow @iredten repetitions

were performed per experimental category for a total of 170 experimental trials.

Before each experimental trial, excess water from the previous trial was removed from the bed of the
flume. The debris were placed in the flume usingysédes indicated on the bottom of the flume. The
reservoir was filled to the set impoundment depth, wave absorbers were placed within teeatrosof

the reservoir to aid in the attenuation of wave caused by the filling process. The impounded ¥olume o
water was released by operating the opening mechanism of the swiri§tgééeet al. 2018b)entraining

the debris and propagated the debris downstream. After each experiment, the debris were opened to
remove any intrusion ofiater and wereesealed with petroleum jelly.
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Table3-9. Experimental Protocol. The experimental categories are named to represent the initial
conditions. Q impoundment depth g N7 number of debrisR i number of columns of debris (r),IS
debrisspacing (S),Dde bri s orientation (U).

. Impoundment Number of Debris Debris
Excr:)aetgrggrnytal Depth (Q) CNoLIJLrJnn?r?é ((); Debris per Spacing Y  Orientation §)

[m] Column €) [m] []
C20N1R1S101 0.20 1 1 0 0
C40N1 R1S101 0.40 1 1 0 0
C40N1 R1S102 0.40 1 1 0 90
C20N3 R1S101 0.20 1 3 0.03 0
C40N3 R1S101 0.40 1 3 0.03 0
C20N6 R1S101 0.20 1 6 0.03 0
C20N6 R2S5101 0.20 2 3 0.03 0
C40N1 R1S101 0.40 1 6 0.03 0
C40N1 R2S101 0.40 2 3 0.03 0
C50N6 R2S5101 0.50 2 3 0.03 0
C20N12 R25101 0.20 2 6 0.03 0
C20N12 R25102 0.20 2 6 0.03 90
C40N12 R25201 0.40 2 6 0.015 0
C40N12 R25101 0.40 2 6 0.03 0
C40N12 R2S301 0.40 2 6 0.06 0
C40N12 R25102 0.40 2 6 0.03 90
C50N12 R25101 0.50 2 6 0.03 0

3.3.3 Results
Dimensional Analysis

To determinghe relevant parametdos flood-driven debris hazard, dimensional analykiaghes 1993)
was performedssuming the propagation of debris over a flat, horizontal bed with no flow obstructions.
The dependent parameter was the lateral displacement of the debris (

Themost relevanparameterso considearethetype of fluid defined by the density () and viscosity
(). Generally, for extreme flood events, thigresponds twater, however, the ASCE 7 Chapter 6
allows adjustments to tHkiid density based on trsalinity and presence of small debris and sedinment
the water Next, the type of debris thatasstudied is important As the debris is assumed to be fully
entrainedijt can be defined by its geometry, i.e. characteristic lemjytar{d density”( ). How the debris
reacts to the hydrodynamic forcing condition is dependent on the surrounding envir@Roeden et al.
2014, Nistor et al. 2016, Stolle et al. 20179 the assumption is the debris is entrained within
unobstructed flow, the surrounding environment candfimed by the number of other debris present (
the number of rows of debris)( the spacing between the debf¥ &nd the friction between the debris
and the bed (). Finally, the debrigredriven by the surrounding hydrodynamics, defined byfltve
depth ©) and velocity §). Using theBuckinghamb-theorem, the resulting natimensional pigroups
were identified as:
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Q QQQ”

where'Y ‘Gs the Reynolds numbel(Q * @ ) and'Oiis the Froude numbei@i & "QQ Within

this study, the material of the debris and the bed surface were kept constant, therdfbggotie

was not examined. Additionally, the material and geloyr&f the debris was not changed, therefore, the

Y-group” T was also not considered. Therefore,thgroups being investigatedere

YO ., o YOSYA L
o Qofeh i hohi Ay GO (3-7)
The dimensional angdis was used to inform the development of the experimental proictae-9).
The following sections further examine the factors influencing the trajectory of debris using statistical

methods with the objective of developing a model of estimating the lateral dispfacerdebris under
transient flow conditions.

Hydrodynamics

The hydrodynamic forcing condition was a dameak wave, generated by releasing a volume of water
from behind a manually opened swinging g&ig. 3-20(a) i (c) shows the water surface elevations at
=-0.10 m, 2.00 m, and 3.20 m for each impounded water d€pth@.20 m, 0.40 m, and 0.50 m). For a

full hydrodynamic analysis of the University of Ottawardareak flume, se8tolle et al(2018b) The

wave profiles were repeatable between experimental trials with a standard deviation in wave arrival time
of 0.053s and a standard deviation of the water surface of 0.008 m at the debxs3te@ m).

Due to challenges in measuring the flow velocity around the debris, the wave front v@paias used

as a proxy for the local flow velocity. The wave front velocity was calculated by the difference in the
wave arrival time between WG2 and W&3. 3-20(d) plots the measured wave front velocity against

the impoundment depth. The wave front velocity is a function of the impoundment depth, flow resistance,
and distance from the gai€hanson 2006)Therefore, the velocity represents the mean velocity kem

2.00 m and 3.20 m, and due to flow resistance, the wave front velocity will decrease due to flow
resistance across the AOI. K&-8) is commonly used to describe the mean wave front velocity

(Whthrich et al. 2018)

Q| (3-8)
where is a fitted coefficient. Literature values for thevalue can range from Gg§Matsutomi and
Okamoto 2010)o 2.00(Ritter 1892) Fig. 3-20(d) shows the fitted E3-8), along with the 95%
Confidence Interal (CI), for the mean wave velocity at the debris site resulting=rl.29.Stolle et al.
(2018b)performed a similar analysis for the length of the propagaection resulting in a fitted-value
of 1.09. Due to the relatively high flow resistante 0.0293), the wave front velocity (and therefoje
decays rapidly across the AOI.

As the wave front velocity decays as it propagates downsii@henson 2006the maximum drag

forces acting on the debris occurred at the debris site. Therefore, for the remaining analysis, the wave
front velocity will be used as the proxy for the local flow velocity. Due to the rapid nature of the debris
entrainment and similar challenges measuring the local water depth, the maximum wateD)daiptine(
debris site attained during single experimental runs wasfosé¢he following analysislable3-10

outlines the mearsfandO) and standard deviation X for the wave front velocity and maximum water
depth at the debrists for each impoundment depth. The data confirms the general trend of higher front
velocities as well as increasing maximum water depth at the debris site with increasing impoundment
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depth. Low levels of standard deviation indicate the high degree aitadyiay throughout the
experimental campaign.
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Fig. 3-20. Time history of mean surface water elevation of the-desak waves. The mean water surface
elevations are given for each impoundment at (a) WGL-x10 m), (b) WG2 (x = 2.00 m), and (c)

WG3 (x = 3.20 m). The wave front velocity) between WG2 and WG3 for each trial are shown in (d).
The wave front velocity was fit to E(B-8) (solid line), the 95% confidence interval of the fit is shown as
the dashed line.
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Table3-10. Wave hydrodynamics at the debris ske(3.20 m).

‘Q [m] _Wave Front Velocity ® MaximumWater Depth'Q)
offm/s] . [m/s] 0O [m] . [m]

0.20 1.364 0.057 0.093 0.006
0.40 2.466 0.112 0.173 0.012
0.50 3.030 0.111 0.209 0.005

From a design perspective, information about the hydrodynamics driving the debris entrainment and
consecutivelownstream propagation is very important for the derivation of a probabilistic debris impact
assessment. In the following, the path of the délitsstrajectory will be discussed and evaluated for the
given hydrodynamic conditions in the experiments.

Delxis Trajectory

Assessing the likelihood of fAextraordinaryo debri
manner (impact or no impact) due to challenges in identifying what parameter influence the trajectory of

the debris. This section addresske lateral (crosiow) displacementd  Yd¥O) of the debris, the

following section will address the displacement in the flow direction through assessing the debris

velocity. The parameters addressed in this study were based on analysis of pitevaiugsliand the

dimensioml analysis performed in th@revioussection. e displacement was taken as the displacement

from the geometric center of the initial configuration of debris.

In the framework develop Hyin and Vanmarck¢2010) the distribution ofhe debris trajectory was
assumed to be a normal distribution with a mean of 0 (i.e. the debris propagates in a strai§llime).

et al.(2018c)validated this assumption for a single shipping container in a similar experimental setup.
Table3-11 shows the meany and standard deviation () of the lateral displacement across the AOI for
each experimental category. A esemple ttest(Anderson et al. 1958yas performed with the Hu
hypothesis that the mean of the lateral displacement was equal to zero; the statistical test outcome is
presented iTable3-11. The data predominantly confirmsatithe assumption of a mean of zgue (

0.05) provedo be correct except in the two cases with a single debris and an impoundment depth of 0.40
m. In addition Stolle et al(2018c)investigated similar test series and determined that the deviation from
the mean was sufficiently small (less than the width of the shipping container). The remaining
discrepancyvas likely due to small inconsistencies in the bed topography.

The second assumption madé.in and Vanmarck¢2010)was the lateral displacement of the debris was
normally distibuted. To test this assumption, a Shapifitk (1965)test was performed witthe null

hypothesis that the lateral displacement was normally distributed around the mean. For the cases with a
single column of debris the lateral displacement is normally distributed about the mean throughout the
trajectory Fig. 3-21(a)), however, for the cases with two columns, this was not obsgqrved.05) Fig.

3-21(c)). Fig. 3-21 shows the trajectory of debris for two experimental category (C40N6 R1S101 and
C40N12 R2S101). Due to the configuration of the debris, the lateral displatceasea distinct bimodal
distribution Fig. 3-21(d)). As the debris continues to propagate from the debris site, the bimaodiaiiey
displacement decreased.
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Table3-11. Statistical properteof debris trajectories for each experimental category. The mean and
standard deviation of lateral displacement are determined from the normalized lateral displabement (
YGxO).

Statistical Test One sample-test ShapireWilk Gooani;ess)f—
Experimental @[] » [ p-value ] p-value NRMSE []
Category
C20N1 R1S101 -0.14 0.53 0.40 0.26 0.629
C40N1 R1S101 -0.19 0.13 0.01 0.24 -3.060
C40N1 R1S102 0.21 0.21 0.02 0.16 -0.077
C20N3 R1S101 0.22 1.06 0.12 0.16 0.341
C40N3 R1S101 0.06 0.35 0.20 0.12 0.528
C20N6 R1S101 -0.37 1.76 0.20 0.14 0.637
C20N6 R2S101 0.33 3.15 0.33 0.11 0.621
C40N6 R1S101 -0.06 0.60 0.33 0.13 -0.500
C40N6 R2S101 -0.03 1.18 0.60 0.15 0.768
C50N6 R25101 -0.11 0.88 0.16 0.14 -2.138
C20N12 R2S101 0.37 3.41 0.19 0.13 0.314
C20N12 R25102 0.13 4.61 0.57 0.13 0.315
C40N12 R25201 0.12 1.40 0.38 0.10 0.721
C40N12 R2S101 0.01 1.44 0.63 0.10 0.788
C40N12 R2S301 -0.11 1.36 0.32 0.11 0.386
C40N12 R25102 0.20 1.41 0.36 0.10 0.337
C50N12 R25101 0.11 0.99 0.27 0.13 0.824

To address this issue, the Shapivdk (1965)test was performed over the firak 5 (faded red box in
Fig. 3-21) to reduce the influence of the initial configuration on the distribution. As can be seen from
Table3-11, in the latter stages of the propagation, all experimental categories displayed normally
distributed lateral displacement about the meex @.05).

Based orthe assumption of a normal distribution with a mean of zero, the probability density fuBdtion (
can be expressed as:

0o ——0 (3-9)

Q.
Therefore, the only free parameter is the standard deviation. While the Shagind 965)test showed
that the initial configuration did not influence the distribution of the debris in the latter stages of the flow,
it did influence the standard deviation. To address the various parameters outlined in the dimensional
analysis, multiple linearegression was performed to examine the influence of the outlined parameters on
the standard deviation. The standard deviation was determined as a function of the displagenoemt (
the debris source for each experimental category.

The variance inflabn factor (VIF)(Kenney 1962ajvas calculated between each of the parameters

outlined in the dimensional analysis to test for imaltinearity between the parameters. Multicollinearity

can result in large fluctuations in estimated coefficients from the regression. Generally, VIF values greater
than 10 indicate collinearity between variallearrar and Glauber 1967 this cas€ Oiand’Y &howed

high collinearity (VIF > 10)The"Oiand’Y ‘Gre not necessarily collineated for all hydrodynamic forcing
conditions; however, in this specific case, due to the physics of a tsdikamY @ends to increase with

"OL Additionally, & the model was scaled considering Froude similitude, the Reynolds number would not

66



represent ranges that are typical of tsunamirdfoee, the Reynolds number was not considered in the
regression analysis. The raiBO and parameteg also displayed high VIF values, as the parangter
was related to the orientation of the long axis. The paramet@&s hence removed from the analysis as it
does not represent a physical characteristic in the force balance and the length of exposed area to the flow
has application in a wide range of geometries. As the remaining factors are a function of the initial
configuration, the parameters are assumed to influence the change in standard deviation over distance
from the site, resulting in the equation:

. a Yo, C e (3-10)

” =Ol=6=6=s _l 0w

where_ are the regression coefficients (with j the numbers of coefficientsjoaiscdthe position of the
outermost columns of debris in the initial configuratiBig(3-18).

The multiple linear regression showed that the linearized model could explain 62% of the margin of
variance (R=0.617) and was statistically significapt{< 0.05). A KolmogrovSmirnov tes{Smirnov
1948)was performed with the null hypothesis that the residual were normally distributed, ensuring the
validation of the assumption of normally distributed residyats @.10). Each of the coefficientgere

considered to show a statistically significant trend, except in the case of spacing. This is potentially due to
the limited number of cases that examined the influence of spacing as well as a high potential-for a non
linearity that cannot be captured Inetregression moddRueben et al2014)noted, ina study of debris

dynamics over a slope surface, that the debris ap

obstruction of the flow. Similar to a fixed obstacle, debris influence the surroundingaBidhey tend to
propagate slower than thersounding fluid, therefore, it is likely the area of influence is a function of the
inertia of the debris, hydrodynamics, and spacing. Further investigation is necessary to address the
importance of spacing within this context.

The calculated regressionefficients (

Table3-12) are subject to potential scale effects and are influence by the parameters not include within
the regression, such as friction and buoyahiopvever, the standardized coefficient, where the regression
was performed with each parameter standardized (i.e. mean of 0 and standard deviation of 1), show the
relative influence of each parameter on the lateral displacement.

Based on the standardizedefficients (

Table3-12), the hydrodynamic conditions, exposed length of the debris, and number of columns have the
most substantial influence on the lateral dispaent. This is consistent with previous literat@mlle et

al. (2018c)indicated for a single debris, the greater water depths and velocities resulted in smaller lateral
displacement due to less interaction with bed suri@udrick and Granf2001)determined that the

debris tended towards a equilibrium orientation, in the case of shipping containers with the long axis
perpendicular to the flow, during the rotation process this causes an increadater#heisplacement.

Stolle et al(2019b)showed that the debris tended to diffuse away from theliogidiguration as a

function of the number of columns preseMistor et al.(2016)showed that the increase in the number of
debris resulted in an increase in the lateral displacemen
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Fig. 3-21. Debris transport for experimental category C40N6 R1S101 and C40N12 R2S101. (a, c) The
position of each debris throughout the AOI compared to th22t® spreading angle suggested\aito

et al.(2014) The faded red box shows where the ShaWiilik (1965) test was performed. (b, d)

Probability density of the lateral displacement.
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Table3-12. Multiple linear regression of the standard deviation of the debris displacement (Y).

Multiple Linear Regression

Parameter Regression  Standardizec
Coefficients  Coefficients p-value VIF
<) ()

(F“g’D“de Number 5,390 0865  p<<0.05 2.337
Length (FO) -0.208 -0.591 p << 0.05 1.792
Spacing TWO) 0.020 0.039 0.218 2.200
Number of

Debris per 0.008 0.238 p << 0.05 1.260
column §)

Number of 0.051 0.409 p << 0.05 1.273
columns ()

The fit of Eq.(3-10) to each experimental category was estimated using the normalized root mean
squared error (NRMSE):

B ” (’A‘) ” (I)
0 YD "YOp 5 - (3-11)
” w ”

where, is the standard deviation from the experimental datés the standard deviation estimated
from Eq.(3-10),,, is the mean standard deviation, @&nds the number of data points. The NRMSE can
range from 1 (perfect fit) tdb (bad fit). The NRMSE for each experimental category is showalie
3-11 Fig. 3-22 shows a comparison of the fit for three identical debanfigurations with different
hydrodynamic forcing conditions with NRMSE equal to 0.621 (a), 0.768 (b),2ah88 (c), respectively.
Eq. (3-10) had difficulty moddling small changes in standard deviation over AOI fig. 3-22(c)),

though overall modelled each experimental category well.

(@ (b) (e)
20 [ ) ; 20 Raw Data
18- —Experimental
---Fitted

Naito et al. (2014)
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Fig. 3-22. Comparison of the fitted standard deviation (dashed line), standard deviation from the
experimental data (solid line), and the raw experimental data (circular markers) for experimental
categories with 6 debris, 2 column9)®m spacing, and®@rientation: (a) C20N6 R2S101; (b) C40N6
R2S101; and (c) C50N6 R2S101.
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Debris Velocity

The debris velocity is a critical intermediate component of debris hazard assessment as it dictates the
magnitude of the impact force exerted ongtracture (Eq(2-6), Nistor et al.(2017). Stolle et al.
(2017a)examined the transport of multiple shipping containers in similar configurations as this study.
Based on a force balance of fully entrained debris, the following equation was determined to describe the
debris velocity profile:

"0 (3-12)

0

4o

ceQ
where0 is the drag coefficient of the debris amdis the crossectional area of the debris exposed to
the flow. Eq.(3-12) does not consider the entrainment of the debris, which requires further development
due to the different potential modes of transport (i.e. sliding, rotation). Furthermore, as the local flow
velocity around the debris is a difficult parameter to estimated, the wave front velocity is used as a proxy
for the flow velocity. Eq(3-12) represents a conserwagiestimation of the debris velocity over a flat
horizontal surface as the wave front velocity will represent the maximum flow velocity.

Fig. 3-23 shows the mean group velocity of the debris for each of the experimental categories as a
function of time, separated by the initial impoundment depth(FE#2), based on the number of debris
present within each column, is shown as a dotted line. As can be seen fri@1B8gthe debris velocity
approaches the wave front velocity asymptotically. Comparing the debris velocity profile to the mean
wave front velocity at the site (E(B-8),| = 1.29), the debris group velocity does not exceed the wave

front velocity, as expected. As the wave front velocity decays over the AOI, the debris does not reach the
wave front velocity at the debris site and instead approaches the meafnomavelocity over the AOI

( =1.09), as determined fro8tolle et al(2018b)

The rapid acceleratioof the debris in the initial phases of entrainment are not captured K$-E2). As
described irtolle et al(2015) at smaller impoundment depths, the initial wave impact does not initiate

the motion of the debris. As a result, a wake forms downstream from the debris, causing a large hydraulic
gradient between the upstream and downstream faces of the debris. Orarezthgal force induced by

the hydraulic gradient overcomes the static friction force, the debris rapidly accelerates, in some cases,
briefly exceeding the wave front velocity. However, as the debris settles within the wave front, the debris
velocity redces to below the wave front velocity. In the cas&of 0.50 m, the momentum of the wave
immediately overcomes the coefficient of static friction, resulting in no rapid spike in the acceleration of
the debris.

While Eq.(3-12) does not capture the entrainment phase of debris transport, the equation does represent a
conservative estimation (with= 1) of the evolution of the mean velocity profile over time. To aaptu

the probabilistic nature of debris transparh and Vanmarcké2010)suggested the application of a

bounded distribution to capture the evolution of debris velocity between rest and the maximum flow
velocity. Lin and Vanmarck¢2010)used a Beta distributiofMcDonald 2009) however, the challenge

with the Beta distribution is the distribution requires a specialized Beta function to ensure the total
probability remains constant.
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The Kumaraswamy(1980)(K1980) tweparameterdandc) bounded distribution, developed for

hydrology applicatiorfJones 2009)is within the same family as the Beta distribution. The K1980
distribution represents a similarly shaped distribution with the distinct advantage of having a closed form
for both the probabilit{" Qi ido ) and cumulative distributio@cd o ) functions:

YR Ol p Y (3-13

O p p Y (3-14)

Similar to the Beta distribution, th€1980distribution is determined by its meai)(and dispersion( ),
expressed in the shape terms as:

A (3-15
©w p Y- (3-16)
Using Eq.(3-12), the normalized debris velocity can be determined as:
~, 0 0" 0 .,
SV . 3-1
Y = P &3 o p (3-17)

TheK1980distribution can take on different shapes dependindamddy however, for the purpose of
debris transport, the distribution should be unimgbisl and Vanmarcke 2010Therefore, the values of
wandw must be greater than o@nes 2009)Based on Eq3-15) and(3-16), the dispersion st then
be defined as:

- 1A z% ﬁop—*v I (3-18)
where’ is a positive fitted parameter based on the type of debris. Using the experimental data, the

parametef was iteratively fit to the data sét € 2.32) by comparing the mean squared errors between
the experimental and theoretical probability density functions (PDF). The applicability of the K1980
distribution was then evaluated using the KolmogeBawirnov test, which compares the experimental
cumulative distribution function (CDF) to the theoretical ¢Benirnov 1948)with the null hypothesis
that the experimental data follows the K1980 distributioraahdime step.

For each experimental category, the null hypothesis was not rejected with p-wadae of 0.30 (+/

0.09). Therefore, the K1980 distribution can be assumed to reasonably capture the experimental dataset.
Fig. 3-24 shows a comparison of the experimental data set ((a) and (c)) to the proposed K1980
distribution ((b) and (d)) for two experimental categoriédqN1 R1S101 and C40N12 R2S101,
respectively)t three arbitrarily selected time steps. As the time passes, the mean velocity of the debris
increased towards the wave front velocity in both experimental cases. However, the influence of the
added inertia in the case with 12 debFigy(3-24(c)) can be observed by the reduced velocity in the later
time steps compared to the single debris case.
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R2S101, respectively.

3.3.4 Discussion

The expeimental setup was intended to represent an idealized case of a tsunami propagating over coastal
plain (Chanson 2006)To ensure the experiment cdw@dequately address the probabilistic nature of

debris transport, the scope was limited to represent this specific scenario. As such, the hydrodynamic
boundary condition only examined the initial inundation of a tsunami wave and did not consider the

resuts of drawdown or subsequent wave entrainment. The number of debris was limited to a maximum of
12 as further additions resulted in significant model effects due to interactions with the walls of the flume.
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The interdebris friction, debrided friction, ad the buoyancy of the debris were not investigated. As
these factors have been shown to have an influence on debris transport, further research is necessary to
address these issues.

Brickeretal(2015) i n a study examining Manninamgniodelimgoughnes
indicated the critical importance in adequately addressing viscous and surface tension effects. Within this
experiment, the Reynol d@te 6.85ulfbwmbich placa thegflevdwitfinthem 1. 59
turbulent flow regiméTe Chow 1959)However, as the Reynolds number at prototype scale are often in

excess of 1.00 1C, the experiments prested here do not capture the turbulent boundary layer that is
potentially presenSumer and Fredsge 2008)fluencing the drag acting on the debris. The Weber

number @ Q 7Y OF,), the ratio of surface tension and gravitational forces, ranged from 152.4 to

671.2 exceeding the critical Weber number of 120 prescrib&skakall and Warburtof1996)

However, concerns potentially exist between the debris where adhesion may occur.

For the lateral displacement of the debris, it would be expected that the general importance and influence
of the parameters discussedhie dimensioal analysisvould remain similar at prototype scale.

However, the magnitude of regression coefficientsould potentially vary significantly. To date, no

study has investigated debris motion at sufficiently large scales to address scale effetisswiniliek

depicts the first approach towards describing the debris transport process probabilistically where extreme
flow conditions are concerned. In particular, parameters, such as turb{8é&ecand Leveque 1994ihd
drag(Granville 1976) which scale considering Reynolds similitude are not properly scaled. Additionally,
this study did not address parameters that would have a significant influence on debris transport, in
particular, buoyancy and friction. As showrtlire dinensional analysjghe Eq(3-10) could not describe

38% of the variance from the mean, leaving potential to build upon the current data set to address these
issues.

The evolution of the debris velocity should theoretically be more robust to scale effects as the underlying
Eq.(3-12) is based on a closed solution of the foraetg on the debris. Howevethe equation was

based on fully entrained debris, and therefore, does not consider the influence of debris entrainment or
other forms of motion, such as sliding or saltation. Though, as these phases of motion would result in los
of energy and, therefore, reduced acceleration(E#LR) represents a conservative estimation of the
potential debris velocity at a given time.

The experimentaltsudy presented here examined t hebrebkr ansport
wave over a flat, horizontal surface. Therefore, limitation need to be addressed in the application of the
model in a built environment. Aspects, such as flow channellitigpical surface roughness of debris,

are not captured with the current model. Investigation is necessary to address debris transport through
flow obstructiondGoseberg et al. 2016H)kely influencing the underlying assumption thia¢ mean
displacement of the debris is equal to zero. Flow accelerations and impact with other structures within
these constricted environments may influence the evolution of the debris velocity. Furthermore, the model
examines fAextr aactwhererihe deprid had & distinct sourcerapdas immediately

entrained within the flow. Other probabilistic models have also included terms that consider debris
generation (i.e. from the destruction of houses), the generation of individual debris clijeets i

modelled as a Poisson distributigtin and Vanmarcke 2010, Hatzikyriakou and Lin 20 9wever, as

the accurate modelling of collapsing structures under hydraulic loading has yet to be addressed, this
aspect was not includedthin this study(Heller 2011)
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3.3.5 Conclusions

The experiments presented here were used in the development of a probabilistic framework for addressing
debris hazard in extrenflwoding events. Using the measured trajectory of debris within energetic flow
events and dimensional analysis, empirical formulas were developed capturing the physical motion in a
probabilistic framework. Based on the results of these experiments theifgliconclusions can be

derived:

I The mean trajectory of debris over a horizontal surface, with no flow obstruction, can be
estimated with no lateral displacement. The distribution of lateral displacement around the mean
can be assumed to be Gaussian.

1 Thehydrodynamic conditions, geometry of the debris, as well as the initial configuration of the
debris are important factors in estimating the distribution of debris around the mean.

1 A force balance of completely entrained debris can be used to conservesivelgte the
evolution of debris velocity as a function of time.

9 The distribution of debris velocity as a function of time can be estimated usingpatameter
bounded distribution, thkumaraswamy(1980)distribution.

The prosed model was developed analyzing the general trends regarding debris motion, in particular,
the lateral motion. However, potential scale effects need to be addressed before the application of such a
model. With the challenges in assessing debris trajettidhe aftermath of events through field studies,
future investigations into debris hazard assessment will be needed at sufficiently large scale to limit scale
effects related to the Reynolds number, in particular, turbulence and drag. The resudtedibeune

should aid in the development of such experimental series as it helps inform general parameters that are
critical in the assessment of debris displacement.
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Chapter 4. Debris Damming

4.1 Experimental Investigation of Debris-Induced Loading in
Tsunami-Like Flood Events

Preprint of an article printed in Geosciences © 2017 MDPI. http://www.mdpi.com/2076 -3263/7/3/74/htm

4.1.1 Objectives

The objective of hydraulic research into debris damming has primarily focused on the effects associated
with theformation of the debris dam. This study will examine the variables related to design
considerations of coastal structures subject to extreme inflows: horizested@m loads, associated drag
coefficients and backwater rise. With the eventual intentd@ravide design consideration related to the
design of coastal structures for debris damming loads in coastal flooding events, the objectives of this
study are:

1 Examine the influence of the supplied debris volume on the debris dam formation.

1 Determine thénfluence of debris mixtures, based on the quantity and type of debris supplied, on
debris dam formation.

1 Evaluate the horizontal istream loads caused by the formation of a debris dam at the face of the
structure.

1 Examine the influence of debris dam pedties such as nestructural void fraction and size on
loads and backwater rise.

4.1.2 Experimental Setup
Experimental Facilities

Complex fluidstructure interaction between debris and a fixed obstacle governs the process of dam
formation. Hence, experimentabrk is currently most promising to explore this problem at hand. As
such, the experiments were performed at the HHigltharge Flume at Waseda University, Tokyo, Japan.
The flume was 14.0 m long, 0.40 m wide and 0.80 m Htggn 4-1) and is currently used for modelling

2D fluid problems. The experimental setup was placed on top of a 0.20 m false floor. The debris was
released into steaestate flow caditions using a trapdoor placed on top of the flume (0.50 m from the
water surface). The trapdoor opening was chosen to allow for all the debris to be released simultaneously
for each experimental trial and improve repeatability. The debris were arramgjeel trapdoor in the

same manner for each experimental trial. The trapdoor was released and dropped into tseasteady
flow. As each debris type was positively buoyant, the debris only briefly penetrated the water surface
before surfacing and propagaj in the flow direction. The origin of the experimental setup was
considered to be on top of the false floor at the center point of the trapdoor, usinghamigyd

coordinate system with the flow direction as the positrdirection with the positivg-direction flume

left. The distance between the trapdoor and the obstacle was chosen bds¢slitomi(2009)where

the distance for the debris to reach stestaye flow velocity was 20 times the debris length, therefore
giving the debrisufficient distance to reach steady velocity.
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Fig. 4-1. High-discharge flume at Waseda University. (a) side view of the flume; (b) top view along with
the view of the three subsequent images)(cThe WGare shown as red circles, the ECM are shown as
black dots. The coordinate system is indicated dgeadwtted line in (a) and (b).

The obstacles to be impacted by the debris were modelled as a set of columns using a 1:50 length scale
(Fig. 4-2). The obstacles were modelled after structural columns in a building where breakaway walls had
previously been destroyed by the inundating flow. The columns@i® m wide with an opening

width (W) of 0.06 m between each of the obstacles. The gap between the obstacles and the flume wall
were 0.04 m on both sides and the obstacles were 0.40 m high. The width of the columns was chosen
based on prescriptions frafme National Building Code of CanaffZ005)corresponding to a general

office building kased on selected column spacing. The obstacles were placed 0.005 m above the bed
surface to prevent them from touching the bed surface and thus influencing the force measurements from
the load cell.
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Fig. 4-2. Downstream view of the obstacle setup.

Instrumentation

The instrumentation setup is outlinedrig. 4-1 andTable4-1. The wave gauges (WG) were placed 0.10
m from the flume wall and the electoorrent meters (ECM) were placed 0.20 m from the flume wall
(center flume), 0.06 m from the bed. Th&vend ECM were removed from the flume during the
experiments containing debris to prevent damage due to accidental debris impact. The load cell was
connected to the top of the obstacle setup, as shokig.id-2. The load cell had a maximum rating force
of 500 N, which exceeded any forces measured in these experiments. The load cell was calibrated by
placing known weights along its three axis of cooatiés. The load cell had a coefficient of calibration
exceeding 0.99 for &K and M, The load cell was firmly connected to the top of the flume to ensure a
rigid reference point. The sampling rate of all instruments was 100 Hz. The data from thél iwvad ce
filtered using an Empirical Mode Decomposition (EMD) fil(eluang et al. 199&p remove signal noise
as well as the impulses caused by the debris impacting the structure. All the data from the hydraulic
measurement equipment was collected into a single Data Acquisition (DAQ) system to assure
synchraicity between the instruments.
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Table4-1. Instrumentation used in experimental setup.

Instrumentation Model Instruments
Wave Gauge (WG) KENEK CH-601 WG1, WG2, WG3
Electracurrent Meter (ECM) KENEK MT2-200 ECM1, ECM2
Video Camera (VC) JVC Everio GZHM440

High-Speed Camera (HS) KATO KOKEN k4

Load Cell SSK LB12G650

Data Acquisition System (DAQ) KENEK ADS2016

Two cameras were setup to measure the formation of the debris dam. The video camera was placed
upstream of the obstacldacing the front face. The video camera (VC) recorded in an Advanced Video
Coding High Definition (AVCHD) codec standard at 30 Hz. Before each experimental run, the video
camera was manually triggered. The second camera was-sgagt camera (HS), comnipuised in
particle image velocimetry (PIV). The HS camera recorded each experiment using an Audio Video
Interleaved (AVI) format at 100 Hz. The HS camera was manually triggered during the experiments.

As both camera systems were independent, a synchtionizgstem was designed to minimize time
discrepancies between the cameras and the DAQ recordedFigath3). The trapdoor used to release

the debis was connected to a simple circuit that, when broken, would turn off an LED light placed within
the view of the video camera. Within each experimental video, the frame in which the LED light turned
off would be considered as time zero. The voltage o$itigle circuit was also input into the DAQ to
indicate the time when the trapdoor was opened. The HS camera had a limited sampling window,
therefore an output signal (5 V) was manually triggered by an operator as the debris approached the
obstacles. Theusput signal triggered the HS camera to begin capturing images and the DAQ recorded
the output signal to relate the trigger signal to time zero.

Voltage Inpuf

Flow Velocity
Trigger Signal

High-speed Camera ECM

Kenek DAQ

Fig. 4-3. Data Acquisition (DAQ) system setup for eveperimental setup.
Model Debris

The debris were selected to model debris commonly found in coastal comm(@titbe& 2016) The
experiments were scaled using a 1:50 length scale and were scatedrgedly using Froude similitude.
Previous research on debris damming pertaining to debris mixtures is generally scarce with few
exceptions, such &chmocker and Hag€2013) this work predominantly investigates mixtures of

debris, as this is the most likely scenario for debris transported in an extreme flow condition in a coastal
setting. Hence, threaftikrent types of debris were selectédy(. 4-4): shipping containers (SC), hydro

poles (HP), and boards (B).
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Fig. 4-4. Type of debris:(a) Shipping Container (SC); (b) Board (B); and ydyaiPole (HP).

The debris were modelled after standard debris used in current building guif@hoek 2016) The

properties of each debris type are outlined in Table 2 and their geometry actdsaspewn in Figure 4.

The shipping containers were modelled as standard 6.00 m long shipping colfkaxinersind Kutzner

2008) The hydro poles were rdelled as standard 6.00 m (0.25 m dia.) long hydro géigis! et al.

2014) The boards were selected to model sheets of dry wall and plywood observed in images of debris
damming that occurred in field studi@éistor and Palermo 2015)he dry wall and plywood were

generally of arbitrary shape as they were severely damaged when entrained within the flow; however, to
maintain repeatability between cases, a single type of board (0.06 m x 8.0062 m) was selected.

The characteristic length is a variable often used to describe the physical properties of an object, however
the definition varies widely depending on the application. As the focus of this study is on the formation of
a debris damthe primary factor influencing the dam formation is whether the debris contacts the obstacle
or not. Visual observations of the debris propagation towards the obstacles showed that the orientation of
the debris relative to the flow direction was a proligttr process. Therefore, it was assumed that each
dimension of the debris had equal chance of contacting the obstacles. Therefore, an average of the
physical dimensions of the debris (length, width, and height) was used as the characteristic length. The
characteristic length of the debris mixture was taken as the averaged characteristic length, weighed by the
volume of debris present within each configuration. The dimensionless length (L) was the characteristic
length of the debris divided by the openimigith (W) of the obstacles.

. WD w 0 wo

0 ; ; ; (4-1)

W W W

where V is the volume of the debris ang the length of the debris.
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Table4-2. Debris Properties

. . Dimensionless
Dimensions

Variables
Type of Debris : . Characteristic ~ Surface Area
[Ln(:]n gth E/rvnl]d th Fr?]lght Length to-Volume l[‘ (_e]ngth
[m] Ratio [m]
(S’Sh'c'[;p'”g Container ¢ ;5 0.045 0.045 0.070 105.56 1.17
Hydro Pole (HP) 0.12 0.005 0.005 0.043 816.67 0.72
Board (B) 0.06 0.04 0.002 0.034 1083.33 0.57

The debris was scaled using the 1:50 length scale for the dimensions and mass of the objects. However,
due to the heterogeneous nature of prototype shipping containers astiesiggh ratio of the boards and
hydro poles, material properties (stiffnesigld strength, etc.) of the debris and the obstacles were not
properly scale@Bazant 2005)Additionally, as shown in images from the 2005 Hurricane Katrina
(Robertson et al. 200,73ignificant damage affected the debris which could potentially influence the
observed stability of the ddbrdam as well as the roughness of the dam within this study.

Experimental Protocol

This study aims to assess the influence of the debris concentration and flow velocity on dam formation
and loads. The experiment employed three different flow velocitids {5, and 0.60 m/s), in

combination with a large variety of debris configuratiohale4-3). Within each experimental category,
three repetitions were performed except in the case with the clear water conditions (Category 1, 11, and
21), for a total of 93 individual experiments.réh repetitions were chosen to examine the repeatability of
each test case. Experiments were run for 60 s to allow for the dam to reach an equilibrium condition.

The experimental protocol was designed to fit within the framework of the risk associateke vith

impact used in thASCE 7Tsunami Loads and Effect€hock 2016, Nistor &dl. 2017) The framework
assesses the risk associated with debris impact as a function of the plan area of the debris. By extension,
the occurrence of debris impact would also carry an associated risk of debris damming. As such, six cases
were performedvith similar plan area of the debris with different mixtures of the three debris types. Two
cases were then performed with multiples of the plan area to evaluate the influence of the plan area. For
the flow velocity of 0.45 m/s, three other experimentss €31, 32, and 33) were performed to investigate

the influence of the debris shape on the repeatability and loads associated with the dam formation by
performing test with similar volumes.

Table4-3. Experinental Protocol

Experimental Water Depth (h) Flow Velocity 3» o [ 1 Debris Cases

[m] (m/s] [SC,HP,B]
1 0,0,0
2 9,0,0
A 0.10 0.60 0.60
3 0,81,0
4 0,0,20
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5 3,27,7
6 7,9,2

7 1,63,2
8 19,16
9 6,54,14
10 9,81,20
11 0,0,0
12 9,0,0
13 0,81,0
14 0,0,20
15 3,27,7

0.10 0.30 0.30

16 7,9,2
17 1,63,2
18 19,16
19 6,54,14
20 9,81,20
21 0,0,0
22 9,0,0
23 0,81,0
24 0,0,20
25 3,27,7
26 79,2
27 0.10 0.45 0.45 1,63,2
28 19,16
29 6,54,14
30 9,81,20
31 1,0,0
32 0,103,0
33 0,0,52
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Debris Dam Measurement

The debris dam formation was monitored using thedameras setup shownhig. 4-1. Due to

difficulties with occlusion of sections of the dam from the side, as well as due to the 3D nature of the
dam, the latter wasonservatively defined as a uniform box related to its maximum width, depth, and
length. The HS camera was used to monitor the depth (d) and length () of theiglad¥bb). To be

consistent, the depth and length were selected based on the debris closest to the camera. The depth was
considered for the fregurface water elevation at the structure to be consistent with the definition used for
crosssedional area of the debris dam in Equation 3. The video camera was used to monitor the width of
the dam Fig. 4-5c). The width (w) was defined as thé&dth of the debris dam at the face of the obstacles.

(a) 3D View (Concept Drawing)

(b) Side View (HS Camera) (c) Front View (Video Camera)

“Width

Fig. 4-5. Measurement of debris dam dimensions using acamoera system. (a) conceptual drawing of
the dam dimensions; (b) image from the HS Camera(@rithage from the video camera.

The dimensions of the dam were manually selected for each image within the experiment. Repetitions of
four experimental trials found the standard deviation of the equilibrium dam length to be 0.01 m.
Determining thecorrect debris dam shape could not be captured by the two camera system and there was
not a system in place to capture such 3D images in a hydraulic environment due to potential for damage
from the freefloating solid objects.

Statistical Analysis

Throughaut the following section, statistical analysis is used to quantitatively determine the significance
of the results. The following two tests, in particular, are used extensively and are explained within the
context of this study. Through this section, tesults of the statistical test are reported as the test statistic
and pvalue.

We | cThTest

The paired-test was used to examine the difference between the mean values between the different flow
conditions. The basis of thWe | ctHeét & to examinthe change of a dependent variable between two
related, independent groupgth unequal variancgdcDonald 2009) The null hypothesis of the test

states that the difference between each paired measurement is zero. For this study, the paired
measurements are the mean value of the three repetitions for the dabossconfigurations.
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Analysis of Covariance (ANCOVA)

The analysis of covariance is typically used to compare two or more regression lines to determine if the
trends are significantly differe@cDonald 2009) The test is used to examine the change in a dependent
variable between groups while controlling for therdin the variable as a function of a second
measurement variable. The null hypothesis of the test states that both the slope dantktbept of the
regression lines are statistically the same. For this study, the regression lines between thalifliawscon
were compared to determine if the flow conditions had a significant influence on the described results.

4.1.3 Results
Experimental Hydrodynamics

Steadystate flow conditions were selected for the investigation of debris damming loads and effects due
to the relatively long duration needed for the formation of an equilibrium debris dam condition
(Schmocker and Hager 2013)ansient flow conditions often found during rapid coastal inundation

events occurring as a result of storm surges or tsunami will be addressed in a separate study. Three flow
velocities (0.30 m/s, 0.45 m/s, a0 m/s) were selected for the experiments with a constant water

depth. The timdistory of the water depths, flow velocities and associated horizordgtreiam forces can

be observed ifig. 4-6 for the cleaswater conditions (no debris). As observedFig. 4-6a-b, the flow

was steady throughothis experimental run. The standard deviation from the mean, adeaagoss

categories, was 2.91 10* m and 0.005 m/s for water heights (WG1) and flow velocity (ECM1),
respectively.

The horizontal force measured in the flow directionstiream) for ach clear water condition is shown in

Fig. 4-6¢c. The force measurement had a standard deviation of 0.203 N across the three categories. The

rigid point in which the load cell was connected to the flume wall, which was also connected to the pump.
As a result, slight vibrations were noted; however, the resulting noise was negligible. For each category,
the mean drag coefficient per unit width was cal@addor the entire obstacle as 0.60 + 0.[¥%%

Confidence Interval (CI)].

While it is widely established that coastal flooding events are characterized by transient flow conditions,
there are significant difficulties in physically modelling the long dareflow events, particularly in the

case of tsunan{iMadsen et al. 2008As a preliminary investigation of debris damming, the transient
nature of coastal flooding was not considered herein. However, comparing to tsunami, the time scale of
the local flow conditions, in field studies of tsunastiicken areas, (~ 7 min at pobgpe scale) is

significantly shorter than the tsunami wave period (> 10 (htijobe et al. 2Q6). The flow velocities at
prototype scale (R 7 m/s) in these tests compared well to the velocities observed in the 2004 Indian
Ocean Tsunami (R 5 m/s)(Fritz et al. 2006)

The drag coefficient varies with the Reynolds number in incompressibléoghes 1993)As the

experiments were scaled using Froude similitsdale issues potentially exist. Bricker et(aD15)

outlined the necessity for properly scaling the Reynolds and Weber numbers to correctly adaress iss
related to turbulence and surface tension. The experiment presented herein had Reynolds numbers in the
range of 3 6 x 10, representing the fully turbulent flow condition needed to avoid significant scale

effects. Additionally, the Weber number radgeom 123.6 494.5 which exceeds the critical values of

120 presented biyealall and Warburtor§1996)
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Fig. 4-6. Hydrodynamic conditions in cleavater conditions for the three experimental categories listed
in Table 3. (a) WG1 (x = 1.00 m); (b) ECM1 (x = 1.00 m); and (c) FT (x = 3.50 m).

Debris Geometry

To examine the influence of the debris geometry, three experimental categories were conducted with the
same volume of debris (categories 31, 32, and 33). While each case resulted in an increase in the forces
acting on the obstacles, there was noticeablaten in the magnitude and repeatability of the

equilibrium force conditionFig. 4-7 shows the difference in fordame histories for each of theraa

volume cases and compares with the base case where not debris was added into the water.

L5y T T T T

10~ |

Force [N]

Time [s]

Fig. 4-7. Forcetime history of same volume cases and comparison with the base case without debris. The
debris catgory is displayed in colors. The number of each type of debris are displayed within the legend
(SC, HP, B).
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The differences in the debris geometry resulted in varying dam formation characteristics. The cases with a
single shipping container consistentlyrfeed a dam with similar characteristics and loads, whereas the
characteristics of the hydro pole and boards varied between Baaishiola et al(2008)discussed the
importance ofthé k ey @ nl adhe f or mati on of a debris dam. The
get caught on the obstacle and initiates the formation of the dam.

The formation of thé k e y anfluencegl the deviationsbserved in the foreéme histories. The case

with the single shipping container consistently resulted in the dam forming as the length of the shipping
container exceeded the width between the obstacles. Similarly, the hydro pole length exceeded the
distance between the obstacles; however, the smaller characteristic length (a function of the dimensions of
the debris) resulted in | arger deviation between
between the obstacles, resulting in the boardgogirable to bridge between two obstacles and an

inconsistent formation of the dam.

A comparison of the capture efficiency (the number of debris capture divided by the total number of
debris) for each debris type for all the experiments (regardless of deilsture) shows the influence of

the physical properties of the debiigg. 4-8). The probability in this case was the count of the number of
experinents divided by the number of experiments that contained the debris type. The mean capture rate
(average percentage of each type of debris captured in the experiment) and standard deviation (SD) are
shown on each histogram. Due to the larger size of ibpisly container, the debris was consistently
captured with a significantly greater capture rate and less deviation. Whereas, the smaller characteristic
length of the hydro poles and boards resulted in smaller capture rates with greater deviation between
experiments.

1 (a) Shipping Container
I

Mean Capture Rate = 94.6%
SD=11.6%
0.5 N
0 | | | k ] 1
0 10 20 30 40 50 60 70 80 90 100
i (b) Hydro Poles
I
“;‘ Mean Capture Rate = 64.5%
= 0.5 SD =22.8%
E0
=
£ I — s
0 - - - |
0 10 20 30 40 50 60 70 80 90 100
(c) Boards
1 \ \ T T \ \ T
Mcan Capture Rate = 57.8%
SD=29.1%
0.5+ -
| — — e —

0 10 20 30 40 50 60 70 80 90 100
Volume Capture [%]

Fig. 4-8. Capture efficiency of the debris types for all experiments. (a) Shipping Containers (SC); (b)
Hydro Poles (HP); and (c) Boards (B).

The difference in the magnitude of the load assallt of the debris dam formation was a function of the
blockage ratio (B) caused by the debris dam (the area of the dam tranaytwsbd flow direction
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divided by the total available cresection of the flowA)). While each case depictedfiy. 4-7 had the

same volume, the hydro poles and boards had an increased available surface area due to their increased
surface are#o-volume ratio. Therefre, for a given volume of debris and flow condition, the

characteristic length of the debris influenced the consistency of the formation of the dam and the surface
areato-volume ratio influenced the magnitude of the debris damming load.

Debris Dam Propeies

The formation of a debris dam has been wgsthblished by Bocchiola et §008)and Schmocker and
Hager(2013) The nitial formation of the dam begins once findk e y das bexane blocked at the
obstacle faceHig. 4-9a). The initial formation results in the streamlines forcing the incoming debris to
begin to span the width of the flumedirection) Fig. 4-9b) (Schmocker and Hger 2013) As the debris
continue to accumulate on the face of the obstacle (increasing the width of the dam), the power of the
flow causes the dam to compact at the obstacle face, forcing the debris at the face towards the flume
bottom (increasing théepth of the dam)Hig. 4-9c). Throughout this process, the dam continually
increases the blockage of the flow, causing a rise in water level (backisajeand a reduction in the

flow velocity. Once the flow velocity has been sufficiently reduced, a debris carpet begins to form
upstream of the dam (increasing the length of the d&im)4-9d).

(a)t=8.05s ; (b)t=8.15s

Flow Direction "Key" Log

(c)t=8.45s (d)t=8.95s

-:..A >

Increasing Depth

Fig. 4-9. Qualitative examination of debris dam formation. (a) Capture of the "key" log; (b) Increasing
width of the dam; (c) Increasing depth of the dam; @)dncreasing length of the dam. White dashed
line shows the outline of the dam under the water surface.

Pfister et al(2013)showed that theapture efficiency was dependent on the diameter (D) of the debris, in
this case large woody debris, for a piano key weir. Their study showed that the capture efficiency of the
large woody debris was high when the diameter was greater than 1.
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< ) - . (4-2)
Fig. 4-8 shows the individual debris capture efficiency for each experirrant4-10 shows the capture
efficiency of each experiment based on the vokaveraged dimensionless length. As can be observed,
the capture efficiencgpproximately linearly increased as the characteristic length incregsed (£12):

() 0 -
= & p EEE’L (4-3)
wherew is the captured volume of debris at the obstacle faceyamthe total volume of debris. An
ANCOVA comparison of the trends for the different flow conditions showed no significant difference
between the captuedficiency regression line$(2,81) = 0.45p = 0.641). Previous studies indicated
with increased Frade number, the stability of dam decread@atchiola et al. 2008however this was

not observed itthis study, potentially due to the relatively small range of Froude humbers examined.

Eq. (4-3) represents a deterministic evaluation of the volume capture as a function of the dimensionless
characteristic length. However, as discussed earlier, debris transport is a stochasticTgrecess.

propagation orientation of the debris, which influenced weather the debris would contact the obstacle or

not, is a probabilistic process influenced by a variety of factor, such as the flow coralitibns

surrounding topographf2008) As a result, significant scatter can be observed around the regression line.

In this studythe characteristic length was calculated assuming that each side had an equal opportunity of
forming the fikeydo | og. Previous stlanckiofasneaof debr i s
orientation(Stolle et al. 2017aground which the likely debris orientations within the flow would be

distributed. Detailed stochastic analysis of solid object orientation within the flow is needed to get a more
accurateestimation of the characteristic length, something which is outside the scope of this study.

1 E'I SC.HP,B
/4/' ) g,nlo
0.9 S e
© 0,020
o ,?
A % S0
08 ' . Ny
g 8 v 0,051
07+ Sox s
‘ : ] ¢ 792
ik o 4 41632
0.6 2_ : i
6 R°=0.512 v //é \ i
> e 152
05 o i
- e i
7 o
0.4+ ,/,—" ¥ — Regression
7
0.3 B
02 )
:
Rl :
0 . : ‘ | | |
0.1 ]
L /W
C

Fig. 4-10. Capture efficiency as a function of the characteristic length of the debris source. The debris
configuration indicated by the marker type, flow condition indicated by the color.

Fig. 4-11 shows the formation properties of the dam, namely itshyldngth, and depth as a function of
the debris volume. As expected, all properties of the dam increased with an increase in the debris supply.
In this study, the width of the dam was limited by the flume width (0.40 m). Similarly, the depth of the
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debrs dam was limited by the flume bottom; however, this limitation was offset by the increasing flow
depth as a result of flow blockage. This resulted in dam depths potentially greater than the initial flow
depth. The debris length was influenced by the flelocity as sufficiently high flow velocities would
cause the dam to compact at the obstacle face as opposed to forming the debris carpet.
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Fig. 4-11. Debris dam properties (a) Width-@jrection), (b) Lenth (x-direction), and (c) Depth {z
direction) as a function of the debris volume. The debris configuration is indicated with differing
symbols; the flow velocity is also displayed.

A comparison of the dam formation with the differing flow velocities furtdmnfirms the dam formation
process outlined by Schmocker and HA@€r.3) In the cases with the larger flow velocity, compaction

of the dam at the face of the structure occurred, forcing the debris towards the bed. As $hgwn in

4-11c, the cases with the larger flow velocities consistently had larger depths. Additionally, the cases with
lower flow velocities resulted in the dam lengthening as the debris carpet formedltamdatively,

shallower dams. The width of the debris dam appeared to be primarily driven by the amount of debris
supplied to the obstacle.

Additional considerations are needed when addressing the formation of the dam in coastal settings. Pasha
and Tanka [40], in their study of debris damming in coastal forests during a tsunami event, found that
debris with a larger surface contacting the structure were more stable and less likely to be forced towards
the bed. IrFig. 4-11, cases with larger volumes of the hydro poles (circle and star markers) tended to

form deeper dams as a result of less contact area with the obstacle. Whereas, the boardsrand shippi
containers tended to contact the obstacles and become immediately stable forming shallower dams.

Considering . (2-22), an important aspect of tlaebris dam governing the debris loads is the transverse
crosssectional area of the dam. In the case of this study, the transverseemti@sal area was

designated by the width and depth. As the flow velocity influenced the formation of th&idagn]2

shows the crossectional area (a), normalized by the available esestional aread(), herein referred to

as the blockage ratio (B), as a fuontof the Froude humber.
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5 O
5 (4-4)

As the width of the debris dam was primarily determined based on the volume of debris supplied to the
site, increasing the Froude number resulted in deeper &&nd-12 shows an increase in the mean

blockage ratio as a function of the Froude number. A paitest tvas performed between the three flow
velocities and found significantly greater blockage ratio as the Froude number increased. Between Froude
numbers of 0.3 and 0.45, the blockage ratio was significantly gré@er (2.805, p = 0.023) and

similarly for Froude number 0.45 and 0.6 (t(8)3-278,p = 0.0112).
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Fig. 4-12. Blockage ratio of the dam as a function of the Froude number. All equilibrium blockage ratios
are displayed as grey dots; the mean blockage ratio is displayed as a solid line.

As shavn in Fig. 4-12, there was significant deviation in the cregstion of the dam. Considering the
random nature associated with debris mof{Matsutomi 2009, Rueben et al. 201#he formation of the

Afkeyo | og varied between experimental cases which
amount of debris trapped within it. The increased Froude number additionally resittecased
stability of the initial Akeyo | og, which aided i

could not be established in this study, the increase compaction of the dam caused by the increased flow
power would decrease the porosifithe dam. However, further research is needed to evaluate the extent
of this influence.

While general observations can be made regarding the dam formation, the relatively small width of the
flume resulted in a limit to the dam formation influencing tfieativeness in developing comprehensive
methods of estimating dam size from debris volume and flow conditions. Additionally, due to difficulties
in directly assessing the cressctional area, the selection method was conservative as it did not consider
the porosity of the dam.
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Backwater Rise

The application of the energy equations across an obstruction in a channel in subcritical flow conditions
shows that a corresponding increase in the channel constriction results in a rise of the water surface
upstreanof the obstructiofEI-Alfy 2009). In the context of this study, backwater ri¥e)(is defined as:

V- -

- (4-5)

where— is the initial water level without the obstacles (for all cases 0.16 m)the water level
upstream of the dam, is the water level without the dam (as a result of the obstruction of the obstacles).

Using the momentum equatigrienton(2003)showed that backwater rises as a function of the Froude
number Fig. 4-13 displays the backwater rise, normalized by the initial water depth, as a function of the
Froude number. The backwater rise showed a significant increase as the Froude number increased as
expected due to the increase in the blockage ratio. Between a Froude number of 0.3 and 0.45, the
backwater rise increasetfq) =-5.433,p < 0.001) as well as between 0.45 and @®) €-6.764,p <

0.001).
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Fig. 4-13. Backwater rise as a function of the Froude number. For each hydrodynamic boundary
condition, all equilibrium backwater rise is displayed as a grey dot; the mean of hydrodynamic boundary
condition is displayed as a solid line.

Fig. 4-14 shows a comparison of the backwater rise in the experiments to tigcahablution from
Fenton(2003) A constant drag coefficient was used, estimated in the following section for the cases
where bbckage ratios (B) exceed 0.46 (= 1.417). The analytical solution well represents the trend of

the backwadr rise, however tends to overestimate the magnitudéoiH2003)noted that the linear

explicit approximation of the momentum across the obstruction udeal {8-23) would only be valid

over a small obstruction of the channel, as large obstructions were generally observed this potentially
resulted in the discrepancy. ditionally, Schmocker and Hag&013)noted thathe Froude number and
available volume of debris influenced the backwater rise by influencing the compaction of the dam. This
is particularly significant as the blockage of the dam was conservatively estimated. Additionally, porosity
and irregular shapesane not considered in the calculation of the csEsgional area of the dam.
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Fig. 4-14. Backwater rise as a function of the blockage ratio. The backwater rise is compared to the
analytical solution fronfrenton (2003). The different debris configurations are displayed by differing
symbols, the hydrodynamic conditions are displayed by color.

Drag Forces

Debris damming has often been discussed within the context of increase drag forces acting on the
obstacle. As can be observed frdig. (2-22), the drag force is a function of the exposed esestion

area and the drag coefficient. A comparison of all the experimenigdhban an increase in the Froude
number resulted in a corresponding increase in the blockageFftid-(12). Fig. 4-15 shows a similar
comparison between the equilibrium force, normalized by the equilibrium force with no debris present,
and the Froude numbérrhe increase in force did not follow the expected trend related to the increase in
the blockage ratio.

The discrepancy between the blockage ratio and force trends is likely a results of the backwater rise
associated with the restriction of the channel edus the dam. As discussed in the previous section, the
backwater rise is a function of the Froude number. Following the continuity equations, as the water
surface increased upstream of the dam, flow velocity decreased. Considering Equation 1, theedig fo
influence by water depth 9(h), whereas the force is influenced by water velocitiy’). The

decrease in flow velocity overcomes the increase @esonal area of the dam, resulting in the decrease
in average force seen between 0.45 and. B68veen each case, no significant difference was observed.
Significant deviation in equilibrium force values can be observed in all cases; however, this was most
prominently observed for Fr = 0.6. Analyzing the resultSigi 4-12, the larger variation in the blockage
ratio associated with the higher Froude number results in an associated increase in the deviation in
measured forces.
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