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Summary

Risk and reliability analysis is presently beingfpamed in almost all fields of engineering
depending upon the specific field and its particaeea. Probabilistic risk analysis (PRA),
also called quantitative risk analysis (QRA) is entcal feature of hydraulic engineering
structural design.

Actually, probabilistic methods, which consideriséance and load parameters as random
variables, are more suitable than conventionalrgetestic methods to determine the safety
level of a hydraulic structure. In fact, hydrauliariables involved in hydraulic structures,
such as discharge, flow depth and velocity, arehststic in nature, which maybe represented
by relevant probability distributions. Thereforéetoptimal design of hydraulic structures
needs to be modelled by probabilistic methods.

Reliability analysis methods are being adoptedu® to develop risk management programs.
Implementing the programs will ensure that safstynaintained to a robust and acceptable
level. Any simple reliability analysis should indieithe following steps:

The main work carried out relates to three differsubjects in the general area of dam
structures failure. These included the probabdlisiethods work on:

o Geometry of plunge pool downstream of flip buckélvgay
o Evaluation of superelevation in open channel bends
o Hydrodynamic loading on buildings by floods

1. Geometry of plunge pool downstream of flip buskdtway

Extreme scouring can gradually undermine the fotiods of structures such as spillway and
body dams and the areas downstream of dams. Extepkinge pools downstream of flip

bucket spillway structures, which are caused byg gt different configurations, form an

important field of research.

The plunge pool mechanism is more complex becadsdifficulties arising from the
modelling of bed rock and sediment load flow in @andund the scour hole caused by the jet
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Summary

effect of the flow downstream of flip bucket spily. The experimental study of plunge pool
has been limited to the consideration of variabigslved in the plunge pool geometry.

The reliability-based assessment of the geometrthefplunge pool downstream of a flip
bucket spillway. Experimental data obtained frommadel of a flip bucket spillway has been
used to develop a number of equations for the ptiedi of scour geometry downstream from
a flip bucket spillway of a large dam structure eTdccuracy of the developed equations was
examined both through statistical and experimgniatedures with satisfactory results.

2. Evaluation of superelevation in open channel bends

The so-called centrifugal force caused by flow ama curve results in a rise in the water
surface at the outside wall and a depression ofstirtace along the inside wall. This
phenomenon is called superelevation. The problesseoceated with flow through open
channel bends deserve special attention in hydramgineering. Water surface slopes have
been frequently reported to be a function of thevature. But due to the difficulties in
operation, the theoretical basis of superelevatas been discussed in depth in the literature.
Furthermore, experience indicates that existingrheloes not lead to good results at the
present status.

Superelevation in the Ziaran Flume (Iran) has ledsévere erosion of the bank and has
undermined the structure. Therefore, this studysdimcast light on the cause of overtopping
by superelevation. By means of direct observatianttee flume’s hydraulic performance,
during full discharge, and from generalization bé tfield data, a more reliable prediction
method of the magnitude of superelevation has beqomssible. The probabilistic analysis is
shown to have several advantages in comparisondstgrministic analysis methods.

3. Hydrodynamic loadings on buildings by floods

Assessing the vulnerability of buildings in floodspe areas is a key issue when evaluating
the risk induced by flood events, particularly hesmof its proved direct influence on the loss
of life during catastrophes. Hydrodynamic loads @ased by water flowing along, against
and around a structural element or system. Hydraayn loads are basically of the lateral
type and are related to direct impulsive loadsh@yrhoving mass of water, and to drag forces
as the water flows around the obstruction. Whergliegtion of hydrodynamic loads is
required, the loads shall be calculated or estichéte recognized engineering and reliable
methods.

A comprehensive methodology for risk assessmenbuiidings subjected to flooding is
nevertheless still missing. A new set of experiradras been performed in this thesis with the
aim of shedding more light on dynamics of floodundd loads and their effects on buildings
with state of the art benchmarks. In this reseamohgverview is given of flood induced load
on buildings, the new experimental work is thenspreged, together with results from
preliminary analysis. Initial results suggest thaé of existing prediction methods might be
unsafe and that impulsive loading might be critidal both the assessment of the
vulnerability of existing structures and the desigmew flood-proof buildings.

The research presented in this thesis is focusedeweloping and applying probabilistic
design, safety, system reliability and risk basedigh in the field of hydraulic structures
design in the open channel bends, plunge pool dogam of flip bucket spillway and dam
break analysis. Probabilistic design approach werful tool in reliability assessment of
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civil hydraulic engineering. Uncertainty and rigle @entral features of hydraulic engineering.
Hydraulic design is subject to uncertainties dutheorandomness of natural phenomena, data
sample limitations and errors, modelling relialgilgnd operational variability. Uncertainties
can be measured in terms of the probability derfsitgtion, confidence interval, or statistical
moment such as standard deviation or coefficienaahtion of the stochastic parameters.

Outcomes from this thesis are beneficial to thegiesf hydraulic structures in many ways;
not only minimizing cost, but also educating andvuting valuable knowledge for structural
operators. Probabilistic methods and reliabilityalgisis can increase the quality and value of
the achievements compared to traditional dam eergimg approaches. Since the goal is to
avoid the dam failures by reducing risk to almostozwith optimum cost, dam safety risk
analysis has a key role in modern dam safety progirét is hoped that illustrations provided
in this thesis are applicable to other civil engimeg structures of similar concerns.

Gholamreza Shams Ghahfarokhi
October 2014, Delft
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Samenvatting

Risico- en betrouwbaarheidsanalyses worden momientebijna alle gebieden van de
techniek uitgevoerd, afhankelijk van het specifiekgbied en haar specialisatie.
Probabilistische risicoanalyse (Probabilistic RiSRkalysis - PRA), ook wel kwantitatieve
risicoanalyse (Quantitative Risk Analysis - QRA)ngamd, is een wezenlijk onderdeel
binnen de constructieve waterbouwkunde.

Probabilistische methoden, die de variabelen waedsten belasting als stochastische
variabelen in acht nemen, zijn beter geschikt damventionele deterministische methoden
om het veiligheidsniveau van een waterbouwkundestcocties te bepalen. In feite, zijn
hydraulische variabelen, die van invloed zijn opgesfaouwkundige constructies, zoals afvoer,
stroom-diepte en stroomsnelheid, van nature sttisbhs welke door relevante
kansverdelingen gerepresenteerd kunnen worden. Itdptimale ontwerp van
waterbouwkundige constructies moet daarom gemaatdllevorden door probabilistische
methoden.

Betrouwbaarheidsanalyse methoden maken onderdeehmide ontwikkeling en toepassing

van risicomanagement programma'’s. Uitvoering vae ¢ggogramma’s zal garanderen dat de
veiligheid op een robuust en aanvaardbaar niveawdtwgehandhaafd. Een eenvoudige
betrouwbaarheidsanalyse moet de volgende stappeaitidre

Het uitgevoerde onderzoek is gerelateerd aan drischillende onderwerpen binnen het
domein van constructief falen van dammen. Deze mvetpen zijn de probabilistische
benadering van:

o Geometrie van de plunge pool benedenstrooms vélipdricket spillway
o Evaluatie van superelevatie in open kanaal bochten
o Hydrodynamische belastingen op gebouwen door ageensigen

1. Geometrie van de plunge pool benedenstrooms vélipdmicket spillway

Extreme erosie kan geleidelijk de fundamenten vanstucties, zoals noodoverlaten en
dammen, en het gebied van dammen stroomafwaartiermijnen. De ‘plons’ poelen
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Sammenvatting

stroomafwaarts van flip-bucket noodoverlaat cormsies, die worden veroorzaakt door
stromen van verschillende configuraties, vormenhke#angrijk gebied van onderzoek.

Het ‘plons’ poel mechanisme is complex vanwege deihjkheden die voortvloeien uit de
modellering van “bed rock” en sediment belastingeimrond het poel-gat, veroorzaakt door
het ‘jet-effect’ van de stroomafwaartse stroming) vde “flip-bucket” noodoverlaat. De
experimentele studies van de ‘plons’ poel zijn bkt de geometrische variabelen.

Het onderwerp van dit onderzoek is de betrouwhkmdsigebaseerde beoordeling van de
geometrie van de ‘plons’ poel, stroomafwaarts vam egn. ‘ski jump bucket’. De
experimentele gegevens, verkregen middels een Isobd@l van een ‘flip-bucket’
noodoverlaat, zijn gebruikt om een aantal vergelgkn te ontwikkelen voor de voorspelling
van de erosie- geometrie, stroomafwaarts van gebficket’ noodoverlaat van een grote dam
constructie. De nauwkeurigheid van de ontwikkeleéegelijkingen is zowel via statistische
als experimentele procedures onderzocht, met bignede resultaten.

2. Evaluatie van superelevatie in open kanaal bochten

De zogenaamde centrifugale kracht veroorzaakt siwvoming in een kromming, resulteert in
een stijging van het wateroppervlak aan de buitenmen een daling van het oppervilak langs
de binnen muur. Dit verschijnsel heet scheluwte. @d@lemen met stroming door open
kanaal bochten verdienen speciale aandacht in derbeaiw. De hellingen van water

oppervlakten worden vaak gemodelleerd als een iivetn de kromming. De theoretische
basis van scheluwte is zeer diepgaand bediscudsieede literatuur. Uit ervaring is

geconcludeerd dat de bestaande theorie in de lewsttigatie niet tot gewenste resultaten leidt.

Scheluwte in de Ziaran stroomgoot (Iran) heeft ¢otstige erosie van de oever en tot
ondermijning van de constructie geleid. Deze stbei@ogt een licht te werpen op de oorzaak
van overtopping ten gevolge van scheluwte. Dooeatlr observatie van de hydraulische
prestaties van de goot tijdens volledige afvoer water en door generalisatie van de veld
data, is een betrouwbaarder methode van de vobrgpelan de omvang van scheluwte

mogelijk geworden. De probabilistische analyse to@rschillende voordelen ten opzichte

van en in vergelijking met de deterministische gsad.

3. Hydrodynamische belastingen op gebouwen door treengigen

Beoordeling van de kwetsbaarheid van gebouwen @émstromingsgevoelige gebieden is een
belangrijk aspect in de evaluatie van risico bgieiroming, in het bijzonder door de bewezen
directe invioed op het verlies van mensenlevenderg rampen. Hydrodynamische
belastingen zijn het resultaat van stromend wategd, tegen en rond een rigide constructief
element of systeem. Hydrodynamische belastingeniiziprincipe lateraal en zijn gerelateerd
aan directe impact belastingen en aan sleepkracrdende stroming rond de obstructie.
Goede rekenmodellen voor hydrodynamische belastingeconstructies zijn beschikbaar.

Een alomvattende methodologie voor de evaluatiehed overstromingsrisico van gebouwen
Is niettemin nog afwezig. Een nieuwe reeks van expanten, met het doel om meer licht te
werpen op de dynamische effecten van door overstgen veroorzaakte belastingen op
gebouwen, is binnen dit promotie-onderzoek volgnaieuwste methoden verricht. Daartoe
is in dit onderzoek een overzicht gegeven van deerstromingen veroorzaakte belastingen
op gebouwen en worden de analyses en resultatenheamieuwe experimentele werk

gepresenteerd. De resultaten suggereren dat hetiljghn bestaande voorspellingsmethoden
onveilig kunnen zijn en dat impact belastingen @alc kunnen zijn voor zowel de
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beoordeling van de kwetsbaarheid van bestaandetraotiss als voor het ontwerp van
nieuwe overstromingsresistente gebouwen.

Het promotie-onderzoek is gericht op het ontwikkeda toepassen van een probabilistisch en
risico-gebaseerd ontwerp, gericht op veiligheidbetrouwbaarheid van waterbouwkundige
constructies. Een probabilistische ontwerpbenadeis een krachtig hulpmiddel in de
betrouwbaarheidsanalyse van de civiele waterbounzekerheden en risico’s zijn centrale
kenmerken van de waterbouw. Hydraulisch ontwerpniderhevig aan onzekerheden en de
willekeur ten gevolge van natuurlijke fenomenen, Oeperkingen en fouten van
experimentele data, de modelleringsbetrouwbaarhend de operationele variabiliteit.
Onzekerheden dienen te worden gemeten in termen kansdichtheidsfuncties,
betrouwbaarheidsintervallen, statistische momenteoals standaarddeviatie, of de
variatiecoéfficiént van de stochastische parameters

De resultaten van deze thesis zijn nuttig voor betwerpen van waterbouwkundige
constructies op meerdere manieren. Niet alleen evorde kosten geminimaliseerd, maar
toegevoegde bijdragen zijn ook het opleiden entreiisen van waardevolle kennis aan
waterbouwkundig ingenieurs. Probabilistische metimoen betrouwbaarheidsanalyse kunnen
de kwaliteit en waarde van de resultaten verhogenvergelijking met traditionele
benaderingen van dam technologie. Aangezien hdtislaen dam falen te voorkomen door
een optimale risicokosten vermindering tot bijn& hebben dam veiligheid en risicoanalyse
een belangrijke rol in moderne programma’s van dahgheid. De cases in deze thesis
kunnen hopelijk ook van toepassing zijn op andergeltechnische constructies met
eenzelfde problematiek.

Gholamreza Shams Ghahfarokhi
Oktober 2014, Delft
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CHAPTER 1

INTRODUCTION

Natural hazards are threatening modern societiesndr the world with almost non-stop
intervals. Every year many natural disasters hagbevhich flooding comes close to the top
of these disasters in terms of loss of life andneatic damage. People do not want these
disasters to happen again and are trying to mimintie damage as much as possible.
Technical engineering measures and probabilistihous can be effective in the fight against
flooding (United Nations, 2004).

Hydraulic structures are built to store water anakenit available for irrigation, drinking

water supply, energy production and flood reductidthile hydraulic structures originally

provided flood protection for agricultural landsther facilities as diverse as industrial,
commercial and residential now rely on flood prtitetas well.

In river areas people live on the natural higherugds while the lower areas are generally
used for cultivation. As a result, the regular tleodeposited fertile silt on the land which
enabled the land to keep pace with the naturaipgisea level.

The rise in population meant that increasing nusib&fower lying areas were taken into use.
In addition, a rise in population is often accompdrby a rise in human activities in flood
prone areas, often resulting in an increase ok$potultural and economic values of the land.
This means that more property and life may be st due to flooding and in need of
protection.

In summary, densely populated, highly developedidwtlying areas if affected by flooding,
could lead to loss of life, economy and culture andlisruption of society. Therefore,
hydraulic structures and flood defence systemsaodels are needed.
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1.1 DAM SAFETY

1.1.1  Overview of Dams

Dams are artificial structures built to confine ®rain a reservoir. Dams are built for many
multifunction goals including irrigation, flood ctinl, navigation, hydroelectric, water
storage for potable water supply, livestock watgpdy and recreation.

1.12.2 Failure Mode / Mechanisms

A failure mode mechanism describes how elemenborponent failures must occur to cause
loss of the sub-system or system function. Inbggmrd, failure modes are not unique features
of the system but tools of how the system is medelFailure effects at a lower level in the
system become the failure modes at the next higleest in the system. In general, the
system is broken down into sub-systems to a leberevthere is a thorough understanding of
the failure modes of the elementary sub-systems.

General failure mode categories have been presémtéidure 1-1 and Figure 1-2 for dams
and while these categories are often too generaldnitive risk analysis for a dam, they are
useful for comparative analysis because they aeesaffficiently generalised level to permit
broad comparisons between dams and dam comporzants.failures can result from any
one, or a combination, of the following causes:

o Extended periods of rainfall;

o Flooding and inundation, which cause most failures;

o Insufficient spillway capacity results in excesertopping and can be divided into ;

= Qut-of-channel flow may be caused by the supergteyasize of the channel,

obstructions, its gradient, cross-waves, steps ool$ or bulking through air
entrainment Water is not contained in the spillwaannel when it overflows
from the reservoir. This can cause erosion of theb@ankment if the spillway
channel is located close to it. (Figure 1-3).

» Inadequate energy dissipation is not restrictedttie toe of the spillway, and
scour or erosional features can also develop furtigethe structure.(Figure 1-4);

External erosion and internal erosion caused bynftation leakage or piping;
Improper design and Improper construction materials

Cracks at the top of the embankments;

Animal burrows;

Human failure;

Structural failure caused stress or instabilitgrir material used in dam constrictions;
Landslides into reservoirs;

High winds, which can cause significant wave acaad result in substantial erosion;

Insufficient maintenance, including to control aegair internal seepage problems, or
valves, gates, remove trees and other operaticm@ponents;

o Earthquake damage due to seismic induced hydrodigrfances

O O O O o o o o o
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Figure 1-1. Anatomy of dam failure mechanisms, ZAe(z012)
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Figure 1-2. Causes of dam failure, Harrington (3012
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Figure 1-3. Out-of-channel flow phenomena by idlsply, Aimog, 2011, (left). Erosion
adjacent to a spillway wall, NC. DENR, 2007 (right)

1.1.3  Plunge Pools

For at least 80 years plunge pools have been usatbdern dam construction to dissipate
energy by jet impact. High dams are built for flocetention to store water and make it
available for irrigation, drinking water supply aadergy production. These structures include
by-pass channels or orifices to control the wadeell in the reservoir. In case the storage limit
is reached during a critical flood, water has tadleased; a further uncontrolled water level
rise may be threatening dam safety. The dischawjease water that is stored a few dozen
meters higher than the river downstream. The piatestergy of the water is converted into
the kinetic energy of the flows passing throughneted spillways or orifices. The velocities
reached by such flows are largely in excess ofcthreesponding flow velocities in natural
floods in the downstream reach and may produce nirmlted erosion of the riverbed and
banks. Therefore, part of this kinetic energy rabe dissipated locally, so that restitution
velocities become lower.

The direct impact of falling jets on the riverbeomahstream of high dams is often used as a
solution for the dissipation of water energy fradwofls. In these cases, the assessment of the
formation of scour is mandatory for dam safety las $cour hole might compromise the
foundation of the dam. It is a complex water-aickrinteraction problem.

For large dams, scaled physical model tests asn gferformed. The results are combined
with prototype observations in order to develop eitgl formulae for ultimate scour
prediction. The applicability of empirical methoddimited to the range of tested parameters
and it does not represent the complex interactetwéen a highly aerated water jet and the
rock. Also, correction factors have been added@vipus research to account for jet aeration,
two-phase pool flow, as well as local rock chanasties but are limited to the conditions for
which they were obtained. Therefore, the use ofieosh methods is often limited to the
preliminary stages of a project.
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Figure 1-4. Schematic process in plunge pool, M4B809)

The process of plunge pool can be divided intodéiferent phases (see Figure 1.4): (1) jet
iIssuance, (2) jet diffusion in the air, (3) turbnde shear-layer diffusion in plunge pool, (4)
dynamic pressure at the interface between the vaagthe rock, (5) hydraulic fracturing of
the rock, (6) dynamic uplift of the rock blocks,dainally the disintegration and transport of
them.

A comprehensive review and discussion about scguand also the relation with foundation
stability downstream of dams can be found in Sekland Bollaert (2002) or other published
literature. The hydrodynamic pressures generatethdéympact of the jet at the pool bottom
can cause the failure of reinforced concrete atrestbuilt to confine energy dissipation (e.qg.
stilling basin or lined plunge pools) and are thieidg agent for scour progression in unlined
plunge pools (Manso, 2006).

Displacement of large concrete slabs by differénpaessure fluctuations has been
investigated experimentally for stilling basin undee influence of hydraulic jumps, as well
as under the impact of falling jets.

In unlined plunge pools, the rock mass should @irsintegrate before the loose blocks can be
removed. Unlined pools are highly heterogeneousdtyire, whereas lined pools are the
results of engineering design. There is increasitayest in the definition of dynamic impact
pressures at the pool bottom, for typical prototgpaditions of jet velocity, turbulence and
pool depths. Figure 1-8 shows the spillway and géupool Theodore Roosevelt dam in
during and after construction.
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Figure 1-5. Karun Ill arch dam in Iran, H = 205maximum discharge capacity of 18000
(m3/ 9 through chute and overfall spillways and orifi(B§ PCO, 2006).

A recent example of the combination of solutionprissented in Figure 1-5 for the Karun IlI
HEPP dam project in Iran (IWPCO, 2006). All spiliwHows are discharged into a 400
long, 50m wide, concrete lined plunge pool, as well as ar6@igh tail pond dam (4 from
foundation to Ogee crest). The analysis of the dyogressures generated by the multiple
spillways and outlet jets is of utmost importanoe the design of the lining structure and
drainage system, as well as for the definitionhef tiail pond dam height and of the operation
guidelines for flood routing.

1.1.3.1 Previous Research

Systematic research on the jets has been goingnoa the 1920's. Based on experimental
data with air jets, Albertson (1948) set the fouiwdes of the theory of free jet diffusion.

Abramovich (1963) developed analytical solutions fgpical jet applications, based on

potential flow theory. Soon afterwards the firsudies with plunging jets appeared
(Henderson et al., 1970; Hartung and Hausler, 198hderson et al. (1970), McKeogh and
Elsawy (1980); McKeogh and Ervine (1981); Ervinal dralvey (1987); Sene (1988); Bin

(1993).

The trajectory of jets in the air was studied byrfits (1977). A review on this topic was
presented in Melo (2001). The development of theirjethe air has been discussed by,
amongst others, Kraatz (1965); Henderson et al7Qt9Ervine and Falvey (1987). The
influence of the issuance conditions were studigdEbvine and Falvey (1987); Zaman
(1999); Burattini et al. (2004). However, the depghent of aerated core jets such as those
issued from ski-jump spillways is barely documented

1.1.3.2 Estimation of Scour

Several methods exist to estimate the ultimatersé@u the scour depth that corresponds to
an equilibrium situation. The scour estimation roeh can be divided into hydrodynamic
methods (Hartung and Hausler, 1973), empirical odthderived from model or prototype
observations (Martins, 1973a; Mason and ArumugéBs), semi-empirical methods (Spurr,

6
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1985; Annandale, 1995) and physically based meth{ddslitskii, 1963; Bollaert, 2002;
Bollaert and Schleiss, 2005). Formulae for scowreligpment both in time and space have
been proposed based on experimental tests withlenodéd (Rajaratnam and Mazurek, 2002,
2003), compared with numerical simulation (Salekishabouri et al., 2003) and
development of the influence of upstream turbuleacelocal scour holes (Hoffmans and
Verheij 1993, 1997, 2003, 2011).

1.1.33 Rock Bed

High-velocity plunging jets, coming from hydraubgetificial or natural structures, can result
in scouring of the rock riverbed or the dam toenfdation (see Figure 1-6). Assessment of the
extent of scour is necessary to ensure the saféheaam and to guarantee the stability of its
abutments. Plunge pools are a highly dynamic anki samplex process which is governed
by the interaction with water, rock and air.

To estimate potential scour different methods canded but the most common method is the
use of a hydraulic scale model. However, it is lye@anpossible to fully simulate the process
above in a hydraulic scale model and thereforaribdel often consists of a downstream bed
with different material which only makes it possilib simulate a part of the last phase (the
transport of the rock block from the plunge podihis usage of a fully erodible bed to
estimate scour results in what is called the ultn@ maximum scour (Khatsuria, 2005).

1134 Mobile Bed

Most research on plunge pool scour has been cogdiwgth uniform grain sized material,
simulating a fully disintegrated rock foundationhel predominant sediment transport
mechanism is the shear stress generated by thellaexpanding wall jets (see Figure 1-7).

Rajaratham and Mazurek (2002, 2003) presented tsesidll tests with non-cohesive bed
material and provided empirical relations for tlvews profiles and its development in time,
for different jet velocities and angles of impdeaol profiles are presented as a function of a
Froude number that accounts for the grain sizeuiSgmwth follows a logarithmic law. The
expressions proposed by these authors have widécappty for scour assessment
downstream of structures in alluvial riverbeds.



I ntroduction

Figure 1-6. Plunge pool at Gebidem dam (left) ML Epillway failure caused by erosion,
Harrington, 2012 (right).

g

v T T =
a - b= —

Figure 1-7. Plunge pool Tarbela Dam on the Induw&Rin Pakistan (left) [2]. Kinzua dam
and plunge pool, on the Mississippi River, Penrayla, United State (right) [3].

Figure 1-8. Spillway and plunge pool Theodore Reekalam in during and after
construction, Phoenix, Arizona, United State, 199§,

8
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1.1.4 Superelevation

When a permanent flow moves around a curved chatimelwater level increases at the
outside edge of the channel and a correspondingase in level occurs at the inside edge of
the channel. The superelevation is defined as iftfierehce in elevation of water surface

between inside and outside wall of the bend awargsection in the channel. The centrifugal

forces act on the bend channel and fluid particlé®e detail of superelevation is shown in
Figure 1-9.

(beginning
PL of curvel

Superelevated Water Uniform Flow

Surface Water Surface

Figure 1-9. Superelevatiotly in open channel bends

At extreme flow and overtopping the foundation be tbank walls can be undercut by
scouring which results in failure of the protectwall. Especially walls in channel bends are
endangered because of the increased erosion andrgc@ction in bends. Failure of the
foundation and consequently of the protection wail] allow uncontrolled lateral bank
erosion, which will result in serious destructidrbaildings and infrastructures.

On the floor of the natural channel the secondbmy transport sand, silt and gravel across
the channel and deposits the solids near the ingidle This process can lead to the formation
of a meander or a point bar. The turbulence playsoege important role in the flow in a
channel bend for superelevation increased (seed-igd0).

Serliment
movement
v

Darcsrde wall

. Inside wall

Line of maximum

/ velocily

Figure 1-10. Velocity direction, secondary flowtire open channel (Shams, 1998)
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1.1.4.1 Previous Research

Flow in open channel bends is commonly encounterdzbth natural and artificial channel
systems in hydraulic design practice. It is chamased by flow separation, secondary flows,
energy losses and water surface variations caugedebbend curvature. The first work on
mathematical modelling of flow in curved channedsbased on the assumption of laminar
flow (e.g. Boussinesq (1868), Dean (1927) and nathgrs). Many earlier bend flow studies
Shukry (1949), Rozovskii (1957), Ippen & Drinker9@R), Kalkwijk and Vriend (1980),
Vriend (1973, 1976, 1977, 1979 & 1981), Ikeda (1)97Sottlib (1976), Falcon (1979),
Dietrich and Smith (1983), Odgaard (1989) and Bfaect and Graf (2001, 2004) provided
and they were often obtained in the central portibtine flow.

1.1.5 Dam Break

According to Yang and Jing (2010), a dam-break flseva catastrophic dam failure, which
can correspond to an uncontrolled release of wiliierto a dam, a channel or other types of
hydraulic structure failures. The resulting rapidrease of discharge creates serious floods,
with sharp gradient wave fronts and significant atipforces on structures or obstacles.
Numerical and analytical models were used to ptetim break flow conditions. Also, with
numerical models being capable of predicting mammex dam-break flows (see Figure
1-12 and Figure 1-13).

1151 Previous Research

In the natural channels, flow is typically quitengglex. Many researchers developed two-
dimensional hydrodynamic models, and simulated eadst flows, to predict flood
propagation along in the channel and floodplains.

A number of models have been recently developesinmlate natural flows such as flash
floods (Hogg and Pritchard 2004), floods with sesintransport (Pritchard 2005), snow
avalanches (Bartelt 1999), debris flows (Huang &adcia 1997, Ilverson 1997) and lava
flows (Griffiths 2000).

In recent years, many numerical methods have asn lleveloped to simulate dam-break
flows, including the characteristics method (Katdg® and Strelkoff 1978, 1979), finite

difference method (Aureli 2000, Macchione and Mr2003, Liang 2007), discrete finite

element method (Cockburn 2000, Dawson and Marti@emales 2000) and finite-volume
method (Zhou et al. 1996, Wang and Liu 2001, Meeinal. 2008).

1152 Riverine Floods

The forces generated during a riverine flood inelinydrostatic, hydrodynamic, buoyancy,
and the forces generated by the impact of watedbdabris (Caraballo-Nadal, 2006). These
forces are illustrated in Figure 1-11.

The summary of the flood actions on a buildingdsl{nan et, al 2004):
o0 Hydrostatic forces (actions resulting from the watpresence, horizontal)
o Hydrodynamic forces (actions resulting from theevatmotion, horizontal)
o Buoyancy forces (vertical)

10
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o Erosion forces (water moving soil)
0 Debris forces (actions from solids in the water)

The Coastal Construction Manual (FEMA, 2000) recands different contact time values
according to the stiffness of the object and typeomstruction materiabnd debris.

Debris

Wl — :
dhes %_ Ih

Hydrodynamic ‘ ‘ ‘ ‘ \ Hydrostatic
Force Force

Buoyancy
. 2 L
Fy=05[C,pU° dt o= [yhad Fy=[yhdd

Figure 1-11. Typical forces generated by floodiGgraballo-Nadal, 2006)

=

T —

Figure 1-12. Dam break in the Shih- Kang Dam Taiwi®99 (Ieft) [5]. Catastrophic dam-
break flow in Delhi Dam, Maquoketa River, lowa, W State, 2010 (right) [6].

Figure 1-13. Failure of the Auburn Cofferdam oe American River, 1986 (left) [7]. Teton
Dam collapse, Idaho, United States, 1976 (right) [8

11
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1153 Physical Mode

The physical experiment model built at the Hydmadlaboratory of the Delft University of
Technology is shown in Figure 1.14. For the plaisinodel tests, it was assumed that the
dam or hydraulic structures failed immediately sirtbe motivation for the physical model
tests study were to see how the flood moved to dowam. These tests gave additional
insights in the flood pressures (see chapter 8).

Figure 1-14. Photof model structure housing force

1.2 PROBABILISTIC APPROACH IN HYDRAULIC
ENGINEERING

In the last century, mathematical and statisticadvidledge improved. Combined with the

introduction in practice of structural fluid andilsmechanics the approach for hydraulic
structural design became more and more scienfifftee hydraulic load on a hydraulic

structure could be predicted more accurately ared stnength of the structure could be
calculated. In the Netherlands after the disastet953 a statistical approach to the storm
surge levels was chosen and an extrapolated storge devel formed the basis for dike

design.

Probabilistic design approach is a powerful toalalmability of civil hydraulic engineering. In
hydraulic engineering, stress and load parameteysdascribed by statistical distribution
functions. Risk and reliability analysis is presgrieing performed in almost all fields of
engineering, depending upon the specific field aisdparticular area. Since 1980, the
development and application of reliability theorpabe it possible to assess the flooding risks
taking into account the multiple failure mechaniswis the hydraulic structure. Dutch
hydraulic designers were among the first to appig theory in the practical design of
structures.

In 1979 a project was started to apply the probsigil methods to the design of dikes in
general (Vrijling, 2001), water defence system jlwvig 2000, 2001, 2002), Risk assessment
system of natural hazards (Van Gelder et, al 2@h@)reliability based and risk based design
of flood defences system (Van Gelder 2000, Jonketaml 2008). Recently, the approach
was applied on many Dutch polders or dikes.

Probabilistic design with risk based design corzepte considered the most modern
approaches in the filed of hydraulic structuraligesAdvantages of the methods are that they
allow the designer to take into account the ungdrées of the input parameters as random

12
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variables, and to describe the hydraulic strucagea system, including various structural
components and its protected area. Moreover, foh egstem component various possible
failure modes can be considered. These all heffetermine the probability of flooding of a
protected area and judge its acceptability in vadwhe consequences of the protected area.
Thus, probabilistic approach is apparently an dgdetool for the analysis and design of
hydraulic structures.

Uncertainty and risk are central features of hylicaangineering. Uncertainties can be
measured in terms of the probability density fumcti confidence intervals, or statistical
moments such as standard deviation or coefficibnaiation of the stochastic parameters.

In recent years, reliability and probabilistic hgdlic structural design and analysis of self
elevating hydraulic units has been the subject afous research programs . Due to the
complexity of the type of the structure and envin@mtal conditions, no complete agreement
has been achieved as the best choice for the &atgshod.

As hydraulic structures are installed in deeperewaand more severe environmental
conditions, an improved understanding of interacid the upstream and downstream flow
and current with these structures remains impodant

o There is a greater need to demonstrate safety ahalbility, requiring more complete
and accurate models.

o Costs are to be reduced and one way of achieviagiththrough the application of
better technology.

Analysis for probabilistic design of hydraulic sttures requires integration of hydraulic,
hydrodynamic and structural mechanics data and veimne use of theoretical and
experimental technique. The model development wbabilistic methods is presented in
Figure 1-15.

Clasaification

I _. _  Limit State Functiu:uny
b Z=Ry-3;

et
.\"\
\ ‘-\\-‘h
-
L \

/o Statistical Models
a’:;' Historical Failure Data, Field Data
; FIX) -
|
-~ Uncertainty
T

Figure 1-15. Model development in probabilisticthoels
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1.2.1  Statistics and Engineering

Engineering Design of Experiments is a methodoldgy formulating scientific and
engineering problems using statistical models. Adiog to Van der Heijden (2004), a
designer for classification and estimation needsnid the best answer to this question: how
can the information that is needed to design aduldr system to operate in the real world be
inferred in usable form. Good design processinthefmeasurement is possible only if some
knowledge and understanding of the environmentthadystem is present. Modelling certain
aspects of that environment like objects, physmatelling or events is a necessary task for
the engineer.

According to Van der Heijden (2004), parameterneation is the process of attributing a
parametric description to an object, a physicacess or an event based on measurements
that are obtained from that object (or process.ewent). The measurements are made
available by a sensory system. Figure 1-16 givesvarview.

» Sensory System Parameter Estimationl >

Estimated Parameters

Object, Physical process or
event described by parameters

Measurement system

Figure 1-16. Parameter estimation presses (Vahidigiden, 2004)

1.3 GOALS OF THE THESIS

The goals of this thesis are to investigate:
o Geometry of plunge pool downstream of flip buckélvgay
o Evaluation of superelevation in open channel bends
o Hydrodynamic loading on buildings by floods

1.4 OUTLINE OF THIS THESIS

The research presented in this thesis is focusatkeeloping and application of probabilistic
design, safety, system reliability and risk basedigh in the fields of hydraulic structures
design. This dissertation has been organized intbaters. The introductory material thus
far includes the first chapter. The contents of ftlilowing chapters are briefly summarized
below.

Methods and application of statistical techniquearalysis environmental data are presented
in Chapter 2. The probabilistic methods are disedisand the significant parameters are
reviewed. The proposed methodology for system biiia has been selected and the
accuracy of proposed system reliability formulation component reliability and system
reliability has been verified for limit state furems for structural components. Methods
concerning data management and parameter estimagtimods are presented. This chapter
explains the least-squares estimation and validaifca general linear model to observation.
Three estimation principles, which lead to the &g least squares estimation, the best
linear unbiased estimation (BLUE) and the maximuikelihood estimation, will be

14
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discussed. Equivalent expressions for estimat@slarermined using the model of condition
equations afterward. The last part of this chagteals with hypotheses testing to find
misspecifications (with respect to data) in a lmeadel.

In chapter 3, the theoretical backgrounds of failomechanisms of large dams are presented.
A description of the hydraulic structures (concrétens) in general and the load estimation

and failure modes are presented in this chaptesufvey of various load and resistance

models and techniques for failure probability cition in large dams is also provided.

Chapter 4 deals briefly with the theoretical fravoek for fluid flows and includes an
overview of some of the previous knowledge of ralgwprocesses. Methods and application
of deterministic technique to analyse geometrylohge pool are presented in this chapter. A
literature review in the deterministic plunge peobdeling of hydraulic structures is also
presented in Chapter 4.

In Chapter 5, the theoretical background of deteistic design analysis is reviewed and
investigated. Also, a literature review in the deti@istic modelling for superelevation in
open channel bends under hydraulic conditionsdseprted.

In Chapter 6, application of the theoretical methtitat were given in Chapter 2 and 4 are
made for the case study of design geometry of gupgol down stream of flip bucket
spillway. The weakest link of the system and domirfailure mode for geometry of plunge
pool are found. A set of optimal geometry dimenkes for plunge pool design are presented
in accordance with analysis results from the rdligloased design model. This case study is
completed with a full Probabilistic description edour hole development downstream of a
flip bucket spillway.

In chapter 7, application of the probabilistic nueth, reliability analysis and design hydraulic
structures that were given in Chapter 2 and 5 aadenfor evaluation of superelevation in
open channel bend. An extensive overview of risklymis method, economic risk evaluations
and reliability based design models are discusseitiis chapter. The economic risk based
approach for optimal design in open channel bendlsio discussed.

In Chapter 8 methods and application of statistieahniques to analyses physical laboratory
data and dam break analyses are presented. A tabethat contains a description of a
physical laboratory test system and experimentalggam to investigate flood-induced
loading and dam break on buildings are presented.

Chapter 9 provides conclusion and recommendatidriki® thesis. These include remarks
regarding the methodology on the suitability of ghposed probabilistic approaches in
design of hydraulic structures. The limitation betpresent work is also highlighted. The
recommendations presented are hoped to be funmhproved and incorporated in future
researches on this topic.
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CHAPTER 2

PROBABILISTIC METHODS

The Probabilistic Method is a powerful tool in thog many problems in engineering
science. It belongs to those areas of engineerimghahave experienced a most impressive
growth in the past few decades. This method inisghengineering problems is useful
because it provides a better understanding ofriaoiechanisms and occurrence probabilities
compared to other techniques. The complex hydra@igineering problems with
dimensionless analysis condition usually are amahyith least square techniques presented
for instance in Azmathullah (2005); Shams et al00@. It provides an implicit
approximation to the limit state function (LSF) the& far more accurate than other
approaches.

This chapter contains the methodology of the theBrebabilistic methods will be fully
utilized throughout the analysis. The methods haweare too wide to be discussed in one
single chapter. The basic ideas about probabilegthods will be covered when discussing
tools of reliability analysis. Following this, read will be introduced to the theory of least
squares estimation methods. In addition it provalestroduction to the estimation methods,
with emphasis on least square methodology.

2.1 TOOLS OF RELIABILITY ANALYSIS

Probabilistic design methods are well known butrtlaplication is generally limited to
difficult cases and to the development of desigdeso The application of the probabilistic
design methods offers the designer a way to umé design of structures, dikes, dunes,
mechanical, equipment and management systemshisareason, there is a growing interest
in the use of these methods (Van Gelder, 2000).
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Probabilistic Methods

The tools available to the engineer for performangeliability analysis fall into three broad

categories. First there are the methods of direliahbility analysis. These propagate the
uncertainties in properties, geometries, loadsemavels, etc. through analytical models to
obtain probabilistic descriptions of the behaviaira structure or system. The second
category includes event trees, fault trees, antuante diagrams, which describe the
interaction among events and conditions in an egging system. The third group includes
other statistical techniques. In particular, somebjems are so poorly defined that it is
useless to try to formulate mechanical models Ardehgineer must rely on simple statistics.
(Van Gelder 1996).

2.1.1  Limit State Function

A model that applies to the failure of an enginegrsystem can be described as the I1&ad
(external forces or demands) on the system excgdlderesistanc® (strength, capacity, or
supply) of the system equation (2.1) (Vrijling 2001

Z(x) = Strength- Load R- S= R Gl.....; F @S, S ) (2.1)

The reliability P, is described as the probability of safe operationwhich the resistance of
the structure exceeds or equals to the load, ghat i

P=P(Z>0)=P(S< R (2.2)
In which P, denotes the failure probability and can be compated

P.=P(Z<0)=P(R< §=1- F (2.3)

The definitions of reliability and failure probaibyl (equations (2.2) and (2.3)) are equally
applicable to individual system components as asgltotal system reliability. The graph of
Figure 2-1 shows Z=0 line of some hypothetical Is&stic variables.

Z(x)=0

Normal line

e 4

8*// Failure region

Limit-state

\LX »
\,(.)/ R

Figure 2-1. Reliability function

In the reliability function, the strength and loaariables are assumed stochastic variables. A
stochastic variable is a variable, which is defibgdh cumulative distribution function (CDF)
and a probability density function (PDF) shown igufe 2-2.

The probability distributiofr, returns the probability that the variable is lesank. The

probability density function is the first derivagivof the probability distribution (Van Gelder
1996). If the distribution of the density of allettstrength and load variables is known it is
possible to estimate the probability that the Ibad a valua and that the strength has a value
less thanx (Figure 2-3).
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Figure 2-2. Probability distribution and Probalilitensity function

The failure probability is the probability th&= x and R< x for every value of. So

P(S=%= £(3 d}
=P(S= X1 Rs ¥= §( X R( X (2.4)
P(Rs ¥ =R(%
fs (x)*F, ()
R<x X
051 N 0.005 | I‘,-‘J ""-‘\L i
D 0 0 0 ”/’/10 20\ i 0
Figure 2-3. Components of the failure probability
We have to compute the sum of the probabilitiesafopossible values of:
P= [ () F() dx 2.5)

This method can be applied when the strength aedddd are independent of each other.
Figure 2-4 gives the joint probability density faona for the strength and the load for a
certain failure mode in which the strength and |t are not independent. The strength is
plotted on the horizontal axis and the load istplbbn the vertical axis. The contours give the
combinations of the strength and the load with shene probability density. In the area
(Z <0) the value of the reliability function is less theero and the element will fail. (Van
Gelder 1996).

The failure probability can by determined by sumorabf the probability density of all the
combinations of strength and load in this area.

Po=[ [ fas(r8)drds=[..[ [ fos(, %, ) A x.... Oy
Z{0

Z(0

(2.6)

In a real case, the strength and the load in thebrkty function are nearly always functions
of multiple variables. For instance, the load cansist of the water level and the significant
wave height. In this case, the failure probabilktyess simple to evaluate. Nevertheless, with
numerical methods, such as numerical integratiah Monte Carlo simulation, it is possible
to solve the integral:

I:)f :jjjj frl’rz""rnslSZ""sfn (rl’r 2003 P 29y )dler 1 dSldSZ d§ 2.7
Z<0
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Figure 2-4. Joint probability density function

These methodswhich take into account the real distribution loé tvariablesare called level

[Il probabilistic methods. In Monte Carlo simulationethod a large sample of values of the
basic variables is generated and the number afréslis counted. The number of failures
equals:

N =)1@ () 29)

in which, N is the total number of simulations,Xfg) is counter function, its value reset to 1
as the LSF is smaller than or equal to zero. Théatility of failure can be estimated by:

N,
TN (2.9)
The coefficient of variation of the failure probbityi can be estimated by:
1
V, = 2.10
Pf Pf N ( )

in which, P, denotes the estimated failure probability. Theuaacy of the method depends

on the number of simulations. The relative errodenan the simulation can be written as:

Nf

N
Pf

The expected value of the error is zero. The stahdeviation is given as:

1-P
o, = f (2.12)
NP

For a large number of simulations, the error ismadrdistributed. Thereforehe probability
that the relative error is smaller than a certailue E can be written as:

— Pf

E= (2.11)

P(e < E) = (1) (2.13)
0-5
k? 1

The probability of the relative error E being sreallhank.o. now equalsp(k) . For desired
value of the k and E the required number of simaatis given by:
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P(e < E) = (1) (2.15)
0-5
k? 1
N> = Ff—l) (2.16)

Requiring a relative error of E=0.1 lying withinetl®5% confidence interval (k=1.96) results
in:

N > 400@1 ~1) (2.17)
f

The above equation shows that the required numbsimuulation and thus the calculation
time depend on the probability of failure to beccddted. Most structures in civil engineering
hydraulic and river engineering possess a relatiliglh probability of failure (i.e.a relatively
low reliability) compared to structural componesystem, resulting in reasonable calculation
times for Monte Carlo simulation. The calculatiomé is independent of the number of basic
variables and therefore Monte Carlo simulation sthdse favoured over the Riemann method
(CUR 190, 1997) in case of a large number of baaitables (typically more than five).
Furthermore, the Monte Carlo method is very robusganing that it is able to handle
discontinuous failure spaces and reliability catioin in which more than one design point is
involved.

Y

—
e
—
e
-

)
By -

T

P, = P(Z < 0) = ®(—B)
Figure 2-5. Probability density of the Z-function
If the reliability function Z is a sum of a number of normal distributed vaeshhen Z is

also a normal distributed variable. The mean valone the standard deviation can easily be
computed with these equations:

Z=) 3X (2.18)
i=1

H, = i aH, (2.19)

a,=[> (a0, ) (2.20)

This is the base of the level Il probabilistic ecdétion. The level Il methods approximate the
distributions of the variables with normal distrilaims and they estimate the reliability
function with a linear first order Taylor polynonisso that the Z-function is normally
distributed. If the distribution of the Z-functiesinormal and the mean value and the standard
deviation are known, it is easy to determine thkufa probability. By computing8 asu

divided byo it is possible to use the standard normal distidouto estimate the failure
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probability. There are tables available for thendead normal distribution in the handbooks
for statistics (Van Gelder, 2008).

2.1.2 Nonlinear Z-function and design value

In case of a non linear Z-function it will be eséited with a Taylor polynomial:
Z®)= Z(X*)+Z 2 - 1)

The function is depending of the point where it linearised. The mean value and the
standard deviation of the linear Z-function are:

ty = Z(%) +§j—jmuxi - %) (2.22)

o, = \/Z;(Z_f mxj (2.23)

If the reliability function is estimated by a lime@-function in the point where all the
variables have their mean valuX(= 4, ) we speak of a Mean Value Approach.

The so-called design point approach estimatesdimbility function by a linear function for
a point onZ =0where the valu@ has its minimum. Finding the design point is aimising
problem. For this problem there are several nuraksolutions which will not be discussed
here.

o L OZ
ZE) =A%)+ - -%) 22)
=R
If a first order approximation is applied (FORMEtfailure function Z is linearised as:
0Z
2 =206, 6.6 XS 0 (] = @2
=X

Z» : Linearized reliability functions oF, in{ X]D} ;

(g—ij is gradient vector at the design pofi¢;} , determined by partial derivative of
X=X/

Z, with respect toX , evaluated inX; = XJ.D. The mean value and standard deviationZof
are:

HEZ) =206 60 X Y - ﬁ)(j—ij (226
, &, (0

Ol = ;o—xj '(a_xljszxjj (2)2

If mean valuesX,' = Hix, ),....,XE =l , are situated, a so called mean value approximation
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of the probability of failure is obtained. If thailure boundary is nonlinear, a better
approximation can be achieved by linearizationhef teliability function at the design point.
The design point is defined as the point on thieifaiboundary in which the joint probability
density is maxima. Thereforthe design point can be obtained by:

Xi=py, —a;.Boy (2.28)
where, reliability index and influence factor ofriadble number”f
component' can be determined by:

to failure probability of

_M(Z)
P oz, (2.29)
g =70 7 (2.30)
] a.(zilln) OXJ
P =®(-5) (2.31)

The design point can be determined analyticallyahyiterative procedure (Vrijling et al.,
2002). It can be seen from Figure 2-6 that thebdity index 8 represents the length of this

shortest distance vector whereas the sensitivittpfa a; characterize the directional cosines
of this vector with respect to the coordinate axes.

Normalized load parameter

MNormalized resistance parameter

Figure 2-6. Determination of the design point ianstard normalized space

2.1.3  Non normally distributed basic variables

If the basic variables of the Z-function are notmally distributed, the Z-function will be
unknown and probably non-normally distributed. Bpe with this problem the non normally
distributed basic variables in the Z-function canrbplaced by normally distributed variable.
In the design point the adapted normal distributiarst have the same as the real distribution.
Because the normal distribution has two parameieescondition is not enough to find the
right normal distribution. Therefore, the value tbe adapted normal probability density
function must also have the same value as thepreblability density function as shown in
Figure 2-7 (Van Gelder, 2008).

The two conditions give a set of two equations with unknowns which can be solved:
Fy (X) = F(X)

fum=um}:m”“ (2:32)

This method is known as the Approximate Full Disition Approach (AFDA).
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}Adaptea normal distrib utlonl

Real distribution

Figure 2-7. Adapted normal distribution

2.1.4 Monte Carlo Method

Monte Carlo simulation is a powerful analysis tdwt involves a random number generation
and simulates the behaviour of a variable wherd#ta is insufficient to make decisions. The
random number generation is based on a probab#ingity function that defines the variable
variation. Randomness is used to describe eventsevioutcomes are uncertain; random
variables count or measure that is of intereshtdyse.

The first step to the Monte Carlo process is tddoai mathematical model with a set of
relationships that simulates a real system. Thennecessary to define the inputs and outputs
variables. When the inputs and outputs are resttitd one value (each parameter takes only
one value), we are dealing with a deterministic elo®n the other hand, when the inputs and
outputs are represented by random numbers or alpildp density function, the model is
known as stochastic or probabilistic.

Monte Carlo simulation combines the principles odlqability and statistics with the expert

opinion and data sources to quantify the uncestaasisociated with the real systems. The
Monte Carlo simulation method uses the possibitifydrawing random number from a

uniform probability density function between zerndaone. Each continuous variable is
replaced by a large number of discrete values gée@from the underlying distributed, these
values are used to compute a large number of valulesiction Zand its distribution.

F (0 =X, (2.33)

X, is the uniformly distributed variable betweenaand oneF, (X) is the non-exceedence

probability P(x< X) . Thus, for the variablX :
X =F(x) (2.34)
F.'(x,) is inverse of the probability distribution funatiof X .

To draw a value out of a joint probability dendiyction, the function must be formulated as
the product of the conditional probability distritmns of the base variables. i.e.:

F (X) = B (X): B O] 205 g, O 1 X0 X0, 1 (2.35)

By taking n realizations of the uniform distributidbetween zero and one, a value can be
determined for ever;.

X, = F(X,) (2.36)
X, = B, (X, 1X) (2.37)
X, = F)an|><1,><2 ..... Xn(xl,hlxl’ Xorewes Xiy1) (2.38)
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This corresponds to equation(2.38). By inserting Yalues for the reliability functions one
can check whether the obtained vect¥r,(X,,...., X ) is located in the safe area. By repeating

this procedure a large number of times, the prdibabi failure can be estimated with:
P, =n;/n (2.39)

in which, n is the total number of simulations angis the number of simulations, for which

Z<0(Van Gelder 1996). There are also several seriauestopns of convergence and of
randomness in the generated variables. Severadlkmo/ariance reduction schemes can be
effective in improving convergence and reducing patational effort. Fishman (1995)
provides one of many treatments of the method. Blddarlo simulation with variance
reduction is particularly helpful in improving treecuracy of first order reliability method
results.

2.15 Fault Tree Analysis

Fault tree and influence diagrams are techniqueddscribing the logical interactions among
a complex set of events, conditions. Formal cataraof the failure risk can be determined
by incorporating the fault tree analysis (Henly &dnamto 1981; Ang and Tang 1984; Yen
and Tung 1993).

Fault trees start with an undesired top event (f€igR.8). The fault tree contains the

conditions that must be met for the failure to acétor a hydraulic structure the top event is
inundation. There are four main intermediate evéntkead to the top event: Geotechnical,
Hydrological, Structural and Mechanical. The anglgisevelops the tree from top down,

moving from condition to condition. In the usuatrfalation, the conditions at each stage are
preferably independent and must encompass all éheittons that could lead to the next

stage.

Influence diagrams can also be used in engineepimagtice. The diagram displays the
relations between various events and conditiors system. The direction of the arrows and
other conventions represent the dependencies betiveabjects.

2.1.6 Uncertainty Analysis

Uncertainties are introduced in probabilistic regkalysis when we deal with parameters that
are not deterministic (exactly known), hence uraertTwo groups of uncertainties can be
distinguished in Figure 2-9.

o Natural variability (Uncertainties that stem froormdwn (or observable) populations
and therefore represent randomness in samples).

o0 Knowledge uncertainties (Uncertainties that comamfrbasic lack of knowledge of
fundamental phenomena).

Natural variability cannot be reduced, while knogige uncertainties may be reduced. Natural
variability can be subdivided into natural varidlyiin climatic, geomorphologic, hydrologic,
seismic and structural. Knowledge uncertainty carsibdivided into model, operational and
data uncertainty. Data uncertainty itself can bedstided into statistical analysis of data and
in measurement error and in distribution type utagety. Also the model uncertainty can be
subdivided into formulation, parameter and numeticgertainties.
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Figure 2-8. Fault tree of most expected failure ma@isms of a floodwall in New Orleans. (Rajabaktgj2009)
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Figure 2-9. Groups of uncertainties

2.16.1 Bootstrap Sampling

The general form of a LSF equation was previousisented in section 2.1.1. The limit state
equation model was created based on the multieanagression analysis method. The
method is exposed to parameter uncertainty wheiteihnumbers of data are taken into
account. The fewer data applied in the analysis ltinger the parameter uncertainty. A
parameter of a distribution function is estimateshf the data and thus can be considered a
random variable (Van Gelder, 2000). The parameteedainty can then be the probability
distribution function of the parameter.

The bootstrap method is a fairly easy tool to daleu the parameter uncertainty.
Bootstrapping methods are described by Erfan (1888)Erfan and Tibshirani (1993). If we
have dataseX =(X,, X,,...., X, ), we can generate a bootstrap samylewhich is a random

sample of sizen drawn with replacement from the datasét. The following bootstrap
algorithm which can be used for estimating pararsetmcertainty was reported by Van
Gelder (2000).

0 Select Bindependent bootstrap samp{e§, X,,.....,X; ), each consisting ofi data
values drawn with replacement frotn.

Evaluate the bootstrap corresponding to each boapssample;
g )= f(X;) for [b=12,..5H (2.40)
Determine the parameter uncertainty by the empiristribution function of 8°

The bootstrap samples of the observed data are aflgrrgenerated with the Matlab
programming software for many random values. #ssumed that if a set of random samples
could be draw many times on data that come frons#ime source, the maximum likelihood
estimates of the parameters would approximatelgwioa normal distribution.
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2.2 LEAST SQUARES ESTIMATION

2.2.1 Introduction

The least square method is a very popular techniggexl to compute estimations of
parameters and to fit a function to the data (ABO11.0). At the present time, the least square
method is widely used to find or estimate the nucaérvalues of the parameters to fit a
function to a set of data and to characterize thiestical properties of estimates. It exists with
several variations. Least square has differentangsi for estimation such as; the ordinary
least squares estimation (OLSE), weighted leasireguestimation (WLSE), alternating least
squares estimation (ALSE), best linear unbiasetmasibn (BLUE), maximum likelihood
estimation (MLE) and partial least squares estioma{PLSE).

222 Criteria

2221 Unbiasedness

The estimatorx is said to be unbiased if and only if the matherahatexpectation of the
estimation error is zero. An estimator is therefardbiased if the mean of its distribution
equal.

E{% =x forall x (2.41)

Where,E{.} denotes the expectation operator. This implies that average of repeated
realizations of¢ will tend to zero on the long run. An estimatorierhis not unbiased is said
to be biased and the differen&q &} = E{ % - x is called the bias of the estimator. The size
of the bias is therefore a measure of closenesstofx. The mean erroE{é} iS a measure
of closeness that makes use of the first mometiteoflistribution ofx (Amiri 2007).

2.2.2.2 Minimum Variance

Here, one of the most important and useful conceptsstimation is introduced. Minimum
variance estimation can give the best option inr@babilistic method to find the optimal
estimate. In particular, minimal variance estimatemd maximum likelihood estimation will
be explored, and a connection to the least squaoddem (Crassidis et al, 2004). A second
measure of closeness of the estimatox g the mean squared error (MSE), which is defined
as:

MSE= §| > {7} - min (2)42

Where ||| is a vector norm. If we were to compare differestimators by looking at their

respective MSEs, we would prefer one with smalthar smallest MSE. This is a measure of
closeness that makes use also of the second maoohehe distribution of X. The best
estimator in the absence of biases therefore msimimum variance.
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2.2.3 Estimation Methods

In this section the theory of the least square oughn engineering application is presented.
From experience we know that various uncertain phmma can be modelled as a random
variable (or a random vector), namglyAn example is the uncertainty in instrument ragdi

due to measurement errors. The randomnessg af expressed by its probability density

function (PDF). In practice our knowledge of theRPIS incomplete. The PDF can usually be
indexed with one of more unknown parameters. ThE Ba randonm-vector y is denoted

asfy(y| x) , iIn which x is ann-vector of unknown parameters to be estimated.

The approach is to take an observation formh&ector y and to use this information in order
to estimate the unknowm-vector. The observationas a realization ofy with PDF

f, (y| x) contains information about which can be used to estimate its entries.
Four different estimation methods will be treatedsiection 2.2.3.1 to 2.2.3.4. They are
ordinary least squares estimation (OLSE), weighéadt-squares estimation (WLSE), best

linear unbiased estimation (BLUE) and maximum iikebd estimation (MLE). The methods
differ not only in the estimation principles invely, but also in the information that is

required about the PDE, (y| x) . WLSE is applied when we only have information wathithe

first moment of the distribution. BLUE is a methadhich can be applied when we have
information about the first two moments of the disition. MLE is used if we know the

complete structure of the PDl/:(y|x). An important example for which the complete
structure of the PDF is known is the multivariatgmal distribution, i.e. agON, (Ax Q).
From now on we will refer to the linear system qtiations as the linear modet Ax+ €.

E{yj=Ax W,  ¥y=Q (2.43)

Where y is the m-vector of (stochastic) observables like depthgterand width,A is the
mx n design matrix,x is the n-vector of explanatory observables likg,, R, d.,, G,, and
W and Q, are themx m weight matrix and covariance matrix of the obsbles, respectively.
The design matrixa is assumed to be of full column rank, i.e., réAk=n, provided that
m=n, Wand Q are symmetric and positive-definite. Agaff{} denotes the expectation

operator, andD{.} represents the dispersion operator. The abovengdra form of the
functional model is referred to as a Gauss-Markadeh wheny is normally distributed,
yUN,(AX Q).

2231 Ordinary Least Squares Estimation (OLSE)

The oldest (and still most frequent) use of OLSE \uaear regression, which corresponds to
the problem of finding a line (or curve) that béts a set of data. In the standard formulation,
a set of N pairs of observations(;,Y) is used to find a function giving the value of the

dependent variablgy from the values of an independent variabl&Vith one variable and a
linear function, the prediction is given by theléeling equation:

Y = a+ bX (2.44)
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This equation involves two free parameters whiobctp the intercepta and the slopd of

the regression line. The least square method defime estimate of these parameters as the
values which minimize the sum of the squares (héheename least squares) between the
measurements and the model (i.e., the predictedesal This amounts to minimizing the
expression:

£= (-2 =Y Y-( 2 by’ (2.45)

where g is the standard error which is the quantity tonfiaimized. This is achieved using
standard techniques from calculus, namely the ptppkat a quadratic (i.e., with a square)
formula reaches its minimum value when its derixegivanish. Taking the derivative ef
with respect toa and band setting them to zero gives the following seegfiations (called
the normal equations):

08 _ L

22 =Y -2(Y —a-bX)=0 2.46

o L (¥ X) (2.46)

9%¢ _ -2X.(Y-a-bX)=0 (2.47)

ob =

Solving these 2 equations gives the least squéireass ofaandbas:

a=u, —bu, (2.48)
Y - -

o 200X 1) 49)
D (X =)

M, andu, denoting the means of andY . OLSE can be extended to more than one
independent variable (using matrix algebra) andaio-linear functions.

2232 Weighted Least-Squares Estimation (WL SE)

If E{y} = Ax, and A a mxn matrix of rankA) =n, be a linear model and &/ be a
symmetric and positive-definitenx m weight matrixXW =W >0). Then the weighted least-
squares solution of the system is defined as:

X=arg miRrJ (y— Ax) W(y- A3 (2.50)
xd

The differenceé= y— Ax is called the (weighted) least-squares residuatove Its squared

(weighted) norrd|é||\fv =& We is a scalar measure for the inconsistency ofittear system.

Since the mean ofy depends on the unknown also the PDF of depends on the
unknownx.

The problem of determining a value farcan thus now be seen as an estimation problem, i.e
as the problem of finding a functio® such thatXx=G(y) can act as the estimate wfand

X = G(y) as the estimator of. The weighted least squares estimator is given as.

R=(AWA( A wy (2.51)
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Which a linear estimator is since all the entriésxoare linear combinations of the entries
of y. The least squares estimatgr= Ax of observables an@= y-y of residuals follow

from equationy = Ax+ € (Teunissen et al., 2005).
y=A(AWA' Awy=P" (2.52)

In linear algebra and functional analysis, a priopecis a linear transformatio® from a
vector space to itself such th& = P. whereP = A(AWA™ AW is so called hat matrix
since it transforms or projectignintoy .

The estimate of the error tere(also known as the residual) termeds:
e=(l,~A(AWAT AW ¥ (/- Ry (2.53)

To get some insight into the performance of anrestior, we need to know how the estimator
relates to its target value. Based on the assumE{ié} =0, the expectations ok, ¥ andé

follow as:

E{3=x, H}=y= Ax, Ep= Ele( (2.54)

This shows that the WLSE is a linear unbiased edtm Unbiasedness is clearly a
describable property. It implies that on the avertige outcomes of the estimator will be on
target. Alsoy and € are on target on the average.

In order to obtain the covariance matrixofy and €&, we need the covariance matrix @for
observabley, namely Q,. The covariance matrixes ok, ¥ and & will be denoted

respectively asQ;, Q, andQ,. We can derive that:
Q = (AWA™ AWQ WA A W
Q=PQ P (2.55)
Q=(1,-P) Q/l,~P)

The mean and covariance matrix of an estimator cwgether in the mean square error of

the estimator. As before, l&t=X- x be the estimation error. Assume that we measwge th
size of the estimation error by the expectatiothefsum of squares of its entries:

e{&8) = E{|%- A} (2.56)

This is called the mean squared error (MSE) ofatemator. It can easily be shown that the
MSE is decomposed as:

2 A

J+ 8> €%

el A} = % ¥

The first term on the right hand side is the tratéhe covariance matrix of the estimator and
second term is the squared norm of the bias oéstienator. But since the WLSE is unbiased
the second term vanishes as a result of which t6& ki the WLSE reads:

el A7} = €l €3

2} (2.57)

2} (2.58)
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In weighted least square one important criterionctvishows the inconsistency of the linear
model of observation equations is the quadratimf@gquare norm) of the residuals which is
given as:

8l =8 We (V. WYy (V. WHE A WRA(TAW 2 %9)

2233 Best Linear Unbiased Estimation (BLUE)

The weighted least square approach was introduseah anteresting technique for solving an
inconsistent system of equations. The method itseld deterministic principle, since to
concepts from probability theory is used in forntug the least squares minimization
problem. In order to select an optimal estimatonfrthe class of linear unbiased estimators
(LUE), we need to define the optimality criterioAs optimality criterion we choose the
minimization of the mean square error (MSE). Thenestor which has the smallest mean
square error is called the best linear unbiasednatir (BLUE). Such a minimization
problem results in the smallest possible variances$timators as:

eI} = €% ¥} =min (2.60)

If the covariance matrixQ, of the observables is known, one could use the Iesar

unbiased estimation (BLUE) by taking the weight mxato be the inverse of the covariance
matrix namely takingW = Q;l in equations (2.51), (2.52) and (2.53), with tthe BLUE

estimator ofx, yand e in equationy = Ax+ € read:
(AQ'A"AQ'y
J=A (AQ'A*AQ'y (2.61)
é=(l,-AAQ'ATAQH
Substitution of W=Q;' into equation(2.55), ar=A(AQ'A™ A Q", yields the
covariance matrix of the BLUE estimator as:
L=(AQ'A”
Q=(A(AQ'A"AQ) Q= PQ (2.62)
QL=(1,~AAQ/A"AQ) Q=(-P Q

It can be shown that of all linear unbiased estmgtthe BLUE estimator has minimum
variance. It is therefore a minimum variance undgxbsstimator. The BLUE is also sometimes
called the Probabilistic Least Square Estimatore phoperty of minimum variance is also
independent of the distribution of. From the BLUE estimators, the inconsistency daote

of the linear model of observation equation exprddsy the quadratic form of the residuals is
given as:

|8 =8 Qe (V@ y-( Y K AR A AD) 43)

The preceding square norm of the residual will pday important role in the section of
detection and validation.

X
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In the weighted least squares the weight matibplays the role of a metric tensor in a vector
space. The BLUE estimators take the weight masixha inverse of the covariance matrix.
Therefore, the covariance matrix of the observaisletosely related to the metric tensor. We
have thus some probabilistic interpretations in @ector space. For example, if the
covariance between observables are zero, this mbanhshe standard vectors having no
projection on each other. If in addition the vaces are equal, this means that the basis
vectors are normal. Therefore, we take the weightrimnas inverse of covariance matrix the
definition of the minimum distance (minimum norm) the vector space obtained from
weighted least square will coincide with the defori of minimum variance in the stochastic
model (space) obtained from BLUE.

Example:

We now consider a simple example of the applicabiotihe weighted least squares estimation
and the BLUE. Assume that we consider the simgdesblem of linear regression. Let us
assume that the parameters of the e ax+ bare unknown (i.e. the offsdt and slop&).

They are to be estimated using the observalés=1,..,4) measured at the fixed positions
on the x-axis ag (i =1,..,4). Further, assume that the observables are unatedelith the
same precision 0.1, 0.15, 0.20 and 0.25. The oablwy, arey =[2.85 4.08 4.92 6.17.

The design matrix A is the coefficients of the alvaion. The problem is now solved using
WLSE and BLUE as follows:

WLSE: For this case we may consider the same weighthe observables, namely:

100 11 0.01 0 0 0

010 21 0 0.0225 O 0
W = A= =

0 01 31 Y 0 0 004 O

0 0O 41 0 0 0 0.06

In matrix form we get (this ig = Ax+ b) and with the covariance matrix equations (2.55) a

a| [1.080 [ 0.0071 -0.013
K=(AWA™* AWy=| . |= . =

( A FM {1.805} < |-0.0135 0.0SlE
2.8850 [ 0.0114 0.0050 -0.0013 -0.00'
o= %= 3.9650 0. = 0.0050 0.0058 0.0066 0.00
y 5.0450 Y 1-0.0013 0.0066 0.0146 0.02
6.1250 |-0.0076 0.0074 0.0225 0.03]
-0.0350 0.0074 -0.0079 -0.0063 0.0Q¢
Bz yo Ve 0.1150 Q. = -0.0079 0.0149 -0.0059 -0.0Q:
y -0.1250 ® | -0.0063 -0.0059 0.0306 -0.01t
0.0450 0.0069 -0.0011 -0.0185 0.01:

BLUE: For the BLUE we may the weight matrix as theerse of the covariance matrix as:
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11 0.01 0 0 0 100 0 O

21 0 00225 O 0 L, |0 4444 O
A= = W = Q =

31 Y10 0O 004 O Y 0 0 25

41 0 0 0 0.06 0 0 01

With the BLUE estimator equations (2.61) and theat@nce matrix equations (2.62) as:

§<:(ATQ;1A)-1ATQ1y:ﬁ:[l'oﬂ i:{ 0.0056 -0.009}

b| [1.785 -0.0099 0.022
2.8850 [ 0.0087 0.0044 0.0001 -0.00

§= A= 3.9650 o - 0.0044 0.0057 0.0070 0.00
5.0450 71 0.0001 0.0070 0.0139 0.0
6.1250 -0.0042 0.0083 0.0207 0.03:
-0.0237 [ 0.0013 -0.0044 -0.0001 0.00

o= y- = 0.1172 o - -0.0044 0.0168 -0.0070 -0.00{
-0.1319 ° | -0.0001 -0.0070 0.0261 -0.02
0.0289 | 0.0042 -0.0083 -0.0207 0.02¢

Comparing the results of the two models, we seestienates of BLUE are more precise than
the WLSE estimates.

2234 Maximum Likelihood Estimation (MLE)

Rather than relying on the first two moments ofistribution one can also define what
closeness mean in term of the distribution its&df.a third measure of closeness we therefore
consider the probability that the estimatoresides in a small region enteredc alf we take
this region to be a hyper sphere with a given djidhe measure is given as:

P(|x- A < r*) - max (2.64)

The estimatox, which maximizes this probability, is therefore neaximum likelihood
estimator. So far we have seen three differentnesiton methods at work: OLSE, WLSE and
BLUE. These three methods are not only based dereift principles, but they also differ in
the type of information that is required of the PBF y. For WLSE we only need

information about the first moment of the PDF, thean ofy .

For BLUE we need additional information. Apart frafre first moment, we also need the
second (central) moment of the PDF, the covariana&ix ofy. For the linear model, the
two principles give identical results when the wWeigatrix is taken equal to the inverse of
the covariance matrix. In this section we introdube method of maximum likelihood
estimation (MLE) which requires knowledge of thengdete PDF.

The principle of the maximum likelihood (ML) methasl conceptually one of the simplest
methods of estimation. It is only applicable howewbken the general structure of the PDF is
known.
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Assume therefore that the PDF offL]R™, i.e.fy(y|x), is known apart from soma

unknown parameters. Since the PDF will change wkierhanges, we in fact have a whole
family of PDFs in which each member of the famaydetermined by the value takenxay
Since x is unknown, it is not known to which PDF an observalue ofy, i.e.y,, belongs.

The idea now is to select from the family of PD#® PDF which gives the best support of
the observed data.

For this purpose one considef;( Yo |l x) as function ofx. This function is referred to as the
likelihood function of y, which produces, ax varies, the probability densities of all the
PDFs for the same sample vajye Would x be the correct value, then the probabilityyof

being an element of an infinitesimal region cerdewmdy,is given asfy(y0 | x) dy. A
reasonable choice far given the observed valyg, is therefore the value which corresponds
with the largest probabilitymax, fy(y0 |x) and thus with the largest value of the likelihood
function. The maximum likelihood estimator (MLE) wfis therefore defined as follows:

22341 Definition (Maximum likelihood)

Let the PDF of the vector of observablg§8IR™ be parameterized aﬁ§(y| x), with xOR"
unknown. Then the MLE ofx is given as:

X =arg m(E}?(fy (y1x (2.65)
xd

The computation of the maximum likelihood solutimay not always be an easy task. If the
likelihood function is sufficiently smooth, the twaecessary and sufficient conditions for
to be a (local or global) maxima are:

{axfy(ylk)=0

2.66
aifoy(yl)A()<O ( )

with dx and aixT being the first and the second order partial @deres with respect to,

respectively. Therefore, the gradient has to be aed the Hessian matrix (the symmetric
matrix of second-order partial derivatives) hadbéonegative definite. For more information
see Teunissen et al. (2005).

In case of normally distributed data (Gauss-Markwdel), the MLE estimators are identical
to the BLUE ones. Let: N, (Ax Q), withx the n-vector of unknown parameters.

X=(A Q;lA)‘l A ql y (2.67)
The estimatorsy and € as well as their covariance matrices are als@dnee as those given
for BLUE estimators (Section 2.2.3.3).

2.2.4 Hypothesis Testing

Hypothesis testing used for detection and validatiata in linear models. Hypothesis testing
Is a statistical method for making inferential dgmns about population based on information
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provided by available sample data. The hypothesisng may be useful in many engineering
applications. For example engineering specificatioften specify certain minimum values,
such as the minimum yield strength of rebar. Infigced concrete construction, the engineer
would be interested in whether the available raltisfies the required minimum strength.

2241 Simple Hypotheses

We consider two simple hypotheses. Using the NeyRearson principle, we will test the
null hypothesis against the alternative one. Winennt-vector y has the probability density

function(PDF)f, (y|x), we may define two simple hypotheses Hasx=x,
versuH, x= X . Each hypotheses pertains to a single distingttpnithe parameter space.
The objective is to decide, based on observatpre observableg, from which of the two
distributions the observations originated, eithenf f (y|x) or fromf, (y|x,). The SLR
test as a decision rule reads (Teunissen et &5)2RejectH,, if:

M<a (2.68)

f,(y1%)

and accept otherwise, with a positive constaneéthold). It can be proved that the simple
likelihood ratio test is the most powerful test.

2242 Powerful Test

The simple likelihood ratio (SLR) test is derivedsbd on the Neyman-Pearson testing
principle. This principle states to choose amorigtesdts or critical regions possessing the
same size typkeerrora , the one for which the size of the typk error, B is as small as

possible. Such a test with the smallest possilgle ki error is called the most powerful test.

2243 Generalized Likelihood Ratio

In this section we address an important practipplieation of the Generalized Likelihood

Ratio (GLR) test, namely hypotheses testing indimaodels. In many applications, observed
data are treated with a linear model; validatiordata and model together. The goal is to
make a correct decision to be able to eventualljnpde estimates for the unknown
parameters of interest. This also provides us thighcriteria such as reliability to control the
quality of our final estimators.

The observables are assumed to have a normabdisbn. In addition, different hypotheses
differ only in the specification of the functionalodel. Misspecifications in the functional
model have to be handled prior to variance compomstimation. In this chapter, the
stochastic model of the observables is not suligaiscussion or decision. When testing
hypotheses on misspecifications in the functionatleh, we consider two types of equivalent
tests: the observation test and the parameterfisgmie test. These types of hypothesis
testing using the GLR are dealt with when the cawae matrixQ, of the observables is

completely known. This is called known. When the covariance matrix is known uphi® t
variance of unit weight, i.égy:U2 Q, we will give some comments in the following
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paragraph. This is referred to @& and is unknown. If the variance componerit of the
stochastic model is not known, which is the caserfost of our applications, the principle of
the least-squares can be used to estimate the wnkrtamponent. For this purpose we rely on
the theory of least-squares variance componentinastin (LS-VCE) developed by Amiri-

Simkooei (2007). The least-squares estimate ofitk@own o? is:

~_€Q'e
57 =8Q
m-n

(2.69)

where € is the estimated least-squares residual vectormard is the redundancy of the
linear model E{ y} = Ax. The preceding equation is of use when there g one variance

component in the model, which has been used int€rap and 7 of this thesis. However, the
estimation of more unknown components of the stetohianodel using LS-VCE leads to an
iterative procedure presented by Amiri-Simkooei0(20

225 Qutlier Detection

2251 W-Test Statistic

The following w-test statistic is used to screea dvservables for the presence of outliers. In
the linear modeE{ y} = Ax, whenm> n, e.g. data is used more than once, if the covegian

matrix Q, of observables is diagonal, the expression fonthtest statistic reduces to a very
simple form. The simple expression for thetest statistic then reads (Teunissen 2000):

w = (2.70)
.
§
12
o, :(Q% )ii (2.71)
Equation (2.71) is the standard deviation of trestesquares residualfor i =1, ... m.

This quantity is also referred to as the normalizsidual (Amiri, 2007).

The above test statistic has the standard normstilition under the null hypothesis, which
states that the observables free from gross errors (those that are nohefrandom nature).
The goal of the w-test statistic is to screen tlhseoved values (measurements) for the
presence of outliers. We might find the observatitas cannot fit the linear model and hence
the w-test statistic is of use to identify suchsgrerrors. The detected outliers can then be left
out to repeat the estimation process for obtainioge reliable results on the parameters. This
process is also referred to as ‘data snooping’.

2.3 DiIscUsSIONAND CONCLUSION

Theories presented in this chapter are the maimaisbn approaches used in this thesis.
Thus, descriptions presented earlier were ratmeplgied and straight forward, intentionally
prepared to suit the content of this thesis.
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The probabilistic method is all about to randomatales and uncertainties analysis. The main
probabilistic and reliability methods used in tdissertation are presented in this chapter. If
the geometry of every component is known and thebaduility distributions of load and
strength variables are determined, and limit statetions of the failure mechanisms are
given, the probability of hydraulic structure sysgecan be calculated. This can be applied to
technical management purposes to determine théydafesls of an existing system and to
find out the weakest point of the system.

The failure probability of every mechanism is themiculated using the above reliability
theory and simulation of random variables. Chapéefg and 8 of this thesis were principally
carried out using the Level lll Monte Carlo for silation method (MCS) or Level Il advance
first order second moment (FORM).

For major frameworks of this thesis, we presentceal approaches to establish a class of
linear estimation algorithms, including: Ordinagast square estimation (OLSE), Weighted
least square estimation (WLSE), Best linear unbiasstimation (BLUE) and Maximum
likelihood estimation (MLE). These concepts arefuiséor the analysis of least squares
estimation by combining probabilistic approachese Teast squares methods are considered
as one the popular classical estimation methodsngnemgineers because it gives lower
failure probabilityfor under design (Van Gelder, 2000).

In addition, the detection and validation of theer model was introduced. The hypothesis
testing in linear models, including the concepttedting simple hypothesis, and the w-test
statistic were discussed.

The formulation of linear model parameter estinratising the four methods explained above
have been presented. The best model which givemitst precise results is obtained using
the BLUE method in chapter 6 and 7. Such a modglires a realistic covariance matrix of
the observables, which can be estimated using LE-{EZjuation(2.69)). The BLUE method
not only is capable of estimating the parameterthen minimum variance sense, but also
provides us with the realistic covariance matrixte@ unknown parameters used for instance
in  Monte Carlo simulation. In addition, in cadenormally distributed data (Gauss-Markov
model), the MLE estimators were shown to be idahtizc the BLUE estimators.

Finally, the w-test statistic was introduced tontiy the blunders (gross errors) of the

observables. Our observables are suspected tdfduted by the possible large errors (gross
errors) which are not of stochastic nature. Thegdn® be detected and removed from the
analysis to obtain more reliable results. For tjual the ‘data snooping’ procedure introduced
in Section 2.2.5.1 and chapter 6 and 7 can be used.

38



CHAPTER 3

FAILURE MECHANISMS OF LARGE DAMS

Over the centuries all human civilisations havenbdeeatened by natural hazards such as
hurricanes, floods, droughts, earthquakes, etamiilg the lives of individuals or entire
groups bound by their residence or profession. Mauiiyities have been deployed to protect
man against these hazards. Even today money i¢ 8pavoid or prevent natural hazards,
because the consequences in developed societiesitaeased considerably. Other more
recent hazards are man-made and result from tiedkagical progress in transport, civil,
chemical and energy engineering (Vrijling, 2008)csas hazards from dams.

Engineering systems, components and devices arpentdct. A perfect design is one that
remains operational and attains systems objectitfeout failure during a preselected life.

This is the deterministic view of an engineeringteyn. This view is idealistic, empirical, and

economically manufacturing, constructing and engjimg analysis may far exceed economic
prospects for such a system (Modarres, 1999). Tdrerepractical and economical limitations

dictate the use of not so perfect designs.

Designers, manufacturers and end users, howevere $06 minimize the occurrence and
recurrence of failures. In order to minimize fadann engineering systems, the designer must
understand” Why” and “How” failure occurs. This wdunelp them prevent failures. In order
to maximize system performance and efficiently usgources economic optimizations is
proposed. In the following, typical failure mechems of dams are first presented, with
descriptions about failure models and the estimkiads.
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3.1 FAILURE MECHANISMS

3.1.1 Introduction

The prevention of failures and the process of wtdading why and how failures occur
involve appreciation of the physics of failure. Ilte@ mechanisms are the means by which
failure occurs. To effectively minimize the occurce of failures, the designer should have an
excellent knowledge of failure mechanisms which nb&yinherently associated with the
design or can be introduced from outside of théesgsWhen failure mechanisms are known
and appropriately considered in design, manufaaguriconstruction, production and
operation, there probability can be “minimized”tbe system can be “safeguarded” against
them up to a certain level through careful engimgeand economic analysis.

All potential failures in a design are generally kmown or well understood. Accordinglhe
prediction of failures is inherently a probabilcsproblem. This chapter provides an overview
of the application of the principal approacheseitability for structural safety studies, failure
modes and reliability analysis.

3.1.2 Estimating Loads

The three categories of loading conditions typicaéquired in failure analysis are static,
hydrologic, and seismic. Each of these loading oo is briefly described in the following
paragraphs. The discussion emphasizes the prodeetded by the designers, the range of
extrapolation and the uncertainty of the structuratponse probability estimates. The
technical details for developing the loads are dexcribed, but may be found in numerous
engineering textbooks and manuals. The resportgilbdr estimating load probabilities lies
with the supporting scientists and the technicaff gtarticipating in the risk analysis. The
parts of risk analysis shown in Figure 3-1.

Generally, load probabilities are estimated usimg staged approach. The level of detail of
the risk analysis determines the amount and quelditgformation used in the analysis. More
detailed stages of risk analysis may require metaildd loading condition information.

Additional work on the loading conditions is perfaed only if warranted by the value added
to the dam safety decision process (through thectexh or better description of uncertainty).
Extra study cost should be weighed against the a&demprovement in the quality of the
dam safety decision. The failure of upstream daousdcbe considered as loading conditions
in a risk analysis. The risk of multiple dam fadafincidents are addressed by assigning the
cause of failure to the most upstream dam failmeb iacluding the resulting dam failures as
consequences for that dam.
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Figure 3-1. Parts of risk analysis (Vrijling, 2002)

3.121 Hydraulic Loads

The static loading condition encompasses a widetyaof specific loading conditions to

which a dam is routinely exposed during the cowf@ormal operation. These loads can
include hydrostatic loads imposed by the resenamtic and dynamic loads imposed by
various operating components of the dam and ituid@pant structures, loads induced by
landslides at the dam or on the reservoir rim, yotHe hydraulic phenomena (overtopping,
overturning, sliding, piping, seepage, erosion,iteéion) associated with water passing

41



Failure Mechanisms of Large Dams

through and around the dam (see Figure 3-2). H¥yidr&ailure may also include damage to
spillway gates or operator errors associated witeg and spillways. Most static loading
conditions are related to the reservoir level eithegerms of the magnitude of the load, time
of exposure to the load, or the potential for adgeronsequences.

Upstream side
(headwater)

Downstream side
(tailwater)

Figure 3-2 Main loads acting on a concrete dam [9]

3.1.22 Hydrologic Loads

The development of flood frequency relationshipsl aaservoir inflow hydrographs are
important inputs to the risk analysis process. &k analysis, the focus of flood elevations
shifts from a single maximum event, like the prdbabaximum flood, to describing a range
of plausible inflow flood events. The products deped for a particular risk analysis depend
on the level of study and the information availalilesome cases, concurrent hydrographs are
needed for tributaries located downstream of stddgns so that flow conditions can be
defined for analysis of the consequences of floodiced failure modes.

3.1.2.3 Seismic Loads

For utilization within a risk-based framework, seis hazard evaluation must explicitly
contain information on the frequency of occurre(eed/or exceedence) of relevant loading
parameters. The currently accepted practice fotuating and conveying seismic hazard
information in this fashion is probabilistic seignfiazard assessment. The first step in any
seismic hazard evaluation is source characterizakor use in risk analyses, both fault and
areal sources should be incorporated into the Haaaluation (USBR, 2003).

3.1.3 Failure Model

Failures are the result of the equilibrium of seustresses (loads) and strength conditions
occurring in a particular scenario. The systemdramherent capacity to withstand such loads
however, capacity may be reduced by specific imeon external conditions. When stresses
surpass the capacity of the system a failure mayrosee Stress —Strength model shown in
Figure 3-3).
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S=Lonad
[ Stress)

R=Capacity
(Strength)

Figure 3-3. Framework for modelling failure

Most published risk analyses for dam safety focosfaur broad categories or modes of
failure (Hartford, 2004):

o Hydraulic failures due to abnormally high pool. Beeinclude among other things,
overtopping and subsequent erosion of embankmens,daverturning of gravity dams
and downstream sliding on a foundation.

o Mass movements. Due to extraordinary loads inadequaaterial properties or
undetected geological features. These include anotimgr things limiting equilibrium
instability of embankment dams, settlement leadmgvertopping, liquefaction of
foundation soils, and abutment or foundation ingitds rapid drawdown failure of
upstream face and reservoir landslides leadinguertmpping.

o Deterioration and internal erosion. These incluataong other things development of
sinkholes in the dam embankment, piping within d¢laen core and erosion of
foundation soils of joints.

o Operator errors. Hydraulic failures may also be sad by operator errors associated
with gates and spillway.

The failure modes are of major importance in staitdesign and assessment. A structure
can be seen as a series system where the reliabitiefined by the weakest link. Figure 3-4
shows an example for failure of a hydraulic struetAs with any model if the failure modes
identified are not the most essential, meaning tthate are unidentified or neglected modes
which will occur with higher probability, the oute® of the analysis will not reflect reality
no matter the refinement of calculation method&rmmwledge of input parameters. In most
design and assessment of concrete dams the daeaied as a rigid body when calculating
stresses. This is an idealization with limitatiozssd not considering these may lead to
erroneous results.
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Figure 3-4. Fault tree analysis for structurduii@ (Flood site, 2006)
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3.1.4 Observed Failure Modes of Dams

It is difficult to know if the failure modes deskbed above are the “true” failure modes and if
it is all possible failure modes. One possibilgytd analyse known dam failures, but those do
not necessarily cover all possible failure modé® {umber of concrete dam failures is,
luckily, not large enough to assume that all pdedihilure modes have been experienced). It
can also be difficult to know the exact failure rapespecially long time after failure has
occurred and for combined failure modes. It isl stibrth analysing but is not further
discussed here. ICOLD bulletin 109 (1997), 99 (%@t 111 (1998) mention two types of
failure:

o Piping in the foundation. Occurred for dams on galaer clay with no grout curtain
o Overturning of blocks or sliding in the foundation

3.1.4.1 Causesof Failure

As summarized by FEMA (2006) concrete dams faildioe or combinations of the following
factors:

o Overtopping caused by floods that exceed the digehzapacity
Structural failure of materials used in dam constron
Movement and/or failure of the foundation suppaytine dam
Settlement and cracking of concrete dams

Inadequate maintenance and upkeep

o Deliberate acts of sabotage

ICOLD Bulletin 99 (1995), gives a summary of daniluiees and Figure 3-5 shows the
reasons for concrete dam failures. Foundation problare the most common cause, internal
erosion and insufficient shear strength of the @@iion each account for 21 percent of the
failures. Of all concrete dam failures insufficiezdpacity of spillways during passage of
maximum floods was the primary cause of about 22qye of the dam failures and secondary
cause in about 39 percent of the failures. Alserafpon and human error will be extended in
the case of the failures not mentioned by ICOLD.

According to ICOLD Bulletin 111 (1998), a concrettam may withstand significant

overtopping and the limiting factor in such conalits is the erosion of the foundation or
abutments. Structural failure is usually due to kvéaundation, structural deficiencies or

sabotage. The failure of arch and buttress damssumlly assumed to be instantaneous.
Gravity dams are assumed to have relatively shatrtnot instantaneous failure time. The
frequency of dam failures is approximately the sdonell dam heights. The largest number
of failure is among new dams, failures frequentbcwr within the first 10 years after

construction and especially during first fill.

o O O O
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Figure 3-5. Cause of dam failures, after ICOLD Bt 99, (1995)

3.1.5 Failure Modes of Dam Spillways

Dam spillways failures can occur at any time inaant life; however, failures are most

common when water storage for the dam is at or design capacity. At high water levels,

the water force on the dam is higher and severti@imost common failure modes are more
likely to occur. Failure of dam spillways may beusad by a combination of factors. It is

important to be aware of the important causes iiress and the telltale signs that may
foretell failure. A description of the major causdspillway failures is given below:

o Overtopping. Overtopping caused by floods that eddbe discharge capacity.

o Sliding. Sliding of the whole dam section or a mitmoor part thereof along the
concrete to rock interface, lift joints (construtijoint) in the dam body or along weak
planes in the foundation.

Overstressing. Ultimate stresses exceed ultimategth in foundation or dam body.

Overturning. Overturning of the whole monolith arpthereof. This failure mode is
not explicitly accounted for in some guidelinesyésbe shown later in this chapter.

0 Seepage and Piping. A hydraulic structure due fongi in the case the solil particles
below the foundation are washed out due to exaessgpage.

3.151 Overtopping

When water levels rise rapidly and without adequedening due to flash floods, heavy rains,

a landslide in the reservoir that creates a tsupami a dam upstream collapses, overtopping
occurs and rise in level of a reservoir exceedmggdapacity or height of the spillways dam. If

the spillways become blocked with debris, like, stiud or trees, or the spillway gates are not
operated properly and water can not be releasedg th a danger that the water level in the
reservoir will rise higher than the crest of thendand spill over resulting overtopping.

o Insufficient freeboard leading to the flow of watarer the crest and channel of the
spillway dam in a manner not intended caused bystigerelevation, steps or pools,
obstructions and cross waves.

0 The energy dissipation arrangement at the endsyibway has insufficient capacity to
reduce the energy in the water to a safe level rbeib passes into the receiving
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watercourse. This can result in scour to the toéhefriver downstream. Scour hole or
erosional features can also develop further upstnecture.

3.152 Sliding

The water impound in a reservoir and the silt aadated behind the dam induces a
horizontal force on the dam structure that is tedi®y the shear strength of the base material
in the foundation to prevent the sliding type ofuize.

The stability analysis condition of a sliding moofefailure of a dam foundation follows the
principles of the stability of sliding blocks. Theit equilibrium analysis methods consist of
the calculation of the resisting and driving foreesing on the sliding surface, with the ratio
of these two forces being the factor of safetyhefdam.

3.153 Overturning

Overturning may occur if the stabilizing forces, inha the self weight are less than the
overturning forces. The overturning moments arewated around the dam toe or some other
relevant point, i.e. for lift joints in the dam bpdr other weak planes. Safety factors
according to Table 3.1 are used to ensure the wweng stability (Westberg, 2007).
According to RIDAS TA (Westberg, 2007) two criter® shall be fulfilled to ensure the
overturning stability; the one described above, #rat resultant forces fall within the mid
third of the base area (Normal load case) or withexmid 3/5th of the base area.

Table 3.1. Safety factors of overturning accordm&IDAS TA (Westberg, 2007)

Load case Safety factor
Normal 1.5(
Exceptional 1.35
Accidental 1.1

This criterion actually comes from the “cracked éagiteria” mentioned above: if the
resultant falls outside the mid third of the bassaatensile forces will occur in the upstream
heel of the dam, resulting in full uplift pressumehe cracks thus appearing. A comprehensive
review about overturning and different foundati@isdams can be found in Novak, (2001)
and Vischer (1998).

3.154 Overstressing

Overstressing will occur if the stresses inducedhsn dam body or foundation exceeds the
material capacity. For buttress dams the frontep(aead) will function as a cantilever beam,
one possible failure mode is overstressing of Hrilever beam. This case is, however, not a
global failure mode and will not be further disced$ere. Stresses are often calculated based
on “beam model” analysis using Navier’'s Equation.

As pointed out by Reinius (1962) the basic requeenbehind Navier's equation, that plane
cross-sections remain plane, is not fulfiled aadyér stress concentrations will therefore
occur at the heel and toe of the dam. Stresses firota element analysis will represent the
behaviour more accurately (Westberg, 2007).
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It is usually assumed (cracked base analysis)ithansile stresses calculated by rigid body
analysis occur at the dam toe, a crack will forrd arater will percolate the crack, causing
full uplift pressure along the whole crack length.

As pointed out in ICOLD bulletin 88 (1993), the coete to rock interface has tensile strength
that, for all practical purposes, is assumed tadye. This is since joints or fractures may be
located directly below the concrete/rock interfacel the rock mass will then not be able to
develop any tensile capacity (FERC, 2002). In RIDAS (2003) allowable stresses are
determined case-specifically and there is no recenaations regarding safety factors.

3.1.55 Seepage and Piping

Currently, it is difficult to determine if and whenseepage problem will occur at the site of a
dam. Advances over the past 30 years have incdgmbrdefensive design measures into
embankment dams minimizing the risk to piping peot$. However, safety-threatening
seepage incidents still occur at these dams asasedit dams constructed prior to this time.
Increased knowledge of the mechanisms and factat gromote seepage is needed for
reliable identification of those dams most likety have piping problems. The objective of
this work unit is to investigate and identify commals in which seepage through and under
embankment dams constructed on soil foundationsesapiping and internal erosion of the
embankment and foundation soils becomes critic@rfoPmance parameters will be
established for input into risk assessment witpeesto seepage and piping (USACE, 1970).

Piping plays a big role in the failure of dams, emkment dams (Teton dam), dikes, and
other flood defences. However, in this study thabpbility of failure by seepage and piping
is not discussed in detail. However, there areiexghnalytical) limit state functions which
can be approximately used to evaluate the prolalfi piping, which might be a case for
further research.

3.2 DiscUSsSIONAND CONCLUSION

This chapter discussed mechanisms or failure mofl@sdam for various combinations of
hydraulic loading.

The most common modes or failure mechanism of lalayas included flood overtopping,
overturning, sliding, piping, seepage, erosion,itaiens, slope stability, earthquake, and
failure of appurtenant works. The formation of a&dwh can occur in several ways, all of
which need to be assessed and probabilities askigihe ideal situation is that performance,
parameters are assessed by relationships to aadatalb performance, including dams that
have failed, experienced accidents and performetiowi incident. Failure mechanisms
should be analysed with probabilistic modellingfidly define the phenomena of critical
performance parameters such as variations in sdilrack characteristics, seepage, piping
and other aspects for failure formation. Failurechamisms of large dams were described
from the risk and reliability methods point of view
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CHAPTER 4

DETERMINISTIC MODELS FOR PLUNGE
POOLS

Downstream of free-falling jets (jet, ski-jump dprhy, flip buckets) energy dissipation takes
place in stilling basins, or more frequently, irumpje pools, usually excavated fully or
partially in stream bed during dam constructiort, gsnmetimes only scoured by the action of
the jet itself. Energy dissipation downstream frepillways is often necessary to protect the
reservoir structure, and to avoid embankment enosiben high velocity water jets are
present. Deposition of scour material downstreamfreservoirs also increases the tail water
depth, thus decreasing the total available heagdwrer production. At the early stages of a
project study, the estimation of the problems cdusethe scour downstream of the reservoir
must be addressed to check the feasibility of thgpt layout.

This chapter is organised as follows: first, thengle pool structure is introduced; then a
literature review on theoretical consideration tbe plunge pools (flip bucket spillway,
trajectory jet, energy dissipater, jet diffusiomdamechanisms characterizing the structures is
carried out.; third, the incipient motions (forcese discussed; forth, reviews of previous
research are presented and fifth, the probabikgiproaches are introduced.

4.1 PLUNGE POOLS

4.1.1 Introduction
In recent years, due to the consideration of lauge high reservoirs in narrow valleyand

higher standard dam safety, the general interebydfaulic engineers for the dissipation of
energy to be both economical and safe has growsidemably. Dams are also needed for
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power generation, irrigation and flood protectiomhe use of a flip bucket spillway with a
plunge pool as energy dissipator could satisfy letjuirements of safety and economy. The
flip bucket energy dissipater is able to direct thecharge jet at a relatively safe distance
from the dam, and it has some economic advantagieatier energy dissipators.

Energy dissipation at large dams with a significdesign discharge often is accomplished by
trajectory spillway in combination with a plungegbevhich normally proves more economic
than a stilling basin. The spillway plunge pooluimn may be considered if geotechnical and
geological conditions are sufficient and the depw&lg scour is acceptable. The scour
development is a significant concern because it exalanger the dam foundation and near
hydraulic structure including the flip bucket. Stemlley sides may become unstable because
their foot is eroded or spray is moistening therlmazl material, thus creating landslides.

The main question with respect to safety howevethes size of the plunge pool scour
including the scour depth. Today, it is common pecacto introduce bottom aerators in high
head spillway to reduce cavitation risk.

The flip bucket spillway energy dissipators canused at sites which are rocky and not very
erosive. In this case the plunge pool developsrasdt of self excavation of the bed from the
jet energy at the impact point. For the site inahhthe bed materials are not uniform at
different layers and not strong enough to toletiagehigh energy of the jet the construction of
a pre-excavated plunge pool is necessary.

There are a number of studies that predict thehdebscour and describe design procedures
for plunge pools. The equations which have beerldped by various researchers are mainly
based on model studies and on a few observatiom®intypes. Due to the complex nature of
the formation of the depth of scour and the langmioer of variables involved in the process,
the range of prediction of the depth of scour ugliffprent equations available is very wide.
Figure 4-1 shows a photo of the trajectory spillwaiKarun3 dam in Iran with 205 m height.

imsberarl Tewwr Mo Afwesd e Wt 3 4 F i

Figure 4-1. Plunge pool on Karun Dam in Iran (IWPQQO06)

Since the three dimensional flow in a typical plengool has not yet been subjected to
adequate mathematical descriptions and also dileet@omplex nature of the scour in the
plunge pool which is generated by highly turbulémivs and secondary currents available the
approach to describing plunge pool scour developrizebased on combining dimensional
analysis and experiments. There is a need ther&foidentify all the variables which might
have some effect on scour geometry and choose thasare relevant.
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The majority of previous studies on plunge poolusdoave emphasized the development of
equations of prediction of only the depth of scddowever, for the design of a plunge pool,

or in this case to predict the scour shape, otleenents of the geometry of scour pool need to
be defined. The maximum width and length of theusdwle are variables which need to be
involved in the analysis. The followings are theimabjectives of the present study:

1- To develop a set of equations to predict thexgany of scour. The use of some variables
such as total head and angle of the jet entry athdater depth is emphasized. The equation
developed should be able to estimate the scour giepiior the design of plunge pool energy
dissipators.

2- To obtain lab observation data related to meishas of scour and describe the effects of
significant variables based on these observations.

3- To examine the effect of the size of the plupgel and secondary currents within it on the
geometry of the scour.

4.2 STRUCTURE DESCRIPTION

This chapter reviews theoretical aspects of thegeses and mechanisms characterizing jet
energy dissipation and scouring in the plunge mmwnstream of a flip bucket spillway.
Subjects covered in this review include geometrjebtrajectory, evaluation of jet energy at
the bucket lip, and dissipation mechanisms in tnage pool. Effects of gravel properties on
the materials covered in this chapter are not threapplicable to the analysis of the data
collected. However, having a knowledge of theseries helps in better understanding the
mechanism and the effect of different parametevslied in the development of the scour
hole.

A discussion of the relative significance of th&eadent variables involved in the description

of plunge pool scouring is also included. This dsston addresses the development of
relevant dimensionless parameters to data expetsnagmed at describing flow and scouring

due to the flip bucket spillway.

4.2.1  Flip Bucket Spillway

A flip bucket spillway consists of a chute spillwayhich conveys water from the reservoir to

the bucket, and a flip bucket, which deflects thetaw jet a considerable distance away from
the dam into the plunge pool. The flip bucket syaly and the trajectory basin are composed
of five reaches as shown in Fig. 4.2, including:gfproach chute spillway, (2) deflection and

takeoff, (3) dispersion of water jet in air, (4)pact and scour of jet, and (5) tail water zone.

The length and slope of the chute spillway depenthe topographic and geologic conditions
of the site and on the desired distance the wattry be thrown downstream of the reservoir.
For the construction design of the flip bucket, rang consideration is given to the total
forces that are exerted on the bottom of the siraatainly from the centrifugal force of the
curvilinear flow. The dynamic pressure exerted lo@ floor of the bucket is proportional to
the square of velocity of the flow and inverselyogortional to the bucket radius. An
approximation equation for the pressure exertedhenbottom of the floor by centrifugal
force of the deflecting flow given by the USBR (¥97s as follows:
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P=0.096qV /R (4.1)

In the above equation® is the normal dynamic pressure on the floor of liueket in
kilopascal, gis the unit flow rate in square meter per secondis velocity at the bucket in

meter per second an®is the radius of the curvature in meter. The USACE70)
recommends a method in which the total deflectiogl@and the angle of rotation from the
beginning of the curve are used to calculate tlesgure at every portion of the bucket. The
relationship and the design curves are given in O5A(1970).

422 Trajectory Jet

The high velocity flow at the end chute spillwaydslivered some safe distance from the
reservoir in the form of a trajectory jet by usitng flip bucket. In regions where high wind

velocities prevall if the spray from the jet couldt be tolerated use of a flip bucket spillway
may not be recommended. If the material at thetpafirmpact of the jet is not strong enough
against scouring or if it is characterized by thhespnce of different materials at different
layers, the construction of a plunge pool with ipeap should be given consideration if using
a flip bucket spillway.

The path which follows depends on the initial vélpof the jet at the lip, the difference in
elevation between the bucket lip and the wateraserflevel in the plunge pool and the
deflection angle of the lip. To develop the equaidefining the jet geometry, the projectile
theory can be applied assuming that the jet is anlger the influence of gravity, and that
other influences such as air resistance, turbuleete are ignored. Figure 4-2 shows the
variables corresponding to the trajectory jets.

The following are the equations of jet throw dis@nlength of the jet, height of the jet, and
the angle of the jet entry to the plunge pool, eetipely, as developed from projectile
motion:

X; =V;cod Vi sing Ig+[( sir Ig)+ g} (4.2)
6,=8

L, =-V3(cosa )/g J' seddds (4.3)
Gy=a

Y, =V’ sin*a /29 (4.4)

,B:arctan\/ (tafa+ Bh ¥ cdar (4.5)

where, X, is jet throw distance from the flip bucket lip ttee point of impact in the plunge
pool, V, is velocity of the jet at the bucket lip, is angle of the bucket lip, g is acceleration

due to gravity,h is vertical drop height from the bucket lip to tater surface level in the
plunge pool,L; trajectory length of the jet from the lip to thiupge pool,Y; is vertical rise

J
height of jet, and3 is jet entry angle to the plunge pool.
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Figure 4-2. Schematic diagram of the flip buckaitehspillway, USACE, (1970)

4.2.3 Energy Dissipator

Dissipator of the kinetic energy generated at tgelof a spillway is essential for bringing the
flow into the downstream river to the normal coimtitin as short of a distance as possible.
This is necessary not only to protect the riveread bank from erosion but also to ensure
that the dam itself and adjoining structures likeevpr house, canal and spillway are safe.
Most of the jet energy needs to be dissipated bafaeaches the channel downstream from
the spillway. Some of the energy is employed inusicg the plunge pool bed. In order to

describe the physical processes of the formatioth@fscour hole, the characteristics of the
jet, as well as the geologic condition of the bedrdown the spillway, need to be studied.
The jet loses part of its energy through its fligham the bucket lip to the pool due to

expansion, internal turbulence processes and sstamce (Khatsuria, 2005).

However, most of the jet energy dissipates in thuage pool as a result of jet impingement
into the water mass and on the bedrock. The foonatf the air bubbles at the point of the jet
with the plunge pool cushions the dynamic forceshef jet as it moves into the tailwater,

dissipating part of the energy. Resistance of #ekrbaterial to the impact of the jet dissipates
additional energy. At the early stages of operatbihe plunge pool energy dissipator, the
bedrock acts as a flat plate, deflecting the incgnet to the surrounding pool. The deflected
jet acts on individual bed patrticles thus beginrnsegur. Initially the drag forces on the bed
particles exceed the resistance to motion. As tl@rshole increases in size an equilibrium
condition is reached in which drag forces are baddrby gravity components of the sloping
beds of the scour hole (Khatsuria, 2005).

The strength degree of fracture and propertiee@bedrock at the jet impact point affect the
rate, magnitude, shape and the extension of thershole in the plunge pool. The
hydrodynamic forces of the jet and the pressurédlup under the rock surface due to the
penetration of the jet into the bedrock are twoana&auses of erosion of impinging jets.
There are two distinctive regions of scour dueht® trajectory jet: a region formed as direct
result of the jet impingement, which is called Is@ur hole and a second region made of the
surrounding areas where scouring is due to a rdaiion and secondary flows, referred to as
the outer pool.

When the bed material at one side of the live s¢mle is more scour resistant than at the
other side the development of the scour hole dtside may become partially confined and as
a result asymmetrical recalculating and secondamysf in the plunge pool will distort the
otherwise symmetric shape of the plunge pool. Badmwith weak or open joints facilities
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water penetration which in turn accelerates thédbup of internal pressure and produces
faster breaking of the bed material (Amaian, 1994).

4.2.4 Jet Diffusion

A description of the jet dynamics including thetdimution of the velocity and pressure in the
plunge pool and the motion of the particle as alted the jet impingement can be used for
the analytical study of scour. Most of the studiesrently available on jet scouring are
vertical and horizontal jets under free submergeddtions: see Doddiah, Albertson and
Thomas (1953), Altinbilek and Okyay (1973), Wedtriand Kobus (1973), Beltaos and
Rajaratnam (1974) and Rajaratnam and Beltaos (1f@r #he vertical jets, and Ackermann
and Undan (1970), Mih and Hoopes (1972), Rajarataach Pani (1974), Rajaratham and
Berry (1977), Rajaratnam (1981) for the horizon&as and Hoffmans and Verhij (1997),
(2009), (2011) for the scour manual and jet scour.

For free trajectory jets enter the plunge pool vdthinclined angle and carry a significant
amount of air bubbles as a result of their flighthe air and impingement at the pool. As the
jet enters the pool the turbulent mixing of theoming jet with the surrounding flows cause
the velocity of the jet to the reduced consequeptijarging its size. These factors can
appreciably diminish the jet energy available fayseon of the bed material. The structure of
the impinging jet on a solid wall surface consistsfour distinct flow regions as show in
Figure 4-3 (Amaian, 1994). Immediately downstreairth@ impact point a potential core
exists which rapidly diminishes in size in the detvaam direction as a result of shear stress
between the core and the surrounding fluids. Thecitg in this region is equal to the initial
velocity at the impact point.

Cotre Region - N {

Free Jet Region

Impinging Region Stagnation Streamline

'

; ' i

Wall Jet Region ' V WallJet Region
' "

S ¢
Figure 4-3. Definition Sketch of the impinging {&maian, 1994)

After this transition zone the free jet region dolls which extends to some distance above the
wall. In this zone the flow is not affected by antrease of static pressure exerted from the
wall and the velocity distribution shows similarity profiles. Following the free jet region
the impinging region forms in which the flow turftem its initial direction to the direction
very close to parallel to the wall. After this ppthe pressure gradient gradually decreases
and the wall jet region forms. This region consdtevo different shear zones:

-A boundary layer near the wall in which the velpahanges from zero at the wall to some
maximum value.

-A free shear region with a decrease in velocity similarity profiles in velocity distribution.

For the normal jets flow is entirely axisymmetrar fall the regions, whereas, in the case of
oblique impinging jets, except for the free jetioggin which the flow is symmetric, the other
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regions do not possess an axisymmetric flow. FiguBshows that the stagnation point (s)
dose not occur at the centreline of the incominggént c.

In order to study the extent of the local scour tlu¢he jet impingement into the pool the
flow pattern in the scouring area and its effectsoouring can be used as a basis for an
analytical solution. The most severe hydrodynansttoa from the impinging jets occurs at
the impinging region where the pressure gradiesitsal as the magnitude of shear stress are
significant. The roughness of the wall is one @& plarameters which has an effect on the flow
filed at the impinging and wall jet zones. Empilia@lationship for the shear stress
distribution of smooth and walls are given by Koblusister and Westrich (1979).

The permeability of the bed materials is anotheampeter that affects the pressure and

velocity profiles in the deflection and wall jetrms. The stagnation pressure and the radial
velocity as well as the resulting bed shear stegesreduced as the bed becomes more
permeable. The energy of the incoming jet is degsigh by seepage through the permeable bed
such that less energy is left for erosion and fprartof the bed material.

4.3 |INCIPIENT MOTION

The process of the removal of bed particles cabdber understood by analysing the forces
causing scour. When a fluid flow passes along éasercomposed of solid particles if the
hydrodynamic forces of flow which favor sedimenttran become larger than the resistance
forces on the particles then incipient motion armb®n of the bed materials will result. The
concept of incipient motion of the bed particlesaisrery complex one. Initial motion is
subject to the influence of several physical patensesuch as the type of flow, bed slop, bed
roughness, and physical properties of the bed mhtsuch as size distribution, shape,
density, fall velocity, porosity, angle of reposktbe sediments and so on (Vanoni 1975,
Simons and Senturk 1977).

When the net hydrodynamic force on a particle reachvalue such that any slight increase
causes the particle to move the critical or thr&slondition is said to have been reached
(Vanoni, 1975). At the critical condition values \&flocity and shear stress are said to have
their critical or threshold values. The initial noot of the particles can be defined by both the
boundary shear stress on the grain or by the fheidcity in the near of the particle. The
choice of shear stress or velocity depends on ltwe $ituations, type of problem and the
availability of the data of critical conditions fihe field.

In the regions of non-uniform flow or unsteady flaendition the use of shear stress as a
variable to define the incipient motion is not abie. In sediment transport problems, critical
shear stress is the preferred criterion for incipraotion, whereas, in the design of riprap, the
critical velocity is commonly used. The use of ity for analyzing the incipient motion in
riprap design is convenient because drag andolitels are commonly expressed in terms of
the fluid velocity. For laminar flow the initial ntion condition can be defined very easily. As
soon as flow exceeds the critical condition the padicles start moving. For turbulent flow
the immediate forces acting on the sediment parficictuate with time. Therefore, only a
few particles may be in motion when flow is nea thcipient motion. This is a main reason
why it is difficult to exactly define a criterionof the incipient motion of the particle at
turbulent flow.
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431 Hydrodynamic Forces

It is easy to imagine that there is a critical eabf the flow velocity at which a grain is no

longer in equilibrium and starts to move. Figurd 4hows the forces acting on a grain. A
drag force by the flow on a stone is easily imalgieaA lift force is mainly caused by the

flow around a grain. The various flow forces on gnain cab can be expressed as follows.

Figure 4-4 Forces on a grain flow (Schiereck, 2001)

The drag force is defined as the dynamic forcehef fluid on a particle in the direction
parallel to the bed. In general, the drag force aorsubmerged body consists of two
components: shear drag (skin friction drag), whechelated to boundary layer development,
and pressure drag (form drag), which is due to somes differences at zones of flow
separations.

The lift force is a component of the hydrodynanoccés on the particle normal to the bed.
The work of Einstein and Samni (1949) is one ofghmlies most frequently used to calculate
the mean life force that is exerted by a turbufent on a bed patrticle.

Drag froce : K :% G p, UA

Shear force Ezé Cp, b A Flp, Ut (4.6)

Lift force F, =%CL 0, WA

in which C,, C_and C_ are corresponding coefficients of drag, shearldintbrces, p, is

density of the fluid,u is fluid velocity, andA is a characteristic projected area of the particle
perpendicular to the direction of flow. The dragffwient is a function of particle shape and
also of the flow characteristics at the vicinity thie particle as expressed by the Reynolds
numbemRe,, .

The lift force is balanced directly by the submergeeight, Shear and drag are balanced. The
relation between load and strength can be expressed

p,u. d* 0 (ps—p,) g (4.7)
The velocity used is the critical velocity. Thistis to a dimensionless relation between load
and strength (Schiereck, 2001):

UED{MjgdzAgd: d= Ka gc (4.8)

w
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All formulae on grain stability come down to thisoportionality. There are numerous
formulae but there are two famous methods for thkil#ty of stones in flowing water.

Izbash, (1930), expressed relation equation (49) a

2

u =1.2/2Agd or Y% -7 or Ad= 0$ )
JAgd 29

Shields (1963) assumed that the factors in detengnitihe stability of the particles on a bed

are the bed shear stregsand the submerged weight of the particles. Shigidss a relation

between a dimensionless shear stress and so-palfede Reynolds number.

T u? u.d
c - c :f Re :f C 410
(ps-p,)od Agd (Re) ( v j (4.10)

. is usually called the Shields parameter and islilgy parameter which is defined using

a critical value of the velocity. The critical beldear stress (or critical mobility parametey
can be obtained graphically, directly from the nfiedi Shields diagram in or by using
expressions that fit the Shields diagram (Hoffmamd Verhij 1997). Figure 4-5 illustrates the
Shields relation.

Y. =

)
>
o =
=
)
]
"
= 1.0
0.8
g 8¢
= 04— D o
wn —_ —_—
w 0.3 ‘*\ ~ \/O.‘I(p 1)gD
% N
2 \ [ 11 |
w 0.1 L 2 4 |6/810 20 40 60 (100 200 | 400 1000
S o.08 S L .4 A V.4 VA » il N T i B WA VAV
= o0.06 <N i 7 17 17 i v 7 77
= 998 ~d VA A V., 04 Vi 7 7 12—
© o.o0a LA 7 VAV G40 7= S
. <~ VA S hi
0.03 Shields curve {
0.02 [ [ ILLLL]
0.2 0406 1 2 4 6 810 20 40 100 200 500 1000

Boundary Reynolds Number R_*= “:—D

Figure 4-5. Shields diagram (Hoffmans and Verh§ a9

4.4 PREVIOUS RESEARCH

There are a number of research studies in thearplinge pool scour due to the different
types of jets including vertical circular jets, lrantal two dimensional jets and submerged or
free jets. A review of existing literature helpsbetter understanding the mechanisms and
significance of different variables for specificnelitions. The purpose of this section is to
show the importance of the dissipation of the jetrgy by giving an orderly review of the
case histories of the damages caused by developofeah excessive depth of scour
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downstream of the reservoir and the methods usatifteyent research studies to predict the
size of scour hole and analysis with probabilistiethods.

In recent years the use of the free trajectory getsh as form flip bucket ski jump and free
overall spillway and their associated plunge padoldissipate the flow energy has increased.
The safety of many dams has become endangeredsaecathe lack of appropriate energy
dissipator structure. In some cases, because ttemteaf the scour hole was grater than
anticipated and the cost of the repair to ensueestfety of entire structure were relatively
large. The following are case histories of someqiype dams with severe scour problems
(Mason and Mice, 1984).

1. Alder Dam in the United States of America is &®Migh with a flip bucket spillway

capacity of 2,66&17°/s. During the period 1945-1952 the extensive useahef spillway

resulted in the development of Bi1x37mx25m deep scour hole at the base of the hill
below the bucket. In addition the deposition of szeur material into the river downstream
caused an increase of the tailwater depth and eeswdt the loss of power output. The

remedial work in 1952 used about 6,0000f material and reinforced concrete for the repair.

2. Tarbela Dam in Pakistan is another example fhpabucket spillway that dissipated an
insufficient amount of energy. The flip bucket ahgervice spillway was designed to pass
flow of 17,420m*/ s. The operation of this reservoir started in therngpof 1975. After two
years of operation an excessive amount of scouchmivas 110ndeep at the right side and
80mdeep at the left side of the pool was discoverda: on uniformity of the bed material
caused an asymmetric shape of the scour hole.

3. Picote Dam in Portugal is a @0 high arch dam with a discharge capacity of about
11000m*/ s. Due to the flood of 1962 a 2@ deep scour hole was formed. The deposited
materials downstream of the scour hole producediam high bar causing a significant
reduction in the available head for power genenatio

4. The Grand Rapids generating station in Canattaavspillway capacity of 4000°/ swas
completed in 1962. During the first four years pemmtion the spillway operated for longer
periods than it was anticipated at the time of glesihe depth of scour hole after four years
of operation was 30% larger than it was anticipddedhe entire life of the structure. The cost
of remodeling which involved the extension of theute 20m to the upstream face of the
scour hole and also the construction of the dersidit¢éo direct the flow to the downstream
edge of the scour hole for prediction of the bottooie against further erosion was estimated
to be 1 million dollars.

The studies of scour by impinging jets can be aaiegd into the following groups: vertical,
horizontal and trajectory jets, submerged, or figs, high or low drop jets, aerated, or
nonaerated jets, and jets with various boundaryfigorations. The following paragraphs
discuss some of these studies.

Altinbilek and Okyay (1973) investigated the losabur caused by the vertical submerged jet
on a flat cohesion less bed. A rational method dase the application of an equation of
continuity to describe the bed geometry and thasfrart capacity as a function of flow
conditions and time was developed. The resulthisfstudy show that the ultimate depth of
scour is a function of the jet Froude number, meariicle size diameter, jet thickness, jet
velocity and the fall velocity of the sediment. TleeFroude number was defined as:

Fr=(U //gb) (4.11)
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In which U is a velocity, g is the acceleration of gravity ahds the thickness of the jet.

Westrich and Kobus (1973) have shown that the mamerflux of the jet and the distance
between the nozzle and the sediment determine dke of scour. The flow velocity
distribution and the fluctuation of pressure adjade the bed were found to have significant
effect on the formation of the scour hole.

Doddih, Albertson and Thomas (1953) conducted dystf scour caused by circular solid
and hollow jets issuing vertically downward impingion an alluvial bed covered by a pool
of water at different depths. The results of thisdlg show that at large tailwater depths, the
rate of scour and initial depth of scour were smaliereas for shallow tailwater depth the
opposite is true. Also, they found that the magtetof scour increases as the tailwater depth
increases until the depth reaches a critical vaidter this point any further increase of the
tailwater depth reduced the depth of scour.

Rajaratnam and Beltaos (1977) performed experimamthe erosion of impinging circular

turbulent air jets on loose beds of sand and paigse. The results show that the maximum
depth of scour varies linearly with the logarithfrtime and for an appreciable period of time
the scour profile departs from the linear trend aerdches an asymptotic state. They
concluded that for large impingement height chardstics of the scour hole in term of the

drop height H is a function c[ﬂ:r/(h/d)] in which Fr is the Froude number, equal to:

Fr=U,/\g.d(Qp/p) (4.12)

where, p is the mass density of fluid anfjo is the difference between the mass densities of
the bed particles and the fluid,is the diameter of the jet and|, is the velocity of the jet at

the nozzle. For low values df the length characteristics of the scour hdlevere found to
be mainly a function ofFr . In another study, Rajaratnam (1982) found thatenthere are
similarities between the air-sand and water-sargteqys there are also some differences
between these two systems regarding the depthaonir snd the radial extent of the scour
hole. In both systems the maximum depth of scodrtha radial extent of the scour hole are

mainly a function of the paramet(Frr/(h/d)], but for some values of this parameter the

depth of scour in the water-sand system is smaherthe radial extent of the scour hole is
much smaller than those in the air-sand system.

Beltaos (1976) conducted an experiment on the vblimpingement of plane turbulent jets
by using air as the flop medium. A semi-empiricathod was developed for the calculation
of wall pressure and shear stress distributiohéeimpingement region. The results of this
study show that the jet thickness grows linearlgl t#re rate of divergence is independent of
the impinging angle and included impingement heighereas it depends on the Reynolds
number.

Blaisdell and Anderson (1991) performed experimeatsgevelop criteria for the design of
pipe plunge pool energy dissipators. The testsrcauwange of flow discharges pipe heights
from tailwater level and bed material sizes. Thaadigns developed can be used to predict
the time development and ultimate size of the sbole and also to design the riprapped pipe
plunge pool energy dissipators.

Son (1992) conducted a model study on the scouerusgbmerged inclined jets by using
spherical particles. The results of this study shbet the Reynolds number of the jet is
insignificant for the incipient motion of the bedrpcles. It was found that the effect of the
width of the plunge pool can be neglected whenréti® of the width of plunge pool to the
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size of the nozzle is greater than 4.5 and thecetiethe width of the plunge pool varies as
the tailwater depth changes. The research resultdte development of equations predicting
the maximum scour potential for two regions of gktfusion; first, the region of flow
establishment and second the established flow medibese equations were developed both
from theoretical analysis and from regression agalgf the experimental data.

Johnston (1990) investigated the development ofsttwaur hole in shallow tailwater depth
formed by a horizontal triangular jet. In horizdnsauubmerged rectangular jets and with
shallow tailwater depth, the jet generally curvibez toward the free surface or toward the
bed. For this reason the scour formation is unetdliiree regimes of scour development have
been described for this case.

Sobey, Johnston and Keane (1988) conducted expgaimstudies on the performance of
horizontal round buoyant jet in shallow water. THeynd that the proximity of the bed and
then free surface have significant effect on tbe/fpattern. At shallow tailwater depth the jet
initially deflected toward the neighboring bed, wwheeduction of the jet momentum occurs
and buoyancy gradually dominated the flow patteunsing the jet path to rise toward the free
surface.

The scour due to free over flow of the crest ohadams can cause severe damage to the
foundation of the dam. Due to the almost vertiaatrye condition of the falling jet at the
impact point to the pool the shape and locatioa stour hole forms close to the toe of the
dam the shorting of the seepage lines causes aeas® in the seepage amount and
consequently reduces the safety of the structurangVand Cheng (1990) estimated the
maximum depth of scour caused by over falls flowhwogh theoretical and experimental
approaches. The theoretical study is based on tmeamtum principle. Dimensional analysis
was used to develop an equation based on the exgreal data to predict the relative
maximum depth of scour.

Most of the studies in the area related to the rseoe due to free trajectory jets from flip

buckets. A large number of equations have beenlaes@ to predict an ultimate depth of

scour. However the type of method of approach dednumber of variables involved in

equations vary from study to study. Some equatlmge been simplified by ignoring the

effect of some important variables due to eithesqeal preferences in the choice of variable
by different researchers or to problems in meaguand controlling the variables. The

following is a brief discussion of some of thesgdsts.

The general form of the scout, measured from the tailwater surface is:

d.=C g H'BY/d] (4.13)
where, C is a coefficient,3 is the angle of the flip bucket with the horizdntd,, is the
particle size (nm), q is specific discharge n(uz/s)T and H is the difference between

upstream and downstream water leveis)( The range of the coefficie@ and exponents
X, ¥, zandw is: (Novak (2001)). :

0.65<C<4.7 0.5%<0.67 0.1y<0.5 , 0<0.3 , Ow<0.1

Figure 4-6 shows the density function of the ca#&fht and parameters in equation(4.13).
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Figure 4-6. Density function of the above givengmaeters

Thus the range oflgis wide, as is only to be expected because equdtii8) covers a wide

range of structures with different designs, degrentrainment, and geological conditions.
Accepting the possibility of 100% errors a simgdi equation by Martins (1975)
withx=0.6,y=0.1, w=z=0and C =1.5can be used:

ds =1.5 " H®* (4.14)

where, d, is the critical depth, angs, is the upstream angle of the scour hole, whicéa is

' Mer

function of the flip bucket exit anglgg but does not vary widely (34 <24’ for 10P<
p<40).

Chee and Padiyar (1969) developed equations tacpribe ultimate depth of scour and the
scour hole configuration. In their study they fouhdt the maximum depth of scodg(m)
depends on the spillway dischargén?/s) the head drop between the reservoir level and
tailwater level in the plunge podi (m) and the mean particle sizig,(m).

dg =2.126>% H O /0% (4.15)

Wart and Meel (1983) correlated the data colledtech experience and literature using unit
discharge and head as independent variables toatstithe scour hole depth in the plunge
pool. The data were divided into two groups, higladhwhich is greater than or equal 3)(
drop, and low head for the reservoirs with les tBa(m) drop. The equations for the depth
of scour were accompanied by equations of 95 pecmarfidence and prediction intervals.

Coleman (1986) applied Veronese’s scour formulawtich dg(m) is the vertical depth of

scour below tailwater,H (m) is the effective energy of jet entering the tailer, and
q(m?/s) is the unit discharge. This formula was develofpede applied to the vertical falling
jets.

dg =1.9 H 2% 0% (4.16)

Colman fond that Veronese’s formula can reasonestiynate the limiting scour depthdtf is

measured in the direction of the tangent to thesigty to the pool. The result of this study
shows that the predicted value of the location @xmmum depth of scour was further
downstream from the observed results.
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Mason and Arumugam (1985) examined the scour faswhich have been proposed to date
with prototypes and models data of such prototyjeesheck the accuracies of individual
equations and also show what variables were mgmfisiant. The result of this analysis
shows that the unit flow rate, the head dropH , and tailwater depthd, , are the most
important variables for the estimation of ultimdepth of scour. For those equations in which
the particle size is included the use of mean garsized,,, gives better accuracy than using

dgo. That study resulted in the development of an ggudor the estimation of ultimate depth
of scour by including the depth as an additionaialde.

ds = 327 q0.60H O.OSdW 0.15/ (g 0.3.dm0.03 (417)

Mason (1989) demonstrated that the head d#gpmay not directly affect the scour depth,
other than by varying the amount of air entrainedhie plunge pool. This in turn affects the
force on particles of bed material. An alternatesgression that better described the scour
process was therefore proposed.

ds = 339 q0.6 (1+ k jD.SqNOlG / (g O.SIan.OG} (418)

where,k is ratio of air to water, and calculated with tfosmula:
V.. H
k=(1-Ye 0.446 4.19
( v )(—b) (4.19)

whereV is the jet impact velocity, and the minimum jeto@ty Ve required to entrain air
and the thicknesb at impact.

In recent years a number of model studies have beeducted at the Utah University Water
Research Laboratory to predict the depth of scelovb flip bucket spillways and under the
vertical jets. Barfuss (1988) used energy of thafehe flip bucket lip,E , instead of the total
head for predicting the depth of scour below tri@jgcwater jets. The jet energy is defined as
follows:

2
E=\2’_+_2+ H, (4.20)
g

whereV is the velocity at the flip bucket lidy is the thickness of the jet at the lid, is the

drop height from the bucket lip to the water sugféevel in the plunge pool. Barfuss (1988)
found that the scour hole is unstable at low taiéwdepth, and at lower range of unit flow. In
his formulad,, is the diameter of 90 percent of particle size.

ds = 2.432q0.66 EO.33 /(g 0.33. 5.32) (421)

Yildiz et al (1994), suggest that for applying thesmula to spillways with flip buckets etc, it
should be modified to:

d, =1.909”**H****sing (4.22)
where @ is the jet impact angle at tail water surface.

Amanian (1994) developed a set of equations toigiréte geometry of scour. He used some
variables such as energy of the jet instead otdted head, the angle of the jet entry to the
pool, and the tailwater depth is emphasized.

ds - 025 q0.95E0.65(Sinﬂ )0.6 /(H 0.70 0O.SO: (423)
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LS — 2'40 q0.25E0.4OH O.l%(jOAO/(d\;OO.lC-)(SinB ) O.Zj (424)
W; = W, +0.55 ¢*° E*(sing \*® /(g0 H] (4.25)

where q(m?/s) is unit discharge? is angle of the jet entering the plunge pool igree,

H (m) is depth tailwater in the plunge poxl, (m) is length of trajectory jet\, (m) is width

of the bucket lip, Lg(m) and W;(m) is maximum length and width of the scour hole
respectively.

Azmathullah (2005) performed experiments to develgpations to predict the ultimate depth
of scour and the scour hole configuration. It waanid that the geometry of scour hole
downstream of the ski-jump bucket spillway. It ssbd on the approach of neural networks
and it involved analysis of an extensive data bas®der to obtain the depth, the location of
maximum scour from the bucket lip, as well as thdthvof scour hole out of the given
parameters of|, H,R, d,;,, 4, and ¢.

ds _ q o0a Hi o015, R 0233050 019 0.1
—==6.914 8
| (o Gy yorefin g 28)
Ls _ q 420 Hi o280, R y0.043850 | 0,037, 03
—2.=9.850 4.27
| (o Gy s i 77)
W _ q 0015 Hi voss1, R (0139050 \ 0247\ 01
—==5.420 3
5200y ) ) 28)

where H (m) is the head between upstream reservoir watet &k tail water level R (m)
is radius of the bucked,, (m) is tail water depthg is lip angle of bucket (radians).

4.5 DIMENSIONAL ANALYSIS

This section introduces the procedure of dimensianalysis and describes Buckingham’s
IT-theorem. In engineering the application of hydiaahd fluid mechanics in designs make
much use of empirical results from a lot of expenms. This data is often difficult to present
in a readable form. Even from graphs it may badiff to interpret. This is a useful technique
in all experimentally based areas of engineeririgt Is possible to identify the factors
involved in a physical situation, dimensional as@ycan form a relationship between them.

45.1 Buckingham’s II-Theorem

The Buckingham P theorem is a rule for deciding how many dimensissle

I
numbers (callefl’s) to expect. The theorem states that the numideindependent
dimensionless groups is equal to the differencevéen the number of variables that
make them up and the number of individual dimersidnvolved. The weakness
of the theorem, from a practical point of view,th&t it does not depend on the number of
dimensions actually used, but rather on the minimoumber that might have been
used.
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The Buckinghanhl theorem is a key theorem in dimensional analysis. & formalization of
Rayleigh's method of dimensional analysis. The fr@oloosely states that if we have a
physically meaningful equation involving a certasmber, n, of physical variables, and these
variables are expressible in terms of k indepenflemamental physical quantities, then the
original expression is equivalent to an equatiomoiving a set of p=n-k dimensionless
parameters constructed from the original variabiess a scheme for dimensionless. This
provides a method for computing sets of dimensgmlgarameters from the given variables,
even if the form of the equation is still unknowrowever, the choice of dimensionless
parameters is not unique: Buckingham's theorem prdyides a way of generating sets of
dimensionless parameters and will not choose th& ptoysically meaningful.

45.2 Equation for Scour Hole

An important objective of this model study was tevelop an equation to describe the
geometry of the scour hole. The development andstgeificance of the dimensionless
variable (1-terms) and some individual variables describirg geometry of the scour hole
due to the flip bucket spillway were discussedrnavpus chapters. The aim of this section is
to discuss and present the equation that resuibed this model study.

453 Dimensionless Equation in Plunge Pool

Due to the complexity of the problem and also theklof theoretical explanation for the
development of scour below the flip bucket spillwélye employment of the dimensional
analysis is suggested both to reduce the numbearidbles and assist in the experimental
design. Dimensional analysis provides a strategyglioosing relevant data and how it should
be presented. Scour geometry depends on many learidiat characterize the flip bucket and
the plunge pool. With reference to Figure 4.7 siifation of some of these variables and their
description follows.

a: approach chute ‘ b: deflection and takeoff ‘ c: dispersion of water jet in air
d: impact and scour of jet ‘ e: tail water zone
a b C d e

YL

— K

Figure 4-7. Scour profile and plunge pool charastier(Khatsuria, 2005)
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4.6 DEVELOPMENT OF EQUATION

The dependent variablds, L, ,\W; may be expressed in terms of other variables ey th
following functional.

ds = £,(0 Hy, Gy, G, VP Ty Gl Gy RO (4.29)
Ls = f,(0, H;, 050, G, V., 0,050, 94\ Oy RE ) (4.30)
Ws = (0 H, o G, Vopw 050, M v Ay RO (4.31)

The general form selected in this study for theagiga relating a -term with a number of
independenti-term is in the product of powers of relevaniterm, i.

MN,=cnN®N%MnN%..N& (4.32)

The value of parametetsa,, a,,a,,....., a, which were obtained from a multiple regression

analysis, can then be replaced back into equa#oB2). Applying the Buckinghaim-
theorem, withV, d,, p,,, g as repeating variables, equations above are tianetl to:

d. . V H d, o 4 R

9_¢( vV H & & 4 R 4.33
6, "gq 4, 4, d * ava, T, (4.3
L. .,V Hd g . 4 R

Sop D S e KR 4.34
6, " eq a4 4, % ava, a, (439
Wi Y B dh X # Ry (4.35)

Since the flow is a fully turbulent flow, the visity has a negligible effect on the local
plunge pool scour; hence, equations above camtyaiBed to the form:

dS - ) Hl as R as d50 ay i 5 6
a, (Fr) (dW) (dw) (dW) (sin@)* Gs f' (4.36)
LS - g Hl a R as d50 ay i 5 6
a, =(Fr) (—dw) (—dw) (—dw) (singy* Gs ¥ (4.37)
WS = a Hl az R as dSO A4 (qj 5 6
q, (Fr) (dw) (dw) (dw) (sin@Y* Gs f' (4.38)

46.1 Physical Meaning

The physical meaning of the proposed model giverednation (4.29) to (4.31) closely
conform to the mechanisms of the geometry of plupgel subjected to depth, length and
width. These equations explain that the scour dégth, length (Lg) and width {\;) of a
plunge pool are a function of Froude numbeér |, differences up and down stream water
level (H,), specific gravity G5), bucket radius R), lip angle @) , normal water leveld,, )

and mean particle sizel{,). Recall that the proposed model in this chapt&s intentionally
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developed to provide a better description aboutngtoy of plunge pool. The proposed
dimensionless limit state function analysis LSF elod created based on the multivariate
regression analysis method and is presented inteh@p This model is designed to provide
better visual views of the geometry of plunge pddius these equations are comprehensive
enough to illustrate the physical layout of geomefrplunge pool.

4.7 CONCLUSION

This chapter provided reviews on the theoreticpkats of the processes and mechanisms of
damage modelling and characterizing jet energyightisn and scouring in the plunge pool
beneath a flip bucket spillway.

In addition, several research works related to gdumpool scour governed by different
parameters were also presented. The review wastraearoviding better understanding on
the mechanisms and the effect of different paramsetevolved in the development of
geometry of the plunge pool.

A discussion about the significance of differentiafales involved in the description of plunge
pool scour was also included. This discussion ad@é® the development of relevant
dimensionless parameters describing the flow andrsadue to flip bucket spillway.

The purpose of this chapter was also to emphabgémportance of jet energy dissipation.
Discussions were directed at the review of casd¢oites of the damage caused by
development of an excessive geometry of scour divears of the reservoirs. Also, the
methods used by different research studies to grade geometry of scour hole were
presented. The application of flip bucket plungelp@s energy dissipators was described as
well.
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CHAPTER S

DETERMINISTIC MODELS FOR
SUPERELEVATION

Flow in open channel bends is characterized byscstream circulation which redistributes
the velocity and the boundary shear stress anclijeshapes the characteristic bottom
topography. River channels do not remain straightahy appreciable distance. The winding
of channel platforms and the tendency to creatgcaession of shoals and depths have been
of interest to hydraulicians, mathematicians andnpérs for more than a century. The
physical explanation of shoals and deeps has losified as the attenuation of the velocity
filed by secondary flow. Secondary flow or curreatgur in a plane normal to the local axis
of the primary flow and are brought about by theeraction between the primary velocity
with gross channel properties, resulting in spicalgortexes (Krhoda, 1985).

The so-called centrifugal force caused by flow aba curve results in a rise in the water
surface at the outside wall and a depression ofstitace along the inside wall. This
phenomenon is called superelevation. The probless®ciated with flow through open
channel bends deserve special attention in hydramgineering. Water surface slopes have
been frequently reported to be a function of thevature. But due to the difficulties in
operation, the theoretical basis of superelevdimsbeen discussed thoroughly as reported in
the literature. Furthermore, experience indicated existing theory does not lead to good
results.

In this chapter pressure models are described foBbwed by the review of the previous
research on mathematical models and supereleviatmpen channel bends.
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5.1 LITERATURE REVIEW

The first work on mathematical modelling of flow urved channels is based on the
assumption of laminar flow assumed by Boussine&®1Bean 1927 and many others. These
analyses have also contributed to the understamafiige complex flow pattern in curved
channels with turbulent flow, but the quantitatidlescription is not good enough for most
engineering purposes.

A mathematical analysis of the secondary flow umdorm turbulent flow was carried out by

Van Bendegom (1943 & 1947, the latter Engl. trah863 & Allen (1977)). This analysis and

the introduction of perturbation techniques (witle depth-radius of curvature ratio as small
parameters) in the analysis of curved flow by Aramy(1957; Engl. transl. 1965) and

Rozowskii (1957; Engl. transl. 1961) suppose adangprovement of the understanding and
mathematical description of the secondary flow padly also its interaction with the main

flow. Later on many solution methods of mathematioadels of curved flows based on

perturbation techniques have been published; fetante Yen (1965), De Vriend (1973,
1976, 1977& 1979), lkeda (1975), Gottlib (1976) dralcon (1979). In these perturbation
methods it is assumed that the main flow distriiuis unaffected by the secondary flow. De
Vriend (1981a, 1981b) avoids this assumption, hsittivo-dimensional model only works

well in mildly curved flows with vertical side wall

Qualitatively, the influence of the secondary flam the main flow (secondary flow
convection) has been known for quite a while, batthematical modelling of this effect,
without excessive computational costs, has beekingc Only recently Kalkwijk & De
Vriend (1980) incorporated this effect into a twimdnsional depth integrated model for
rivers with gently curved alignment and mildly slog banks. For the case of channels with
steep banks and of rectangular channels no simmledimensional model which includes
secondary flow convection has been developed y&.tD the fast improvement of computer
capabilities fully three-dimensional flow computats have become feasible in the past
decade. For curved channel flow the models camaf3mnly cope with rectangular channels.
Pratap & Spalding (1975), Leschziner & Rodi (19713, Vriend & Koch (1981) report such
computations. In combination with a thorough analysese computations may contribute to
an improved understanding of the flow in a ben@sBntly, the three-dimensional models are
not applicable in a morphological model, becausectimputational costs are far too high.

5.2 MATHEMATICAL MODEL

5211 Theory

The water surface profile of flow in a channel bé&hdxpressed implicitly by the equations of
motion for the flow. Thereforanathematical expressions for the free surfaceeslgtong the
longitudinal and transversal directions of the clercan be obtained from these equations
each as a function of the velocity and stresseslalision of the flow.

A mathematical model of the flow in rivers with gad alignment can be described most
conveniently in a curvilinear co-ordinate systerhe To-ordinate system is chosen as follows:
the s-axis coincides with the channel axis, theis-& horizontal and perpendicular to the s-
axis and the z-axis is vertical and positive upward this co-ordinate system the three-
dimensional mathematical description of the flowvery comprehensive, but it can be
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considerably simplified if only rivers of constamitdth are considered. In that case the n-axis
will be straight. As a consequence of this simgdifion a number of small inertia and friction
terms vanish in the mathematical model. It doesquatlitatively or quantitatively influence
the result of the analysis carried out in the folloy. Kalkwijk et al. (1980) give a three-
dimensional mathematical description of the flovaiourvilinear co-ordinate system in which
both horizontal co-ordinate axes are curved, bey #void the comprehensive description of
the friction terms. The main structure of the 34Dbwf field in a curved open channel is
outlined in Figure 5-1. Furthermore, it defineg () n, 2 reference system, the centerline

radius of curvaturey the flow depthh = Z; - Z, whereZg and Z, are the elevations of the
water surface and the bottom above a horizontalalat

Cross-stream circulation:
Centre-region cell
Outer-bank cell

Figure 5-1. The curvilinear co-ordinate system (Bkaert, 2003)

The steady incompressible turbulent flow can becmlesd by four partial differential
equations. Three dynamical equations (one for éaelttion) and one equation representing
the conservation of mass. According to Rozowsl@b(@) the equations read:

YoMy Wl OV 1P (5.1)

o 90S dan dZ r pdS S

2
CABHYLASRVASRVVLA SN S LS (5.2)

ot 0S on 0Z r pon

oW +U aW+V 0W+W0 W+ g+la—P: E (5.3)
ot 0S on 0”7 pozZ Z
6U+6V+6W+X:F 5.4)

S on 0z r Z
in which g is acceleration due to gravitf, is pressurdJ,V andW are velocity component
inS, N and Zdirection, Fg, F, andF, are friction terms, ang is density of fluid.

52.1.2 Momentum Equation for Frictionless Flow

The vast majority of work on the Navier—Stokes ¢igus is done under an incompressible
flow assumption for Newtonian fluids. Taking thecampressible flow assumption into

69



Deterministic Models for Superelevation

account and assuming constant viscosity, the NaStekes equations will read (in vector
form):

p(%—\t/ +V.OV)=-0P+ pv O?°V+ f (5.5)
f represents other body forces (forces per unitmel), such as gravity or centrifugal force.

Inertia (per volume) Divergence of stress

0 (6—V+ viav )= -0Op + ,u.DZ.V + f (5.6)
— Convective  Pressure Viscosity Other bod
Unsteady acceleration gradient forces

acceleration
Euler’'s equation (obtained from equation (5.5) rafteglecting the viscous terms) is:

DV _
pﬁng—DP (5.7)

In the steady flow a fluid particle will move aloagstream line because, for steady flow, path
lines and streamlines coincide. Thus in descriltivegmotion of a fluid particle in a steady
flow, the distance along a streamline is a logomardinate to use in writing the equations of
motion. Streamline coordinate also may be usecesernibe unsteady flow.

For simplicity, consider the flow shown in Figure25we wish to write the equations of
motion in terms of the coordina®e distance along a streamline, and the coordimate
distance normal to the streamline. The pressurtheatcenter i® . If we apply Newton’s
second law in the streamwise (Bigdirection to the fluid element of volumas dn dz, then
neglecting viscous forces we obtain:

_1oP 0Z _

oF g% 5.8
535 955~ 3 (5.8)

Figure 5-2. Flow behavior at a channel bend

Along any streamlind/ =V(S 1), and the material or total acceleration of a flpafticle in
the streamwise direction is given by:
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_Dv _ov oV (5.9)
Dt ot  8S
_loP_,9Z_0oV 0V (5.10)

pdS ~9S at S

For steady flow and neglecting body forces EulexXgiation in the stream wise direction
reduces to:

1P _ 0V

0 0S FE

To obtain Euler’s equation in a direction normathe streamline, we apply Newton’s second
law in the n direction to the fluid element. Again, neglectiigcous forces, we obtain:

(5.11)

_1op_joz_, (5.12)

The normal acceleration of the fluid element is dodvthe center of curvature of the
streamline, in the minug direction. Thus in coordinate system of Figure, 3H& familiar
centripetal acceleration is written:

a, =-V?/r (5.13)

For steady flow, where is the radius of curvature of the streamline thieEs equation
normal to the streamline is written for steady flasv

10P  0Z _V?

+g2==2 5.14
£ on J on r ( )
For steady flow in a horizontal plan Euler’'s eqaathormal to a streamline becomes:

2
1oP _V° (5.15)
pon r

Equation(5.15) indicated that pressure increasdaldndirection outward from the centre of
curvature of the streamlines. This also makes sé&esause the only force experienced by the
particle is the net pressure force, the pressuie fireates the centripetal acceleration. In
regions where the streamlines are straight, theisaaf curvaturer is infinite so there is no
pressure variation normal to straight streamlines.

If the pressure distribution is hydrostatics thP + yZ)/dS=-y 0 WO r, since at all points,
P+yZ =y dh and then: (Henderson, 1989).

2
dh_V° (5.16)
dn gr
dh,Vav_, (5.17)
dn g dn
Combining equations (5.16) and (5.17) we obtain:
v, Voo (5.18)
dn r
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This is a general equation which is true for flowclosed conduits as well as in free surface
flow. This equation indicate clearly that sincé/r and Vz/grare always positive,
V decreases anldincreases from the inner to the outer bank. Thigmggn can be written as:

Leading to the well known free vortex equationr =C (Constant), and consider a
rectangular channel bend, discharge per unit wiglthv.y and y/r = g/c. Modification to
the bed profile to obtain the horizontal water aoef in the bend we can write it as:

d_y = _y and ﬂl: —iz 1 >
dr r dr dr 1-(Fr)
And it becomes clear thar <1 the bed should fall toward the outside of the euas shown
in Figure 5-3. From equations (5.20) we have:

(5.20)

@_d_z gy_F 2 dy_ 2 Y.V (5.22)
dr dr dr dr rgr

Finally, we obtain an expliciz-r relationship by integration equation(5.21). Thisgess is
dependent on the choice of constants of integratigolied in the choice of a bed level at
some part of the section. Since the water surfacat iits highest at the outer wall it is
convenient to set the depth and bed level herbeat original upstream value, the bed level
falls or rises from this point accordingRo being greater or less than unity (Henderson,
1989).

If Z is defined as the height of the bed above theregst bed level,y, andV,as the
upstream value ofyand V,r, as the radius of the outer wall arifl as the total energy
referred to upstream bed level, then:

2 2
Z+ y+V— =E=y+ Vo 48)
29 29
Also, withC =V.r, g=V.y andy =qr/C, the above equation becomes:
2 .2
Lar +Vo-o “E (5.24)
V T, 2g.r?

This equation defines the transverse bed profiteiamn effect the integral of equation(5.21).
If the radius of the curve is large, the averageesof Fr, y andr may be used in equation

(5.21) to give a straight line bed profile.
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Figure 5-3. Transverse bed profiles required dtamnel bend (Henderson, 1989)

5.2.2 Superelevation

Superelevation is defined as the difference inatlem of water surface between inside and
outside wall of the bend at the same section.

Ay=Y¥% ¥ (5.25)

This is similar to the road banking in curves. T¢entrifugal force acting on the fluid
particles, will throw the particle away from thente in radial direction, creating centripetal
lift. Superelevation in other words means a gredégth near the concave bank compared to
near the convex bank of a bend. This phenomenonfiwgsobserved by Ripley in 1872,
while he was surveying Red River in Louisiana toe temoval of the great raft obstructing
the stream.

5221 Transverse Water Surface Slopein Bends

Gockinga was first to derive the following formudta determining the difference in elevation
of the water surface on opposite sides of chaneed .
Y =0.235V2 |og{ rﬁj 16)

r
in which V (m/ s) is the velocity, X is the distance at whic¥ is to be determined, is the
radius of the channel bend. But above equatioousd to fit a particular stream to which it
was designed. Also, he found that the transverggeshas twice greater than the longitudinal
slope. He showed that the increased depth in bemdused by the spiral flow induced by
centrifugal force. Mitchell also derived anotheuation applicable for determining the cross
profile of the Delaware River, at Philadelphia.

- X2 _y?2
v =33 110G - X . 289 11006- X ox (5.27)
1100 r 1106

Ripley in 1926 arrived at the formulae based ondfiebservations, having their own
limitations.

4 2
T

j+ 7.73dr2( 1 4x2j X (5.28)

T2
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j+ 13.2£( 1 4)(5] X (5.29)
r T

in which, D is the mean depth of the channel in meteris width (above) of the channel in
meters, X and Y are the co-ordinates of the crosslg of the channel, the origin begin in the
center of the channel at the surface of the waisrthe radius of curvature in meters.

4 2

The above two equations when combined yield a $fi@glform in Sl units. Figure 5-4
represents the general profile for equation givelow (Thandaveswara, 1990).

2
Y :1.935R£1f 0.437—% - 0.43J{ -&17'52)(} (5.30)
r.0

Io

i I Certrifisgal Foree

— /2 ——T/2 —

10

D eRLELEELEES L
origin
1.445D -7~

. s

Figure 5-4. Cross section at the bend and modeleo$piral flow as proposed

5.2.3 Profile for Equation

Grashof was the first to try an analytical solutfonsuperelevation. He obtained the equation
by applying Newton’s second law of motion to evetseamline and integrating the equation
of motion.

2

Cenrifugal Force:% (531
2 2
%’ = (T'Vmax)/T = Vonx (5.32)
r gr gr

Assuming the boundary condition near inside wallttedé bend and integrating the above
equation reduces to the form.

VA Mo _ g
dy= 2.3? Iog? =1.37x% 10 £ ) (5.33)
i y

where,r,,r,, r. are the inner, outer and center radius of the beasgpectively. Woodward in
1920 assumed the velocity to be zero at banks@hdue a maximum value at the center and
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the velocity distribution varying in between acdaglito parabolic curve. Using Newton’s
second law of motion he obtained the following epmafor superelevation.

2 3 2 2
dy = Vous 205_16@ . {r_) _1] W 2| 5608 10 R 9 (5.34)
g| 30D b b 2r-b y

Shukry in 1950 suggested the following equationni@ximum superelevation based on free
vortex flow and principle of specific energy. Thaward velocity distribution and the water
surface profile at the section of maximum surfagprdssion may be estimated by the
assumption of the theoretical free vortex distiifutof velocity. By the law of free vortex
motion the following expression can be writtevi:= C/r, where,V the forward filament
velocity in the curve at a radial is distancéom the center of curvature ar@ is the so-
called circulation constant in free vortex motitet E be the specific energy at any section
and ythe depth of flow at a distanaefrom the center of curvature. The average forward

velocity and depth of flow is:

) j C/ndr ¢

In<% (535)
fo =T ro=ri 1y
F’y.dr Ir°(E—C2/29.F) dr
ym: f =20 (536)
=l o =i
c? r

)in-e (5.37)

Q=V. ¥ (6= 1) = C(E-
If Q,r,, r and E are given the constai@ can be determined from Equations (5.37). Thus,

the superelevatioay of the water surface can be shown to be:

dy=—->— (17 -r?) (5.38)
Zg r?r?

The above method was found to be reasonably aecasalong as the curve was greater than

90°. For smaller angles, Shukry assumed tataries linearly witl® from r.V_at §=0° to

its full value atd =90° suggested for circulation constant C, assumitg vary linearly from

0° to 90. Therefore for any angleé less than 90the circulation constant can be multiplied
by a correction factor equal to (Chow, 1959):

Vr=CU, =C [— a-2 (5.39)

90C

where, V_is the mean forward velocity in a straight chanr&liperelevation in curved

channels may also be determined by less accuratsiropler formulas which are based on
the application of Newton’s second law of motiorthie centrifugal action in the curve. Chow

assuming that all filament velocities in the benel @qual to the mean velocity and that all
streamlines have radius of curvatutethe transverse water surface can be shown to be a
straight line, and a simple formula for superel@mratan be obtained:
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V2 (Z—b) 6.7958< 10° (9 (5.40)

where, b is the width of the channel. For the channels rothan rectangular, the bed width
can be replaced by the water surface witithen:

V2 2T
AYpax = 5= (=) (5.41)
20 .

The above equation is only a first approximatiod gives transverse profile as the straight
line. This assumes that the rise and the drop efathater surface level from the normal level
are equal on either side of center line of bendaAtter approximation, Ippen and Drinker
(1962) obtained an equation for superelevation. déevation of equation is based on the
assumptions of free vortex or irrotational flow kihe uniform specific head over the cross
section and the mean depth in bend being equbktaiean approaching flow depth.

2
Ve Iy L |=6.8a3c10' 5 (5.42)
=T y
4r?

The bends in nature will not have the symmetry tlueentrance conditions, length of
curvature and boundary resistance. Hence the adxquation will not give accurate result. If
the forced vortex condition exists with constameam cross section and constant average
specific energy, then equation for superelevatssumes the form:

VT 1
dy=(—-) = (5.43)
¢ | 1+
12r?

The above equation is applicable to a smooth rgalan boundary with circular bend with
the flowing fluid being ideal. Better results caa bdbtained by combining the effects of the
free and forced vortex conditions simultaneouslye minimum angle of bend is to be’36r
applying the above equation in combination. For Hmealler angles the difference in
computed values from the above equation becomegerl#inan the actual ones.

Apmann in 1973 (Ranga, 1981) analysed data frororédbry and filed channels of different
shapes and developed the foIIowing equation.

dy= [(—)tanh(° )|n(r )] ) 8.155¢ 104\93 (5.44)

Muramoto in 1967 (Thandaveswara, 1990) obtainedcuration for superelevation based on
the equations of motion.

_|srg (C+C) 25.G.x
36C; 29 r? T,

(5.45)

fi
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in which C, and C, are circulation constants obtained after integratirhe special feature of
above equation lies in including the effect of s&mpe on superelevation.
Thus it can be observed from the above discussiainsuperelevation in a bend is a function

of shape of the cross section, Reynolds numbenoapp flow, slope of the bed, Froude
number, §/180, r./b and boundary resistance. The superelevation & affected by the

presence of secondary currents and separation.

5.3 CONCLUSIONS

As discussed in this chapter, the literature omogleannel flow bends is vast. The primary
interest for this chapter are described first,0akd by the review of the previous research on
mathematical models and superelevation in openrehamends and the effects of surface
roughness and velocity, and how these may be repiex$ through hydraulic models such as
Momentum’s equation, possibly with parameters #natflow dependent.

This research program has addressed issues assoamth open channel bends at
superelevation transitions through combined physiwadeling and mathematical modeling
investigations.
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CHAPTERG

PROBABILISTIC ANALYSIS OF PLUNGE
POOLS

The main topic of this chapter is concerned with tkliability-based assessment of the
geometry of the plunge pool downstream of a skigumcket. Experimental data obtained
from a model of a flip bucket spillway in India héagen used to develop a number of
equations for the prediction of scour geometry detveam from a flip bucket spillway of a
large dam structure. The accuracy of the develagmpdhtions was examined both through
statistical and experimental procedures with satisky results. In addition, reliability
computations have been carried out using the MGaté technique.

The main conclusions are that structural reliabéibalysis can be used as a tool in the dam
safety risk management process and that the mgsiriemt factors for further analysis are
erosion, friction coefficient, uplift and self-wéig

6.1 INTRODUCTION

Hydraulic design is subject to uncertainties dught® randomness of natural phenomena,
data sample limitations and errors, modeling rditgb and operational variability.
Uncertainties can be measured in terms of the piblyadensity function, confidence
interval or statistical moment such as standard deviationoefficient of variation of the
stochastic parameters. In recent years, reliabditalysis and probabilistic methods have
found wide application in hydraulic engineering.vielpment of reliability-based analysis
methods for engineering application can be founditerature (Tung and Mays 1980).
Several applications of the methods to hydraulisigie have also been reported in the
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literature (Yen and Tung 1993; Vrijling 2001; Angca Tang 2007). This allows us to
determine the true probability of the componentufai and of the whole system.

Energy dissipation downstream of large dams isr@s® concern. Trajectory spillways or
so-called ski jumps are employed whenever the uglat the dam foot is in excess of
typically 20 m/s because of problems with stilligsins in terms of cavitations, abrasion and
uplift. Ski jumps are currently widely used becatisey appear to be the only hydraulic
element allowing for the technically sound and tiglraulically safe control of large
quantities of excess hydraulic energy during fleednts (Vischer and Hager 1998).

In the present study, the probabilistic method lused for estimating geometry of plunge
pool downstream of a ski jump bucket. The ProbsiiiliDesign method is an approach that
can provide a better understanding of the failurecmanisms and their occurrence
probabilities as well as the consequences of faitdirsuch important infrastructure.

6.1.1 Data Collection

In this chapter the experimental values reportedhyathullah, (2005) is utilised. This data
relates to the measurements of scour parametene &entral Water and Research Station
(CWPRS), Pune, India. In addition, probability dgnsfunctions about this data are
presented in Figure 6-2 to Figure 6-1 (data sdt @4 observations, see Appendix 1.B).

New hydraulic model studies were therefore conaliotethree different bucket designs. The
three hydraulic models simulated the dams acrosssiSubarnarekha, Ranganadi, and
Parbati Rivers in India.

The first dam was 52 high and 72@n long. Its spillway consisted of 13 spans ofrisvide
each with crest at elevation 17/ Radial gates of size 15x15m regulated the flow over
this spillway. The design outflow flood was 26160 s. This corresponded to a maximum
water level at an elevation of 192187 The ski-jump bucket with bucket radius ofrdtand
lip angle of 32.5° was provided at the toe for ggatissipation.

The second dam was 60high, made up of concrete with a rock fill portion its right side.

It had an overflow spillway with seven spans ofri@vidths and 12n height. The spillway
catered to a maximum outflow flood of 12500/ s. This corresponded to the maximum
water level of 568.81 and the full reservoir level of 567m with the ¢riewvel of the spillway
at 544m. It had a bucket radius of 18 with 35° as the lip angle.

The third dam spillway was 85m high. It was destgne pass a maximum discharge of
1,850m°/ sat the full reservoir level of 2,198 elevations. It had three spansn@vide and
9m height, separated byn® thick piers and fitted with radial gates. An apamd a plunge
pool along the downstream side fronted the buckkich had a bucket radius of 28 with
the lip angle of 30°.
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Figure 6-1. Probability distribution functions diserved datgn = 95)
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Figure 6-2. Probability distribution functions diserved datgn = 95)

6.1.2 Formulation and Statistical Regression

Empirical estimation methods are common in all gdigies within civil engineering.

Typically, data are collected and used to obtailues for coefficients of a function.
Frequently, least-squares-regression analysisad us fitting model coefficients. Standard
regression theory assumes a linear structure (A20Q0V):

Y=a +a,X,+a, X, +...+a; X (6.1)

in which \?:predicted value of the criterion (dependent) vdealy X, = predictor
(independent) variablesy, = sample estimates of the partial-regression ameffts. Instead
of linear regression, also a power model is fretjyarsed.

Y =a,(%)72(%)%.......... (x)“ (6.2)

The power model is widely used in engineering &sdinucture for empirical models. The
coefficients are fitted using a logarithmic transfation of the data. The logarithmic
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transformation leads to an unbiased model. Equstoh) and (6.2) are used for many
engineering design problems. It is frequently usedydraulic and hydrologic engineering.

Equation (6.2) is typically fitted to measured dbtataking the logarithms of the variables
and expressing them in a relationship with thedirsgructure of equation(6.3):

LnY= Ln@, +@,Ln X+, LN X+.....+Q Ln} (6.3)

Equation (6.3) is now in the form of the linear rebi(y) = Ax, whereLnY plays the role of
y.,a,’s play the role of the unknown vector and the glesmatrix is made of the

variabled.nX . Goodness-of-fit statistics, follow from the cdatéon coefficient ¢ ) and the
standard errord’). In assessing the accuracy and applicability refligtion equations, the
characteristics of the residuals are important (M&atC1990).

The BLUE estimators that were described in Chap2ercan be used through
a=(A'Q'A™AQ"y to obtain the unknown coefficientss. The covariance matrix

Q. =(A'Q'Acan be obtained which explains the correlation faweht (r) and the
standard errorq), of the coefficients;’s.

In assessing the accuracy and applicability of iptesh equations, the characteristics of the
residuals are important (McCuen 1990). The abomeedsionless groups of parameters were
related to each other in the present study basedoafinear regression using data of the
measurements (Azmathullah 2005).

Equations(4.36), (4.37) and (4.38) can be fitteadgiteast squares. The set of dimensionless
equations with their original exponents obtainedrfiregression analysis after a logarithmic
transformation is shown in Table 6.1. This yieldbeé following correlation coefficients
betweena,to a, in the dimensionless equations for maximum scetitl maximum scour

length, and maximum scour width, in Table 6.2 tbl€&6.4, respectively. The dimensionless
groups of parameters were related to each othéndnpresent study based on nonlinear
regression. The set of dimensionless equations thér original exponents obtained from
regression analysis is based on equations (6.5.6). This yielded the following equations
in order to estimate the maximum scour depth, marinscour width, and distance of
maximum scour location from the bucket lip, respety:

% :902(Fr)090(di\:l) O.OJ(ERV)— O.Zf%v) OI(FS""I@ o! (64)
& =710 T 04 Ong) © 6.5)
d, d’ d; d, |

%:4.48@0-08(%) ) ey (6.6)

A current prediction of the geometry of the scooleharound flip bucket spillway is based on

dimensionless models. This chapter considers tltieeensionless models to predict

geometry of plunge pole.

The contribution of every paramet¢r can be established according to different tools

described in Chapter 2. On the basis of these flartie linear or nonlinear relation of each
variable, X, regarding the least square estimation, can belleéétl. The product moment
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correlation defines a linear relation between tvaniables of X, and predicted variable by
equation(6.7).

p(xi,y)=(x’;(—>;”) (6.7)
Cou( %, V)= E X, Y- E XY E) (6.8)

The partial correlation ratio of the predicted aate Y and base variablé, is presented in
Table 6.2 to Table 6.4. The density functions adftioients (a,,...,a, )in equation (6.4) are
shown in Figure 6-3.

8

‘ ——Alphal ——Alpha2 Alpha 3 Alpha 4

Alpha 5 Alpha 6 |

Density

Figure 6-3. Density function of coefficien{s,) for the first equation (6.4)

Statistical characteristics and comparison betwpesdicted Y and observed X values,
correlation coefficient, root mean square erroramand standard deviation of plunge pool
depth, length and width for the validation set sftewn in Figure 6.4 and in Table 6.5. Also,
standard residual and density function and mui@ardensity function of plunge pool depth,
length and width for the validation set is qualitaly shown in Figure 6-5 to Figure 6-7,
respectively. 75 percent of the data is used toutate the model and 25% is used to validate
the model and probability distributions functio®afnma) are presented in Figure 6-8.

Table 6.1. Power coefficients of dimensionless &qna

Coefficients a, a, a, a, a.
ds/d, 0.90 0.01 -0.26 0.08 0.50
Ls/d, 0.36 0.37 0.12 0.03 0.27

W/ d, 0.08 0.54 0.17 0.13 -0.07
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Table 6.2. Correlation coefficients of dimensioslesjuation ¢ / dw)

Data a, a, a, a, as
a, 1 -0.482 -0.185 -0.298 0.366
a, -0.482 1 -0.414 -0.249 -0.390
a, -0.185 -0.414 1 -0.105 -0.270
a, -0.298 -0.249 -0.105 1 0.535
a, 0.366 -0.390 -0.270 0.535 1

Table 6.3. Correlation coefficients of dimensioslesguation [/ dw)

Data a, a, a, a, as
a, 1 -0.594 -0.061 -0.566 0.163
a, -0.594 1 -0.496 0.323 -0.060
a, -0.061 -0.496 1 -0.288 -0.291
a, -0.566 0.323 -0.288 1 0.329
a, 0.163 -0.060 -0.291 0.329 1

Table 6.4. Correlation coefficients of dimensiosleguation Vs / dw)

Data a, a, a, a, a
a, 1 -0.581 -0.105 -0.565 0.163
a, -0.581 1 -0.586 0.386 -0.022
a, -0.105 -0.586 1 -0.221 -0.316
a, -0.565 0.386 -0.221 1 0.319
a, 0.163 -0.022 -0.316 0.319 1
Table 6.5. Statistical characteristic (X: ObservédPredicted)
X
Y ds/dy, Ls/dy Ws/d,, R-Square|  fy Ox
ds/dy, | Y=0.98x+0.15 - -- 0.98 3.416| 2.844
Ls/d,, - Y=0.97X+0.48 - 0.976 11.94 6.516
W,/ d, - - Y=0.95X+1.05 0.95 12.577 8.339
H, 3.491 12.02 12.972 - - -
o, 2.808 6.409 8.166 - - -
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ds/dw(Predicted)
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Figure 6-4. Observed versus predicted for depih Iéft), length (top right) and width
(bottom) of plunge pool
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6.2 STRUCTURAL RELIABILITY ANALYSIS

Most hydraulic systems involve many subsystems emuiponents whose performances
affect the performance of the system as a whole fdtability of the entire system is
affected not only by the reliability of individualbsystems and components but also by the
interactions and configurations of the subsystengscmponents. Many hydraulic structures
involve multiple failure paths or modes, there segeral potential paths and modes of failure
in which the occurrence, either individually or @@mbination would constitute system
failure. The hydraulic structural designer mustifyemwithin a prescribed safety level, the
serviceability and ultimate conditions, commonlpmssed by the inequaliB< R, where
Srepresents the action effect @the resistance. In Chapter 2 we explained tools of
reliability analysis and failure probability metreod

Application of the simulation method for uncertgirgnalysis requires formulation of the
performance function. In the case of a hydrauliucitire, the performance functidn
expressed in terms of the safety margin is predemezquations (6.9), (6.10) and (6.11)
where, dg is depth,L length andW width of the plunge pool arfg),, R , R, are respectively

resistance critical depth, critical length andicait width. Considering equation (2.1), the
limit state functions can be written as:

Z, =R, ~9.019 Fm)o'%(%) °'°’(ERN)‘ O'Zf%;) *Bing) © (6.9)
Z_=R —7.191HN)°'36(%) °'37(§N) °'1f%;) *Fing) (6.10)
Zy = RN—4.48(HN)°'°8(%) 0'57(% 0'1%) *Ging) * (6.11)

In this case, estimates of the reliability indexte geometry of plunge pool are generated for
different resistances between (0.2-n)) for depth, length and width, respectively. Thaim
resistance and load parameters are as presenfeabie 6.6. The main analysis was made
considering the above random variables. The pas&iiure mechanism is an unstable scour
hole with the above given limit state functions.ugtion (6.9) to (6.11) are nonlinear;
therefore, a simulation technique, such as MontdoCanalysis can be used to determine
reliability. The summary of results is indicatedTiable 6.7 to Table 6.9.
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Table 6.6. Basic variable characterizing the plupgel

Variable q(nf/s m | Hy(m) | R(mM | dso(mm) e | d,(m

H 0.052 0.633 0.258 0.006 0.550 | 0.097

g 0.041 0.459 0.161 0.00002 | 0.005| 0.068
Distribution LN LN N LN N LN

Table 6.7. Design points and reliability fag = R,-(d¢/ d,)

R, (m H, R 0 dso dw q ds P(z) B

0.2 0.711| 0.274) 0515 0.006 0.283 0.0Pp3 0.0b88 1.p9-2.7

3 0.52 0.222| 0.562 0.006 0.084 0.0%5 0.2520 0/55.128
4 0.503| 0.217| 0.564 0.006 0.074 0.061 0.2976 0{44.1460
6 0.48 0.21 0.575 0.006 0.062 0.0 0.3729 03 0.p33
10 0.453| 0.202] 0.584 0.006 0.049 0.083 0.4p43 0.1532.02
14 0.435]| 0.197] 0591 0.006 0.042 0.0p2 0.5896 0[{09.34
16 0.429| 0.195 0.593 0.006 0.04 0.097 0.6884 0]j07 .47 1
20 0.418| 0.191] 0.598 0.006 0.036 0.1p4 0.7199 0.p47.68
25 0.407| 0.188] 0.602 0.006 0.033 0.112 0.8109 0.p29.89
30 0.398| 0.185] 0.606 0.006 0.08 0.119 0.9003 0]j02 .07 2
40 0.385| 0.181] 0.611 0.006 0.027 0.132 1.0p76 6.002.34

Table 6.8. Design points and reliability far = R —(Ls/d,)

D

RL(m) H1 R 0 dso dw a LS P(Z) ﬁ

0.2 0.146 0.18 0.461 0.006 1.805 0.0R24 0.365 1.006.58
4 0.365 0.208| 0.534 0.006 0.184 0.046 0.741 0.93@.51-
6 0.413 0.212| 0.545 0.006 0.135 0.305 0.814 0.830.9540
10 0.484 | 0.218| 0.559 0.006 0.092 0.066 0.920 0.660.257
12 0.511 0.22 0.564 0.006 0.08 0.05%8 0.959 0.503.0090
13 0.524 0.22 0.566 0.006 0.075 0.059 0.977 0.460 .1 (
15 0.548 0.222 0.57 0.006 0.067 0.061 1.012 0.380296
20 0.599 0.225| 0.579 0.006 0.054 0.0p4 1.078 0.24%688
25 0.641 0.227| 0.585 0.006 0.046 0.068 1.141 0.16m993
30 0.679 0.229 0.59 0.006 0.04 0.07 1.187 0.107 41
40 0.742 0.232| 0.59¢ 0.006 0.032 0.0f75 1.274 0.051.63

Table 6.9. Design points and reliability fd;, = R, —(W,/ d,)

Ry(m| H, R 0 dsg d, q W Po) B
0.2 0.103 0.179 0.998 0.006 0.499 0.0b6 0.102 1.00@.28
1 0.196 0.194| 0.794 0.006 0.239 0.0%57 0.239 0.992.56-
5 0.376 0.211 0.63 0.006 0.113 0.057 0.566 0.800.8250
6 0.405 0.213 0.614 0.006 0.104 0.0%58 0.623 0.Y40.628
9 0.477 0.218 0.579 0.006 0.086 0.0%58 0.775 0.580.189
10 0.498 | 0.219 0.57 0.006 0.082 0.0%58 0.820 0.530.075
12 0.536| 0.221 0.555 0.006 0.075 0.068 0.905 0.45m122
15 0.587 0.223] 0.5389 0.006 0.068 0.068 1.018 0.36m363
20 0.66 0.227 0.516 0.006 0.059 0.0%58 1.189 0.2506750
25 0.722 0.23 0.499 0.006 0.054 0.0%58 1.342 0.1809160
40 0.874| 0.232 0.467 0.006 0.043 0.069 1.720 0.080.42
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Figure 6-10. Probability of failure in plunge pool

6.3 DISCUSSION

It is very important that any designer should kdébp downstream and upstream flow
characteristics in mind before designing a convegastructure such as a flip bucket
spillway. For safety and stability of the struetuspecial attention must be given to monitor
downstream scour holes.

The fitting of the power models of equations (4,38)37) and (4.38) was carried out using
the logarithmic transformation leading to an equatthat has unbiased partial regression
coefficients and provides unbiased estimated,ol;, W; as was shown in Figure 6-4.

The residual prediction for depth and length andtlvare shown in Figure 6-5 to Figure 6-7,
respectively. It shows a range of residuals of a4 depth and +£3 for length and width,
therefore, the prediction can be considered asasebi

The statistical analysis of the data predicted hy @équation developed in this study and
comparison with observed values in this model (&@abl5) show high values of the
correlation coefficients (0.99, 0.98 and 0.95) anthll values of the root mean square error
(0.4, 0.998 and 1.823) which indicate that the &qoa developed herein accurately predict
the scour geometry.

Comparison between Statistical characteristics @thability distribution functions of the
observed and predicted geometdy (Ls,W,) of the plunge pool are presented in Figure 6-8.

The maximum differences between coefficients ofiateems (CV) of the observed and
predicted are 3.51%, 2.35% and 5.06%dorL, and\W;, respectively.

Comparisons between results of five hydraulic medpteviously described in section 4.4)
for design are shown in Figure 6-9. It can be dbam the correlation coefficient between
observed ) and predicted Y ) values using the proposed method of this chafstee
Figure 6.9, red line by Shams) are higher thanftirahe other methods.
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Plunge pool reliability downstream of outlet sp#éiywhas been investigated using the Monte
Carlo simulation techniques. It is based on theegaion of random number for variables
involved in the safety margin by assigning apprateriprobability of failure shown in Figure
6-10. Failure probabilities decrease when the satigd,,, Ls/d, and Wy d become larger.

6.4 CONCLUSION

In this study, the traditional empirical formulased to obtain a prediction of the geometry of
the scour hole with probabilistic multivariate regsion and the analysis of reliability
estimation of scour holes downstream of flip budgliways were presented.

It is based on the approach of probabilistic meshadd involves analysis of an extensive
data base in order to obtain the geometry of sbole after the flip bucket spillway of the

given parameters of, H,, R,6, d, and d,.

Reliability analysis can provide a formal approdohthe analysis of the performance of
hydraulic structures, taking into account all utaeties in models, load and strength
variables.

Further analysis of the other components and pypéotlata should be carried out in order to
find the weak links of the hydraulic structure. Thénerability of a hydraulic structure can
then be improved by strengthening these weak elemethe plunge pool.

In additional, statistical pattern recognition tecjues have been employed to estimate the
geometry of scour in plunge pools caused by higheiy water jet impact. The results of an
experimental study have been investigated consigegprobabilistic method. Appropriate
dimensionless features have been selected usiitgrflachanics concepts. Finally, the Best
liner Unbiased Estimation (Minimum variance estionpthas been simplified to predict the
geometry of scour hole.

The sum of the maximum of geometry of the plungel fdepth, length and width) and the
tail water depth can be computed using equatiody {6 (6.6), which is based on solution of
a set of six dimensionless parameters.

Equations (6.4) to (6.6) are based on fundamentaiciples of physics, mathematical
modeling and validated by using measured scour data
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CHAPTER 7

PROBABILISTIC ANALYSIS OF
SUPERELEVATION

This chapter deals with the Ziaran diversion daniram. Data has been collected during
previous studies of this dam. In particular ondufai mechanism is investigated in this
chapter in detail: overtopping by superelevatiorth&f bend flume in the Ziaran Dam. This
study focuses on the downstream water surface t@davduring the flow considering the

flume’s actual discharge and roughness.

Superelevation in the Ziaran Flume has led to seeevsion of the bank and to undermining
of the structure. Therefore, this study aims tot digdts on the cause of overtopping by
superelevation. By means of direct observationhenfiume’s hydraulic performance, during
full discharge and from generalization of the fielata a more reliable prediction method of
the magnitude of superelevation has become pos3dibke probabilistic analysis will show to

have several advantages in comparison with detésticimnalysis methods.

In this chapter, pressure models are first desdrili@lowed by a review of the previous
research including mathematical models, superet@van open channel bends, probabilistic
design, uncertainty analysis and influence of ulacaties.

7.1 INTRODUCTION

Uncertainty and risk are central features in hylicastructural engineering. Engineers can
deal with uncertainty by ignoring it, by being censtive, by using the observation method
or by quantifying it. In recent years, reliabilépnalysis and probabilistic methods have found
wide application in hydraulic engineering.
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The so-called centrifugal force caused by flow ama curve results in a rise in the water
surface at the outside wall and a depression ofstimtace along the inside wall. This
phenomenon is called superelevation. The problessociated with flow through open
channel bends deserve special attention in hydraulgineering. Water surface slopes have
been frequently reported to be a function of thevawure. But due to the difficulties in
operation, the theoretical basis of superelevatims been discussed thoroughly by
researchers. Furthermore, experience indicates etkiating theory does not lead to good
results at their present status.

In the present study, the probabilistic method b&lused for estimating superelevation in the
Ziaran Flume (Ziaran Dam in Iran). The probabitisfiesign method is an approach that can
provide a better understanding of the failure madmas, its occurrence probabilities, as well
as its consequences of failure of such importadnastructure.

7.2 ZIARAN DIVERSION DAM

The Ziaran diversion dam is a relatively small gete dam near Tehran (Figure 7-1). The
Ziaran dam was completed in 1976. The charactesisti the Ziaran dam are: Height 2%
length 184m, Reservoir volume about 225000, The Ogee spillway with controller, intake
tower and outlet, stilling basin, transition andnfle sections of the dam are shown in Figure
7-2.

The flume was designed for a peak flow o0 s with a height of 2.8f, width of 5m for
water conveyance to Qazvin city (Shams 1998). fliree has a concrete bend. The section
of this bend is shown in Figure 7-3 with the ch&edstic parametersr =30m, 6=26°,
b=5mand H,=2.85m.

Superelevation in the Ziaran Flume has led to seeession of the bank and has undermined
the structure as seen in Figure 7-3. This flume designed for steady and uniform flow
using the Manning equation and the USBR standaddchacked with other Iranian standards
with a maximum discharge 3@ /s, n=0.014,b=5m and d =2.35m.

Originally, this bend had problems when operateflilaicapacity. Water was overtopping at

the outer bank, undermining the structure, leadingevere erosion and to collapse of the
bank. By direct observation of the flume and measient of the flow characteristics such as
discharge and water level in the automatic gaugtagon downstream, an analysis could be

made to find the critical discharge asn2’7 s.
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Figure 7-1. Ziaran diversion dam, Iran
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Figure 7-2. Profile of outlet works, Ziaran dam &8is 1998)
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Figure 7-3. Erosion in bend channel (Shams, 2008)

721 Data Collection

Shams (1998) collected data from 173 experimentZianan flume (Appendix 2). The
hydraulic design implies the development of an gndrased equation between one point in

the flume downstream and one point in the bendredhiat can be expressed &arfengo
2006):

E=d, +V—2+S L * Z 5q" G 2 (7.1)
VZn?
Sf = , Q:A A (72)
7
g+ @29 e ke a7 7.3)
20A RS

where, E (m) denotes the total head in the bend center in ther dank,d, (m)denotes the

height of the water levelA, (m?) denotes the area of the flunj@’), L, . (m) denotes the
distance between two points on the flume and berdec, dy (m) denotes the amount of
superelevation in the flume centeér,denotes the Manning friction factog, denotes slope of
the energy grade lineR, (m)denotes the hydraulic radiug denotes the dimensionless

coefficients of local head losses a@d denotes the elevation of the bottom of the flume i
meter above sea level.

2 2
E:,81Qa1+2 QQa2 i 2.g.Lf—cb.T

9(5,Q") (BQ™)3
in which a,,8,.....a, B, are coefficients, which are fitted to the datae Tfarameters in
equation (7.4) could be fitted by the data from r88551998). By referring to Table 7.1,
parameters(a,, 3,,.....a, ,8,) could be approximated by normal distributions witfean
values and standard deviations.

E =0.2386Q%°%%+ 4.16.n*Q *®%+ 0.0498 °°*% 0.01€y°*%Z, (7.5)

+1.4[+f,Q+ 2, (7.4)
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7.3 BEND OVERTOPPING RISK ANALYSIS

7.3.1 Fundamentals on Probabilistic Analysis Design

Structural hydraulic engineering reliability anay/s concerned with finding the reliability or
probability of failure (or reliability index) of atructure or a system. The benefit of reliability
analysis in hydraulic engineering can be summarzebe following points:

To highlight the uncertainties in design of theseures, reliability analysis plays a major
role in considering the uncertainties influencirge tdesign of hydraulic structures. For
example, an optimum procedure for design of awpil can be discussed where there are
uncertainties with regard to a stability problem.

Allow the hydraulic engineer to quantify the eff@ftvarious failure preventive measures on
these structures in order to develop an inspediwmh maintenance program. The reliability
evaluation of most hydraulic structures, in pafaclian existing bend channel, the capacity-
demand model is the simplest utilized, as the questf interest is the probability of failure
related to a load event rather than the probatlifigilure within a time interval.

7.3.2 Uncertainty Analysis by Bootstrap Sampling

This section introduces the bootstrap method aokto treat parameter,, 3,,.....a, .5,)
uncertainty of the equation(7.4). By referring to

Table 7.2 and Figure 7-4 to Figure 7-7, parametetsg,,.....a, ,B,) could be very well
approximated by normal distributions with mean ealand standard deviations shown in

Table 7.2.

Also, coefficient of variations are between 0.8%lt6% and 1.3% to 1.8% fdur,,......a,)
and(g,......5,), respectively. This means that the degree of dsspe is low, which is
preferable. Thus, théa,, g,,......a, [,) values of the limit state equation are acceptable.

Figures 7.4 to 7.7 show that the degree of disperisi very small and correlation coefficients
between these parameters are high. The bootseaeraion as shown in Figure 7-4 to
Figure 7-7, seems to be close to normal distrimstidut with some skewness in the right or
left tail. This is acceptable for the parameterartainty checks of the limit state function

equation. The maximum differences between the astidhresults in Table7.1 and Table 7.2
are 1.3% and 1.8% far, andg , respectively. The estimated coefficients ushgliootstrap

and least square methods are in good agreements.

Table 7.1. Best linear unbiased estimation of ¢oiefits used in equation (7.4)

Variable a, B, a, 5, a, B a, B,
H 0.6969 | 0.2384 | 0.6935 | 1.1920| 0.4775 | 0.2646 | 0.6039 | 0.0167
g 0.0004 | 0.0003 | 0.0005 | 0.0007 ) 0.0008 | 0.0005 | 0.0011 | 0.0005

BLUE

Upper 0.6974 | 0.2387 | 0.6946 | 1.1935| 0.4789 | 0.2658 | 0.6072 | 0.0168
Lower 0.6964 | 0.2382 | 0.6927 | 1.1907 | 0.4756 | 0.2638 | 0.6024 | 0.0165
Estimate | 0.6967 | 0.2386 | 0.6958 | 1.1918 | 0.4861 | 0.2602 | 0.6012 | 0.0167
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Table 7.2. Bootstrap uncertainty analysis of dogfhts used in equation (7.4)

Variable a, B a, 5, a, B a, B,
H 0.6975| 0.2385| 0.6981 | 1.1896 | 0.4741| 0.2673 | 0.5913 | 0.0172
g 0.0048 | 0.0029 | 0.0049| 0.0020 | 0.0138| 0.0080 | 0.0091 | 0.0004

Bootstrap

Upper 0.7070 | 0.2442 | 0.7077 | 1.2175| 0.4952 | 0.2688 | 0.6092 | 0.0179
Lower 0.6860 | 0.2328 | 0.6886 | 1.1617 | 0.4708 | 0.2554 | 0.5734 | 0.0164
Estimate | 0.7006 | 0.2367 | 0.6984 | 1.1854 | 0.4841| 0.2607 | 0.5884 | 0.0172
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7.3.3 Influence of Uncertainties

The probabilistic analysis yields an expressionrafertainty in hydraulic model output that is
responsive for analytical sensitivity analysis. W&sof uncertainty analysis proved useful
information in directing future data collection @ffs in an attempt to reduce uncertainty in
model output. For instance the channel roughneasfastor which influences the conveying
capacity of channel.

Uncertainty analysis using the five hydraulic mad@dreviously introduced in chapter 5.2.3)
for open channel bends presented in this secti@ansed out with Monte Carlo simulation.

The results of the Monte Carlo simulation for thie@ of the parameters uncertainty in five
hydraulics model are presented in Table 7.3 anal thls comparison between coefficients of
variation for five models are compared in Figur8.7n addition, two types of plots were

prepared, histogram and probability density functs presented in Figure 7-9.

By referring to Table 7.3 and Figure 7-9 paramefersall models could be very well
approximated by lognormal distribution with meanuea standard deviation and coefficient

of variation(Cv,...,Cy) for five different models. In these models the imuam and

maximum differences between mean values are ragpcfor model Grashof and model
Woodward and the minimum and maximum differences $&wandard deviation are
respectively for models Grashof and Woodward. Tablg@ presents the four extreme
conditions for all models, and comparison with general model. The response is close to
the general models and lognormal distribution.

Table 7.3. Effect of uncertainties of the modelsfticients on superelevatiorty)

dy (cm lppen Apmann Chow Grashof Woodward
M 5.5266 6.0147 5.4969 7.4881 3.7959
g 7.6776 7.9444 7.6675 8.4180 6.1832
Cvy 1.3903 1.3208 1.3892 1.1242 1.6290
Ut g, 5.7806 6.2766 5.7778 7.6409 4.0895
g+to, 8.3064 8.5656 8.3077 8.8316 6.9205
Cv, 1.4334 1.3648 1.4370 1.1558 1.6923
H—-O, 5.3620 5.8855 5.3326 7.4357 3.6071
g-0, 7.1238 7.4245 7.0575 8.009 5.5773
Cvs 1.3271 1.2615 1.3286 1.0771 1.5462
U+ 3Jy 6.1348 6.5678 6.1067 7.1880 4.4905
0'+30'J 9.4811 9.5976 9.4243 9.730 8.2422
Cv, 1.5445 1.4643 1.5454 1.2446 1.8355
/'1_3Jy 4.8244 5.3869 4.8074 7.1443 3.040
0'—30'0 5.8548 6.2445 5.8379 7.1306 4.1815
Cvs 1.2146 1.1593 1.2136 0.9981 1.3755

102



Probabilistic Analysisfor Superelevation

——Cvl —a—Cv2 Cv3 Cv4 —H=Lvh

Coefficietians of variation od dy

0.8 : ; : | : : : |
Q
()
&

& ;
> &
Y,QQ C)‘K Db

Figure 7-8. Coefficients of variation for five déffent models with different
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Figure 7-9. Probability density of superelevatinropen channel bends for 5 models

7.3.4 Sensitivity Analysis

A tool related to uncertainty analysis is sendiivanalysis. Sensitivity analysis is used to
determine the importance of different parametes @mponents of the model on the output
of the model. If the response variable y dependsexeral variables, then the sensitivity of
the response with respect to the variable or pame measured by the derivative of the
response with respect to the variable or parameter.
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Sensitivity analysis is sometimes a by product d¥iente Carlo uncertainty analysis. For
example, if interest is in the sensitivity of thessponse to changes in variable, the values of
the variables are selected using a probability oeethnd then run through the model. The
result is a set of input and output quantities. thportance of a variable is measured by the
correlation or partial correlation between the able and response. Variable with the greatest
correlation indicates variable with great sengyivi

There are five different positions on differentgaeters for evaluating effect of uncertainties
of the total head ¢ ,...,E;) and superelevationdf,...,dy, ) in an open channel bend. Here,

the Monte Carlo uncertainty simulation for evalogteffect parameters is used. By referring
to Table 7.4 and Table 7.5, and Figure 7-10 it lsamoted that the maximum differences
between the parameters estimated for total headsapdrelevation in open channel bends
were very small. The effects of uncertainties waewn in Figure 7-11 for total head and
superelevation, respectively. With the comparisbarzertainties, the estimated coefficients
are in good agreement.

In summary, the parameters uncertainties org3,,.....a, 5, have been tested using the

bootstrap method. The analyses were carried ose&whether the bootstrapped samples
might follow a normal distribution. Standard notngaantile plot or confidence interval
could be used to measure the degree of dispersiative to the mean value. Results from the
bootstrap method were compared to those from tast Isquare method. In these analyses
both methods agreed to each other very well. Thegefthe coefficients of the limit state
equation model were valid thus making the equatidme acceptable as well.

Table 7.4. Effect of uncertainties of the total shea different parameters

E,(m) E,(m) E(m) E,(m) E;(m)
U\o,|o|0,| g, o+o, | 4o, | o-o,| Wy, | o+30, | 1=, | 0-30,
2|8 (5|5 I & 2 | 2 n 2 1 3

S e} S Te} Yo} < < © © ™ <
Y s |o| & i o i o i o i o

E....,.E are total head with extreme conditions on differpatameters in open channel
bends.

Table 7.5. Effect of uncertainties of the superat®n on different parameters

dy,(cm dy, (cm) dy; (cm) dy, (cm) dy; (cm)
U\|\o,|o|o,| g | o+o, | 0o, | o-g, | Hg,| o+30, | 1=0,| 0-30,
™ < o)) < N N~ < [22] © (e} o N~
™ N~ l N — (o} (o2} ™ (o)} - © (o}
N~ — . — Lo ) © —l [ce) ™ —l )
©o| o | N| o © — © N © N © —

dy,,...,dy, are superelevation with extreme conditions on ckffié parameters in open
channel bends.
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Figure 7-11. Distribution function for the effedtuncertainty in the total head (left).
Distribution function for the effect of uncertaintythe superelevation (right)

7.3.5 Probability of Exceedence for Bend Overtopping

One of the components in the fault tree is theufailmode of bend overtopping. The limit
state function of this failure mode is presentecdguation(7.6), whered, is height of the

outer bank (outside wall), and is the final total head in the center bend curve:
Z=H, -E (7.6)
Considering equation(7.6), the limit state functionthe Ziaran dam can be written as:

Z=H,_-(0.2384Q°"+ 4.16.n*Q "+ 0.0498 % dy+Z, (7.7)

The conditional probability of bend failure analygivenQ is calculated by:

Q,
P =[P (Q.7(Q.dC (7.8)
Q
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P =Y R(Q).1(Q)AQ @

Failure probability calculations have been estimdiar different water discharges. For a
whole range of possible discharges, total failurebpbility of the superelevation is
determinedP, =0.053per day). The main resistance and load parameter are asrgegl in

Table 7.6 and Table 7.7 shows the design valudtefcanal heightl,, actual roughness
coefficient n,, superelevatiody, probability of failureP, , reliability indexs, for different
discharge® .

Table 7.6. Estimated mean and standard deviatitiasit variables characterizing bend

Variable Hy, dy n d R P Q
H 2.85 0.07 0.016 1.21 0.79 7.38 10.67

g - 0.023 | 0.0007 | 0.437 | 0.20 | 0.886 5.7

Distribution D LN N N N N N

Table 7.7. Conditional probability of bend failuaealysis giverQ for different discharges

and fixedH
Q( nf/ 3 H b (m) nA an dy( m) ady 'B Pf
30.2: 2.8t 0.01¢ | 0.511 | 0.007 |0.86C| -8.1¢€ 1
28.t 2.8t 0.01€ | 0.17¢ 0.02¢ | 0.98t| -2.6¢ 0.99¢
27.¢ 2.8t 0.01¢ | 0.10¢ | 0.04¢ | 0.99¢| -0.98¢ 0.83¢

27.4: 2.8t 0.01¢ | 0.071 0.07¢ | 0.99¢| 0.32¢ 0.37:

26.8¢ 2.8¢ 0.01¢ | 0.04¢ 0.11¢ | 0.99¢| 1.6¢ 0.046¢

26.6¢ 2.8 | 0.01¢ | 0.04: | 0.12¢ |0.99¢| 1.97 0.024¢
26.6( 2.85 | 0.01€¢ | 0.04C | 0.131 |0.99¢| 2.1: 0.017
26 2.8t 0.01€ | 0.03C | 0.17¢ | 0.99¢| 2.9¢ | 1.42x1(®™

25.4( 2.8 | 0.01¢ | 0.02¢ | 0.21f |0.997| 3.6€ | 1.24x1(*™
25.01 2.8 | 0.01€ | 0.02: | 0.24: |0.997| 4.0¢ | 2.66x1(*
23.3¢ 2.8 | 0.017 | 0.01f | 0.36: |0.99¢| 5.2¢ | 6.05x1(*
22.5¢ 2.85 | 0.017 | 0.01¢ | 0.41¢ |0.c9¢| 5.7¢ | 5.02x1(*
19.37 2.85 | 0.017 | 0.008 | 0.657 | 1 7.16 0
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7.4 EcoNOoMIC OPTIMIZATION

Firstly, the method of economic optimisation isgaeted as a framework for the derivation of
an economically optimal level of risk. The derivatiof the (economically) acceptable level
of risk can be formulated as an economic decisimblpm. According to the method of

economic optimisation, the total costs in a sys{@y,) are determined by the sum of the

expenditure for a safer systerh)(and the expected value of the economic dargége. In
the optimal economic situation the total costdhmsystem are minimised:

Min(C,,) = Min(I + E(D)) @)1

ot

In this section the economic- mathematical modeVah Dantzig (1956) will be discussed.
The method of economic optimisation was originadigplied by van Danzig (1956) to
determine the optimal level of flood protectiore(idike height) for Central Holland (this
polder forms the economic centre of the Netherlands

Assume that an existing channel has a heigtt, offThe channel will be raised to an optimal

heighth. The costs involved with this elevation are a fiorc of X . These costs can be
assumed linearly witlX by the relation:

I =1, +1,X 7.1
X =h-h '

The total investments in raising the channie] @re determined by the initial costs, ( and
the variable costsl(). The channel is raised by, the difference between the new channel

height (h) and the current channel heigh ). The total costs are therefore given by the
expression:

E(D) = P.D
(D)= (7.12)
Cy =1 +E(D)
which is C, is the sum of construction costsjs discount rater(=0.015) and D is damage

costs which including the costs for material (gtagand and cement), damage to channel,
spillway and ReconstructionX(=100,000 €) . The optimal channel ri¥g , can be found by

solving the equationdC,, (X)/ dX=0 and gives for the height of channel the following

result. The relation between the probability amgestments, risk and total costs is shown in
Figure 7-12.

The economical optimal channel height follows to Hg, =3.03mwith a corresponding
probability of failure ofF(H,,) =2.76x 10* per year.

107



Probabilistic Analysisfor Superelevation
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Figure 7-12. Simplified model for channel rise {JjeEconomic risk based optimal safety for
height channel (right)

7.5 DISCUSSION

Table 7.7 shows that the probability of bend falis very high (up to 0.373) when the
discharge is 27.4®°/ s. Subsequently, overtopping from the outside chialbeed will occur
which accounts for erosion of the bank and thelfunadermining of the structure. The
probability of failure P, is shown in Figure 7-13 (right) for different dmsages. In Figure

7-13 (left), the influence of the roughness co&fit shown by the PDF’s in Figure 7-13 on
the failure probabilities can be observed, wittharge of about 10%.

The variation of superelevation may be expressddrins of discharge rate and is a function
of V?. Figure 7-14 (left) shows the variations related > (Shams 1998).

It is very important that any designer should k#ep upstream flow characteristics in mind
before designing a conveyance structure after thietostructure. It is required to take into
full consideration that hydrodynamic turbulent ge® fluctuation is of great importance.
Figure 7-14 (right) shows variation of superelematas a function of the Reynolds number
Re,, in the bend.

Relation between superelevation and velocity feesemodels is shown in Figure 7-15, and
comparison of superelevation for seven models aatinal measurements presented in Figure
7-16. It shows that the field measurements of smlpeation show higher values than the
prediction methods. Some parts of actual measursma® 2-3 times bigger than other
models (for example Woodward and Grashof). Theoread this difference might be caused
by secondary flow.

Comparison of slope for seven models with actuaasueements in Figure 7-16 is shown in
Table 7.8. It shows that slop of two models (Red blue line) are bigger than other models
and the result of these models is close to measmnesn
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7.6 CONCLUSION

In this chapter, a probabilistic method for thelgsia of superelevation in an open channel
bend was presented and the conditional probalofivertopping failure was estimated.

The secondary flow has important role and has tiefect on the superelevation in open
channel bends.

The presented case indicates that the existingythmnot lead to exact results. For some
models, there is an underestimation in the supeatte of a factor 3. For design the bends
with this condition for safety, we need extra freatli more than normal channel.
Probabilistic modelling can provide a formal apmio&o the analysis of the performance of
hydraulic structures, taking all uncertaintiestod models, such as load and strength variables

and uncertainties of the model coefficierits, 3,,......a, ,8,) into account in Table 7.1 and
Table 7.2, also in Figure 7-4 to Figure 7-7.

The detailed reliability analysis in this chapteshconcentrated on one component in the
failure analysis (overtopping). Further analysighed other components should be carried out
in order to find the weak links of the hydraulicusture. The vulnerability of a hydraulic
structure can then be improved by strengtheninggetheeak elements.

The probability of failure study in this researchashdemonstrated the need to improve the
discharge capacity and the bank structure of tiradlin the Ziaran dam.
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Figure 7-13. Pdf plots of roughness coefficientt)d’robability of failure as a function of
discharge (right)
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Figure 7-15. Relation between superelevation atatitg for seven models

0.14

* Grashof = Woodward Chow Ippen *x Corps * Shams + Apmann

0.12 4

0.06

dy (Predicted)

0.04

0.02

0.015 0.035 0.055 0.075 0.095 0.115 0.135
dy (Measured)

Figure 7-16. Comparison of superelevation for semedels with actual measurements

Table 7.8. Comparison of slopes for seven moddis adtual measurements in Figure 7-16

Model Grashof| Woodward Chow Ippen Corps Shams Apman
Slope f) 19 22 36 36 20 40 41
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CHAPTER 8

HYDRODYNAMIC LOADINGS AFTER DAM
BREAK

Assessing the vulnerability of buildings in floodspe areas is a key issue when evaluating
the risk induced by flood events, particularly hesmof its proved direct influence on the loss
of life and economic damage during catastropheso#prehensive methodology for risk
assessment of buildings subject to flooding is rée¢ess still missing. Bearing this in mind,
a new set of experiments have been performed aDé@lft with the aim of spreading more
light on dynamics of flood-induced loads and thefiects on buildings and to provide the
CDF community with state of the art bench-marksthis chapter, a brief overview is given
of flood induced load on buildings, the new expenmal work is then presented, together
with results from preliminary analysis. Initial tds suggest that the use of existing
prediction methods might be unsafe and that impel&®ading might be critical for both the
assessment of the vulnerability of existing streesuand the design of new flood-proof
buildings.

8.1 INTRODUCTION

Recent catastrophic events such as the Indian Gsaaami in 2004 (Kawata, 2005) and the
New Orleans flood due to passage of hurricane Kain 2005 (FEMA 549, Figure 8-1) have
focused the attention of politicians, economistd angineers worldwide on the need for the
assessment of risk due to flooding of anthropizedswhen estimating the potential life and
economic losses of a catastrophic scenario.

While a huge effort is being devoted to the deveept of methodology for the definition of
the hazard due to flooding (including flood-mappioigriverine and coastal areas), less is
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known on the dynamics of flood-induced loads orddmgs (Kelman and Spence, 2004) and
a comprehensive methodology for damage assesstbuatldings subject to flooding is still
missing. In particular, new tools are needed fa #valuation of the fragility of civil
structures to hydraulic loading.

In general, the structural vulnerability of builggin flood flows is modelled based on the
combination of water depth and flow velocity. Cridehave been derived based on data from
historical floods, (see e.g. Clausen and Clark,01%strika and Jonkman, 2009), but their
empirical validation is relatively limited. The riedo account for the large amount of
uncertainties involved with such processes is matittig the recent orientation toward
probabilistic approaches to risk assessment over mmore established and simple
deterministic ones. Bearing this in mind, a redegmmject is being carried out with the aim
of improving knowledge on hydrodynamic loading afldings in flood-prone areas.

Ly

Fatality rate (%)

North breach v ﬁfz/

South breach

Figure 8-1. Percentage of building damage in thedraNinth Ward, New Orleans (main
figure) and fatality rate (top-right),(Cuomo et &008)

8.2 LITERATURE REVIEW

A dam-break wave is one of the most stude@mples of unsteady flow in open
channels. Catastrophes caused by the sudden faluwleams and the resulting wave have
attracted physicists and scientists since the d&tiury (Chanson, 2004).

8.2.1  Analytical Solutions

First attempts on solving the dam-break problene dthaick to 1892, when Ritter (1892) made
important contributions and presented an analysoaltion for the case of a dam-break wave
problem for an inviscid fluid in a dry, horizontedctangular channel with a semi-infinite

reservoir extension. Major existing contributions the analytical solution have been

represented in the literature as follows:

Ritter (1892) derived an analytical solution foy drorizontal frictionless channels; the main
feature of Ritter's solution is being self-simifae., the solution only depends on the ratio
x/t, in which x is location and is time, see Leal et al. (2006));

Dressler (1952) took into account the influencédriation, based on a pertur-bation solution;
his solution is non-self similar due to the effetfriction. Whitham (1955) utilized a friction
model, quadratic in the flow velocity, and derivacgarabolic water surface profile for the
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bore front that is concave downward and asymptibfiepproaches a vertical face in the bore
front. Stoker (1957) generalized Ritter's approfachwet initial downstream and like Ritter,
reached a self-similar solution;

Lauber and Hager (1998) could reach a solution dbas®e shallow water equations with
friction slope in the source term. Fracarollo andp&t (2002) worked on mobile bed and
derived a semi- analytical solution but were inddpaf providing an explicit equation for
wave celerity. Chanson (2005b and 2006) solved Saet-Venant equations using the
method of characteristics for a wide rectangulanciel with a semi-infinite reservoir.

8.2.2 Experimental Research

Most studies have been geared towards investigatiagnitiation process of a dam-break
flow and the flow features at the positive borenfroMost of the tests are performed in
horizontal flumes or flumes with small angle. Alsioe test flumes are supposed to be as long
as possible to approach the assumption of an ieljniong channel in analytical solutions.
Moreover, tests with dry or wet downstream and reolor immobile beds have been
performed to investigate the effect of various pseters on flow variables. A number of
studies exist on dam-break experiments with fixed,bsuch as those of Levin (1952),
Dressler (1954), U.S. Army Corps of Engineers (198151), Estrade (1967), Chervet et al.
(1970), Drobir (1971), Barr and Das (1980), Ma(ti®81), Miller and Chaudhry (1989), Bell
et al. (1992), Franco (1996), Lauber and Hager §L98tansby et al. (1998), Leal (1999),
Briechle and Kotenger (2002), Leal et al. (2002nason (2005) and Nouri (2008).

8.2.3 Physical damage modeling

Flooding not only destroys human life, but also lsslevastating effect on land use,
infrastructures, plants and natural resources. ifipact of a flooding on the environment
relates not only to the landscape, but also tontfam-made aspects of the environment.
Researchers specializing in natural hazards haygessed a need for more complete
documentation of losses, including both direct amtirect damage associated with flooding
(Jonkman et al. 2008; Mileti 1999; National Resbaouncil 1999; Heinz Center 2000).

Jonkman et al. 2008 presented a classificationapious types of damages characterizing
flood events and make a distinction between didahages inside the flooded area and
indirect damages that occur outside the floodec dsee Table 8.1) also described three
categories for physical damage modelling in thensgands (Jonkman et al. 2008).

o Direct physical damages
o0 Indirect economic losses
0 Loss of life

Direct damages are closely connected to a floodteaed the resulting physical damage. The
physical damage estimation includes two phases.fif$tephase is estimation of structural
damage and second phase is the value pricingopthysical damage (Kelman et al. 2004).
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8.3 FLOOD L OAD ON BUILDING

During extreme events, buildings laying in floodptawithin high flood-induced hazard areas
can be subjected to a series of loads including bgtrostatic and hydrodynamic loads see
Figure 8-2 for example of impacts of floods.

1- Hydrostatic loads include:

o
o

Hydrostatic pressure on the vertical element ofgtnacture
Buoyancy on the horizontal element of the structure

2- Hydrodynamic loads include:

2-1- Drag/Velocity-dominated (quasi-static) loathsluding:

o

O O O O

Flash floods (away from source banks/levee/bregches
Debris-flows (away from source)

Storm surges (inland)

Tsunami

Non-breaking wave loads

2-2- Inertia/acceleration-dominated (impulsive)dsa

o

o O O O

o

Dam break, close to source

Debris-flow, close to source

Flash floods in the vicinity of banks/levee/breache
Storm surges (along the coast)

Tsunami (along the cost and inland at the wavetfron
Breaking wave loads

The above classes are described in detail in vdilaifs. Here, it is worth mentioning that in
most cases, different loads may co-exist and athersame structure at the same time or at a
different time during a single flooding event.

Figure 8-2. Tsunami Phenomena, Top-Left: North Fadrthe KY River, March 1963; Top-

Right: Melbourne flood, February 1972; Bottom-I€fbastal flood in Walcott November
2007; Sumatra tsunami, December 2004), (Cuoma,e2G08)
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8.3.1 Hydrostatic Loads

The hydrostatic horizontal loa#..(N/m) derives from the difference in water level on the
upstream and the downstream sides of the walluRiewidth it is given by:

R = (0.9)/(2( 1, - 12)) 8.1)

in which g(m/ €) is the acceleration due to gravity, (m) and h,,(m) are the water depths,

respectively upstream and downstream the wall prﬁkig/m?) is the density of the fluid,
which is a function of the amount of solid part&ckuspended within the flood.

8.3.2 Buoyancy Loads

When assessing the vulnerability of horizontal dtrical elements or the overall stability of a
building, buoyancy should also be taken into act@mit applies a potentially unbalanced
uplift force and affects the resistance of grawsed structures against sliding and
overturning. Buoyancy (per unit length) can be lgastimated using:

F, =009V (8.2)

in which g is the acceleration due to gravitg,is the density an& is the volume of water

displaced by submerged structure. Equation (8.8)usd in FEMA (2000), Camfield (1980),
FEMA (2008), amongst other literature.

8.3.3 Hydrodynamic Loads

Hydrodynamic loads derive from the combination bé tinertia and drag and generally
depend on both the kinematics of the flow and #engetrical and dynamic characteristics of
structure. In practice, the following simplified pession is adopted for the hydrodynamic
load per unit length:

F,=C,.obht? (8.3)

in which F, is the total drag force acting in the directiorflofv, b.his area of the structural

element normal to the flow direction, the widthtbé& objecth is the water depth at the wall
and u is the intensity of the velocity component orthogbto the object an€, is the drag

coefficient, which varies depending on both buigdgeometry and flow conditions.

Velocity is one of the major properties of dam lré&zading. By and large, velocity is taken
as depending on the inundation depth, The expression for the velocity is= ky/gh. In

which k is a constant coefficient. Different authors gililferent values fork (Murty, 1977,
Kirkoz, 1981; FEMA, 2000; lizuka & Matsutomi, 2000hurairajah, 2005).

Although the use of Equation (8.3) is recommendedniany international standards and
design codes, it doesn’t nevertheless accounthercbntribution of inertia on the overall
hydrodynamic force whose importance has been lorayvk (see among others Morison et
al., 1950). A more advanced formulation is thatadticed by Kaplan et al. (1995) which
reads:
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_ du dh
F —p.h(CD.g.uz+ Q,l-haJ’ C,. UEJ (8.4)

where, C ,and C, ,are respectively the inertia coefficients for thentribution of the
acceleration and the rise rate terms.

Written in the above form, the equation highligtite contribution of drag (first term on the
right hand side) and inertia (second and third seon the right hand side). Note that the

contribution of inertia force is related to bothriaéion in flow velocity (du/ dt) and rise

rate(dh/ dt), both of which effects are known to be stronglyretated to damage to buildings

in floods. Although more advanced than Equatioi®(8(8.4) it has been shown to
underestimate most violent impulsive loading evé@isomo et al. 2003).

8.3.4 Dam-Break and Tsunami-Induced Loads on Buildings

Recent catastrophic tsunami events have focuseattaetion of researchers worldwide on
the need to assess the hydrodynamic loads exeytésubami on buildings. Among these,
experiments by Arnason (2005) represent rare exasnpl tests concentrated on measuring
loads exerted by dam break flow on isolated bugdinResults from the above experiments
have been included in design standards includiegéently published by FEMA (2008) in
which the hydrodynamic force acting on an isoldbedding reached by a tsunami is given

by:
F, =0.5C, pbhf (8.5)

The authors of the FEMA guidelines suggest usinlgag coefficientC, = 2 when assessing

the drag component of the load only but assumjg= 3 to account for the impulsive
component of the loading, which implies:

Fimp =1.5F, (8.6)

8.35 Short Wave-Induced Loads

When assessing hydrodynamic loads for use in designt wave loads (period 1s < T < 10s)
on buildings are usually accounted for separatelthe common practice, they are usually
subdivided into loads exerted by non breaking, lkrepand broken waves, the transition
among the above conditions being mainly a functbmhe local wave heigh{H) to water
depth (h) ratio. It should nevertheless be borne in mind fioa walls exposed to wave
loading, both the incident wave condition and treexr depth in front of the structure might

vary during the flood and it is therefore not edsydefine boundaries for each loading
condition.

A series of well established prediction methodsrfon-breaking wave loads are available to
practitioners. Among these, Goda’s (1974) predictinethod for wave loads on caisson
breakwaters represents a landmark in the evolufophysically rational approaches to the
assessment of wave loads at walls. Takahashi et1884) extended Goda’'s prediction
method to include the effect of wave breaking. \Witthe PROVERBS research project, a
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new design method was derived for the evaluationadfe forces on caisson breakwaters and
was described in details in Oumeraci et al. (2001).

Since breaking is highly dissipative, force exerted broken waves are assumed to be
significantly less intense then for the breakingr@vaase. It is commonly assumed that after
breaking, the wave propagates like a bore inshockialand, eventually transferring their
residual kinetic energy to the structure at theetiof impact (see Ramsden, 1993 and
references therein).

8.3.6 Debris-Induced Loads

Debris-induced loads such as large rocks, carsptber objects flowing in the water
downstream represent a different kind of loadirathldor their high level of unpredictability
and their extreme danger. Among the rare studiegedaout in this field, we will mention the
recent work carried out by Haehnel and Daly (2002).

8.3.7 Load Combinations

As already mentioned, in most cases a structusabgected to a combination of the loadings
described above. An example calculation showinfgiint degree of load combination acting
on a vertical wall is given in Figure 8-3 from léftright and from top to bottom:

o0 hydrostatic pressure;

hydrostatic pressure + drag;
hydrostatic pressure + waves;
hydrostatic pressure + drag + waves;
Debris

O O O O

Farce | Wim)

Current |ovs|

Figure 8-3. Example calculation showing the effe#fdihe hydrostatic pressure (top-left)
alone, and in combination with a steady curreni-¢ight), waves (bottom-left), and both
(bottom-right), (Cuomo et al., 2008).

Note that during a single flood event, the load ligl the wall might vary significantly within
the sketched areas in Figure 8-3. For examplehasvater reaches the base of the wall and
starts rising, the wall will experience increashmglrostatic pressure and drag force due to the
current. If the structure is set in a coastal aneajes might as well reach the wall which will
therefore experience loading from broken, breakingulsating waves as a function of the
local wave height to water depth ratio, which camyvdue to tide and storm surge variation
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during a single flood. In other tsunamis caseshflloods and dam break flows might drag
along heavy objects as debris, with catastroptiectef on any structure laying along the path.

8.4 NEW PHYSICAL TESTS

A new set of dam-break 2D physical model tests warded out in one of the wave-flume of
the Hydraulic Laboratory of Delft University of Tewology (TU Delft) with the aim of
spreading more light on dynamics of flood-induceads and their effects on buildings.

8.4.1 Experimental Set-Up and Measurement Instruments

Experiments were carried out in a 42 m long, 0.®&ide and 1.0m high wave flume. A water
column was stored in a 2.88m long, 0.67cm wide a@6cm high reservoir. To minimize the
effect of the gate opening on the water tongue gggapng downstream, the gate was operated
by rotating a stiff metal plate around its top hyling its bottom by means of a free-falling
counterweight. The building was represented by hiccistructure (characteristic linear
dimension of 18cm) and made out of thick aluminitarminimise its weight and maximise
its stiffness (dynamics of model structure is dssad further in the following). The following
sensors were housed in the model structure:

o 1 accelerator
o 1 axial force transducer
0 11 pressure sensors

In order to be able to effectively capture the pkat impulsive events, data were logged
continuously at high frequency (50 KHz), recordimgas initiated by monitoring the
movement of the gate.

Figure 8-4. Sketch of model structure housing faraesducer and acceleration (left) and
pressure transducers (upstream, downstream, latedabop side), (Cuomo et al., 2008)

8.4.2 Experimental Program

The experimental program covered a number of layand geometrical configurations,
including (Figure 8-5):

o Single building layout (left): aimed at investigagi the effect of building orientation
and distance from the source;
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o City layout (top-right): aimed to investigate compl flow pattern and local
amplification in urban environment

o Debris layout (bottom-right): aimed to investigdtee dynamics of the water-debris-
structure interaction.

Tested parameters included:
o Building orientation with respect to the main flow;
Water level in the reservoir;
Distance of the building from the gate;
Density and volume of debris,
Relative position within the “urban” environment;

O O O O

Each test was repeated three times for qualitykthg@nd to enhance the significance of the
tests.

Top

Downstream

_—
. — = Upstream
S %

Figure 8-5. Model layouts used in the experiments

8.5 OBSERVATIONS DURING EXPERIMENTS

Tests investigated flood-induced loads on buildsupjected to a wide range of flow

conditions. Example snapshots captured duringnigsif the single building (top) and city

(bottom) layouts are given in Figure 8-6 showingpetively drag (top) and inertia (bottom)
dominated loading phases. Vortex shredding andtataom have also been observed (top-
left).

8.5.1 Time History of Pressures

In the following, initial results from preliminarynalysis performed on time histories
recorded during the first set of the “single builgllayout” tests are presented. Data recorded
during tests carried out with the structure locatlede to the gate only are presented in terms
of effect of tested parameters and building origotawith respect to the direction of the main
flow.

85.1.1 Upstream side

Figure 8-7 shows time histories of the pressuratedeon the upstream face of the cubic
structure due to bores generated with impoundmepthd ofh = 0.20, 0.40, 0.60, 0.80, 1.00
and 1.20m, measured at the pressure sensors. A sudders ogsérved in the time history of
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the exerted pressure, which corresponds to theangdathe bore front on the upstream face
of the structure.

85.12 TopSde

Figure 8-8 shows the variation of the vertical mlgttion of the pressure exerted on the cubic
structure from the impact of a bore generated byrgroundment depth oh = 0.20, 0.40,
0.60, 0.80, 1.00 and 1.20. It is observed that a negative pressure (suct®axerted on the
top sides of the structure. The pressure magnisilss than the corresponding values for the
upstream face of the structure.

85.1.3 Lateral Side

Lateral hydrostatic forces arise from the variatinonpressure distribution with depth. The
time histories of pressure exerted on the lateide ®f the cubic structure due to bores
generated with the different of the water depting shows in Figure 8-9.

85.1.4 Downstream Side

shows time histories of pressure exerted on thendtr@am face of the cubic structure due to
bores generated with impoundment depthshef 0.20, 0.40, 0.60, 0.80, 1.00 and 1n20
It is observed that larger oscillations exist ire hressure time histories.

Figure 8-6. Snapshots captured during testingestthgle building layout (top) and city
layout (bottom).
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Figure 8-7 Time history of pressure on the upstrésa (front) of the structure recorded
during dam-break experiments with the different@ampdment depths.
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8.5.2 Initial Results

An example of a force time-history (front side betstructure) recorded during dam break
experiment presented in this section is shown ilguré 8-11 showing a sharp (inertia-
dominated) peak K, ) followed by a less intense but longer lasting (gséetic, drag-

dominated Ioa&qs+). (Cuomo et al., 2008). We refer to section 8.8ftother comparison
with existing literatures.

2 T
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Figure 8-11. Example force time-history recordedriyidam-break experiments.

8.6 QUASI-STATIC AND |IMPULSIVE LOADS

Quasi-static loads are actually due to dynamic phreana but remain constant for relatively
long periods. Quasi-staﬂr‘gg and impulsives loads on the front face of the building are

plotted respectively on the top and bottom sid€igtire 8-13 as a function of the water level
in the reservoith, showing an increasing non-linear trend with liheacreasingh over the
whole range of parameter tested. Best fit curveBigure 8-13 over the range of parameter
tested) obey the expression:

F . :a.exp{—(ﬂjz} (8.7)
gs c

With a,b and cbeing best-fit empirical parameters summarised ibld&.1, together with
R-square of the corresponding fit.

Table 8.1. Summary of regression analysis and @&tioel coefficients for equation (8.7)

Load Orientation| a(N) | b(cm) | c(cm) R2

- 0° 254 127 68 0.99
Fee 30° 222 131 70 0.99
Fe 60° 126 169 101 | 0.99
Fino 0° 535 115 53 0.99
Fimp 30° 441 119 54 | 0.99
Finp 60° 233 138 70 0.99
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8.7 EFFECT OF BUILDING ORIENTATION

The shape or floor plan of the propose building i drientation to the direction of flow are
factors affecting how it will perform in a floodn Iprinciple, compact buildings offer less
resistance to flowing water and are structurallyemobust.

Figure 8-12 shows a range of plan configuratioms will reduce the forces of floodwater on
the house. Orientating the house across the flawreduce the clearance between houses
which increases the local velocity around the house

These matters are complex and difficult to analyseabse many factors relating to the
building structure and flow of water come into pldye impact of structure and water flow
are also highly dependent on the individual circtamses. Conventional houses have greater
limitations than other types of buildings and ardyosuitable for areas of relatively low
velocity.

Effect of building orientation with respect to theaim flow direction on quasi-static and
impulsive component of the loading is shown respelt at the left and right of Figure 8-13.
As expected, the loading decreases more than lyneéth increasing angle of inclination of
the exposed face to the main flow direction.

The ratio of the impulsive to the quasi-static loadsthe front face of the building is plotted
in Figure 8-14 for increasing values lof Best fit curves in Figure 8-14 obey the exprassio

o = (@l + b + Ot J O, (8.8)

F :(—48><106Em3+ 9.45% 10'[h*- 4.2 I6Ch+ 1.97F,, (8.9)

where a,b,c andd are best-fit empirical parameters. Equation (89)alid in the range

20<h<12@cmand has an overalR? =0.795. For increasiny, the impulsiveness of the
loadingF,, / F . initially increases to reach a maximum of 2.5 lat100cm, but then

decreases. This is probably due to the fact thavéder levels exceeding=100cm, the flux
has not developed (accelerated) enough at locafidine building to become critical for the
stability of the building.
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Figure 8-12 Effect of plan orientations that wiltlteee the forces of floodwater on the
building with respect to the main flow direction.
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Figure 8-14. Impulsiveness of the loading as atfon®f the water level at rest in the
reservoir. Best fit solid line obey Equation (8 83% confidence bounds are also shown
(dashed), together with prediction (red line) by &ipn (8.6)

8.8 COMPARISON WITH PREVIOUS FINDINGS

When compared the initial result in Figure 8-11haigsults from previous works, impulsive
loading measured during the new set of experimapfear to be significantly higher than
their corresponding quasi-static loads. In particuFigure 8-14 shows impulsiveness ratio up
to more than 2.5, confirming limitations in recommdations derived from previous studies

such as that given by Equation (8.6), (also showrrigure as a horizontal red line for
comparison).

Discrepancies in the pressure between observatidngdthe present tests and those carried
out by Arnason (2005) and Nouri et al. (2007) arebpbly due to the difference in the

dynamics of the experimental setup used in each (s Figure 8-15). Indeed, looking at
time-histories shown by previous authors, it appdé&ely that the experimental setup used in
previous experimental work could have damped owtrimiense impacts as they were acting

over a range of frequency higher than those cooretipg to the natural frequency of
vibration of the model structure.
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Figure 8-15. Non dimensionalized force historytfee square column with one side facing in
flow (Arnason, 2005), (right) and force-time histgNouri, 2007), (left).
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Figure 8-16. Example pressure time-history of aipaerly impulsive event of an example
pressure time-history of recorded during presepearments (h=120 cm)
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Figure 8-18. Single side amplitude spectrum ofdsrand accelerations time-history

8.8.1 Further Insights on Load Time -History

Further insight on the relative importance of ingdg loading on buildings can be derived by
looking at pressure time-histories recorded dutigfing. Impulsive pressures up to 5.5-6
times their corresponding quasi-static componehtsepressure sensor on different level are
plotted on the Figure 8-16 and Figure 8-17. Refabetween impulsive pressure and quasi-
static pressure will depend on shape of pressugelmight.

The dynamic response of a structure can affect thasaored forces at the base in terms of
magnitude and therefore, the time history of exefteces. A typical time history of loading
and acceleration observations can consist of segemaponents. Most energetic component
frequencies identified by wavelet transform of atamaple forces and accelerations time-
history recorded during testing and plotting thegt side amplitude spectrum of vibration of
the buildings on Figure 8-18, and refer to Cuon@0g@.

8.9 CONCLUSIONS AND FURTHER WORK

Assessing the vulnerability of buildings in floodspe areas is a key issue when evaluating
the risk induced by flood events, especially fa strong correlation existing with loss of life
during most catastrophic events. Nevertheless,endnihuge effort has been devoted to the
development of methodology for the definition ofethhazard due to flooding, a
comprehensive methodology for risk assessment dtlibgs subject to flooding is still
missing.

Bearing this in mind, a new set of experiments Haeen performed at TU Delft with the aim
of shedding more light on dynamics of flood-indudedds and their effects on buildings.
Initial results suggest that impulsive loading nide significantly higher than those
predicted by available prediction methods and shbel regarded as potentially critical when
assessing the vulnerability of existing structurd designing flood-proof buildings.
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CHAPTER9

Conclusions and Recommendations

The motivation behind the research presented intigisisProbabilistic Analysis of Failure
Mechanisms of Large Damsgas to investigate the application of probabtistiethods in
assessing the reliability of hydraulic structurespexially dams. The work was first
concentrated on interpreting data as random vasabhd probabilistic functions, through
which uncertainties could be taken into accountsoAa framework for the reliability based
model was developed in this thesis, aiming at ogting the hydraulic structural dimensions
and material properties.

Inspection tools can be considered as a primarynrttegt provides direct information to the
end users on defects encountered by any civil eegimg structures. There is a need to ensure
that the design standards and criteria of dams owegémporary requirements for operational
and public safety as dams get older. If a damisggtw be constructed, then besides the safe-
design concerns, cost is also an important isse8alitlity-based designs decrease the cost
since risk is computed using a more realistic bakigh reflects the probabilistic nature of all
loading and resistance parameters. The main coonolgif this work relate to three aspects
of dam failure are included below:

9.1 PROBABILISTIC ANALYSIS OF PLUNGE POOLS

o The characteristics of plunge pool formation are thost important information during
design stage in order to secure the dam spillwayctire and downstream. They
depend mainly on spillway operation, river morplgiand natural topography of the
plunge pool.

o A physical model is the most effective methoddpraducing a comprehensive plunge
pool formation and it in the plunge pool.
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9.2

9.3

Empirical formulas are able to predict only the olate scour depth and impact
location, not the full extent of scour formationowkver, they are useful for plunge
pool pit design.

For poor quality rock, the plunge pool formation usicertain and unpredictable.
Erosion can lead to serious problems of stabilitgd aaitflanking of the structure. These
risks increase in many ways if the structure haseantensively used.

The result of this scour erosion test is consideasdan essential finding to provide
hydraulic data for further investigation of scouoplems and improvement of control
structures, bank and downstream channel protection.

statistical pattern recognition techniques haverbemployed to estimate the geometry
of scour in plunge pools caused by high-velocityewget impact. The results of an
experimental study have been investigated consigetwo types of methods: (1)
Deterministic method and (2) Probabilistic methodprypriate dimensionless features
have been selected using fluid mechanics concEptally, the Best liner Unbiased
Estimation (Minimum variance estimator) has beenpsfrad to predict the geometry
of scour hole.

PROBABILISTIC ANALYSIS OF SUPERELEVATION

The main focus has been on flow and superelevationesses in curved channels
using reliability modeling and mathematical express for evaluation of
superelevation for flow in open channel bends cawolitained the equations of motion.
With the aid of order of magnitude analysis basedeaperimental evidence, these
expressions can be simplified for probabilistic Inoets.

As water flows through a bend, a secondary circalabften develops, due to a local
imbalance between the centrifugal force and thessichannel pressure gradient. In
our simulations, we have identified several parargethat influence the strength and
development of the superelevation circulation.

In particular, the superelevation circulation isfimenced by the vertical profile of along
channel velocity, the curvature of the topograpng the aspect ratio of the channel.
Turbulent processes also influence the superel@vatirculation. Due to the

dependence on the vertical profile of along chanvelbcity, the superelevation is
sensitive to changes in the channel topographyh ag an obstruction inside the
channel.

HYDRODYNAMIC LOADINGS AFTER DAM BREAK

Assessing the vulnerability of buildings in floodpe areas is a key issue when
evaluating the risk induced by flood events, egpigcior his strong correlation with
loss of life during most catastrophic events. Nehadess, while a large effort is being
devoted in the past to the development of methggdtar the definition of the hazard
due to flooding, where is limited insight in vulability of buildings.

Initial results suggest that impulsive loading mtidge significantly higher than those
predicted by available prediction methods. Impw@sisading should be regarded as
potentially critical when assessing the vulnerapibf existing structure and designing
flood-proof buildings.

Short duration impulsive loads might be importaat the 1) Overall stability of
buildings. 2) Resistance of structural and non-dured elements.
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o0 Not accounting for impulsive loads in design andkriassessment might lead to
underestimation of effective loading and thusdifel economical losses.

0 The physical model tests have been performed whaim of: 1) Spread some lights
on impulsive loads on buildings in flood prone aea) Improve existing and provide
designers with user friendly formulas for safe naation of flood induced loading on
buildings.

o The impulsive loading measured during the experimm@ppear to be significantly
higher than their corresponding quasi-static load$ie impulsiveness ratio is more
than 2.5

o Relative importance of impulsive pressure on bugdican be derived by looking at
pressure time-histories recorded during testingpuilsive pressures up to 5.5-6 times
their corresponding quasi-static pressures wereeobed.

Recommendations:

Recommendations to supplement this research amilied in this section and focus on
expanding the data base. Further research on $eneien this includes: increasing the
number of experimental runs for different chanr@ifguration; introducing additional radii
of curvature into the study; and increasing theepiof bend angles investigated.

These modifications would enhance understanding hef d¢ontrolling factors affecting
superelevation. Moreover, this research has higtdd) some of the weaknesses of the
superelevation equation for predicting superelevati

A good way to proceed may be to look for correlaidbetween a limited number of
parameters related to the superelevation, and db& Imixing in real systems. From our
studies, several promising parameters for such case be identified. In order to obtain
parameters valid for real flows, measurements ienoghannel flows would be needed for
such studies in combination with laboratory-scabgpegiments and further reliability
simulations.

The data collected in this investigation have ledh® successful completion of the research
objectives. However, further improvements could rbade by expanding the dataset. An
increase in the number of repetitions at each lgemanetry and channel configuration would
be useful in determining the experimental consisteand reliability of the results.

Failure mechanisms for dams were and are diffitoltunderstand for engineer design.
Although several knowledge gaps remain, it is etguethat this thesis helps in understanding
the behavior of the mechanism in reality assishaking safe decisions.

High hazard potential dams require an annual congm&ve inspection. Evaluation of the
safety of existing hydraulic structures can be ewbd using related information obtained
from continuous monitoring.

Knowledge from literature and previous investigasialocumenting superelevation of open
channel flows is very limited. This study has impduhe understanding of some of the key
factors which determine superelevation, althougthér research is required to improve this
knowledge base.

More research is needed to improve the near mneed surveillance of the dam break using
monitoring data and collect data from real obseowatin the field.

For a better evaluation and comparison of the loadke dam break analysis, we need to
collect more data from tests in laboratory.
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Conclusions and Recommendations

To better describe the dam break development, wd meestigation of the 3D effects in
numerical models for a more accurate dam brealysisaand flood propagation.
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Appendices

Appendix. 1.A.

Based on theiPrheorem and equations (6.4), (6.5) and (6.6), tbersequations are given as
follows:

ds — 0. H 0.008 R.- 0. 0.0801 05
& —g0p(ry oty o Ry oopfley oo 6.4
d, 4, 4, d, 64
By using the law of Torricelli : V =,/2gH,

where the discharge is defined with as the thickness of the jet as:q =h\V

Rewriting Eq. (6.4) the scour depth is proporticwal

0 _R—o. oy 00BL o 05
qN J—m( ‘mﬁqN) 26?‘:;';)08(’9)

QVO 0. 0Sln 0.5
OlNJ_ %W)%)@@

g_ tgs%s\/ogmg
qN QOZ(RQO@[EZ)OOSQ 0457ﬂv11

d, O /q(;/ Cpe  With C,y = 9.02(R dy 8)0G, s
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bl(j).3968g 0.0427
where:Cy_ ..., =
- 0.008 0.08544 0.1738
20008/ 0085

Although the parameteCs.,,r depends on the width of the jet, the flow veloatyd the tail

water depthCscour can be considered as a constant (the exponer&i68).8.0854 and 0.1738
are about zero).

527191“:',)03549(%) 0369?5) O.llét%;’) 0.0Q(gine) 0.2 (65)
Rewriting Eq. (6.5) the scour length is proportictioa
0354 )0 )R\ 01148k, o0 - 9) 02
olN F 9( i 2 t 2 Ein6)
Ls hJV 035 V2 y osp R R) ongflo) oop ) 02
ClN \/ QOlN d,

qV ] V0.095
L O g CALs Wlth CA Ls = 7191 ( R QO 0) 20.3699g 0.047AUW0.O43Q 0.145

\/0.095
where:C,_.,, = 20.36999 0047y D0s3p, 0145

=4, 48(Fr)00807 d\:l)OSGZEAdW) 016#50) Olf%(gine)— 0.0 (66)

Rewriting Eg. (6.6) the scour width is proportiothal

00807 2 0562& )016#50) Olf%(gine)— 0.0

W
d,

=448

éﬂlé £1=

R
00807 0. 0.167 0.
) 0% — ) 70y %1%ng)”

9%

qVv _ _ V0'205d\,8'01895
W D,[ g CAWS with CAV% - 4'48f( R’QO e)[ﬁzo.sezlg 0.102h0.4195

Vv 0.205dv5).01895
where: C\N—scour - ( 20.5621g 0.102?lj 0.4195

)
Jod
LY

‘/ o
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Appendix. 1.B. Data collection used for predictafrgeometry of plunge pool. This data
relates to the measurements of scour paramettrs &entral Water and Research Station
(CWPRS), Pune, India and reported by Azmathull@052

Row Fr H/dw R/dw dso/dw g Gs ds/&v  Lsdw  Ws/dv dw ds

1 0.799  3.049 2.4 0.024 0472 2 3.299 6.668 5.099.1667 0.55
2 0.519 6.203 1.765 0.009 0.612 2 1.06 8.483 3.6960.23 0.2439
3 0.463 9.512 4.06 0.013 0.698 2 1.497 13.468 6.1330.15 0.2246
4 3.896 37.76 13533 0.067 0.612 2 3.76 32.69 $4.330.03 0.1128
5 0.121  8.035 3.588 0.012 0.698 2 0.741 5.739 5.4120.17 0.1259
6 0.457 7.686 1.087 0.009 0.612 2 1.544 8.154 6.418.2337 0.3608
7 0.354 8.841 3.813 0.013 0.698 2 1.201 10.861 5.750.16 0.1922
8 1.347 12.255 6.294 0.28 0.524 2 4259 24371 720.90.0286 0.1218
9 0.663 4.844 2.038 0.116 0524 2 3.435 10.48 8.734.0687 0.236
10 0.026 4.58 1.735 0.009 0.612 2 0.326 2.454 6.966.234 0.0762
11 0.518 7.588 2.256 0.011 0612 2 0.932 8.13 4.7220.18 0.1677
12 0.338 5.246 1.532 0.008 0.612 2 0.817 6.212 83.200.265 0.2165
13 0.167 7.723 3.389 0.011 0.698 2 0.825 7961 15.11 0.18 0.1485
14 3.109 13.381 4.895 0.28 0.524 2 12133 26.224.9720 0.0286 0.347
15 0.362 4.518 2.62 0.116 0524 2 1.294 7.278 8.734.0687 0.0889
16 0.206 2.991 14 0.05 0524 2 1.235 5.3 6.5 0.1 .123%
17 0.06 5.033 1.888 0.009 0.612 2 0.482 3.333 5.720.215 0.1037
18 0.505 4.64 2.038 0.116 0524 2 2.342 9.17 8.738.0687 0.1609
19 0.457 7.686 1.087 0.009 0.78 2 1.544 8.861 6.418.2337 0.3608
20 1.646 8.412 3.204 0.183 0.524 2 7.41 16.018 313.70.0437 0.3238
21 0.038  7.537 3.427 0.011 0.698 2 0.288 2912 9%.160.178 0.0512
22 0.857 14906 4.511 0.022 0612 2 0.949 10.1624449. 0.09 0.0854
23 0.064 4.369 1.624 0.008 0.612 2 0.439 3.512 6.520.25 0.1098
24 0.457 7.686 1.087 0.009 0.174 2 1.283 6.197 8.410.2337 0.2998
25 0.42 5.704 1.637 0.008 0.612 2 0.934 7.622 3.42D.248  0.2317
26 4634 34945 12303 0.061 0.612 2 3.542 30.79B.394 0.033 0.1169
27 0.457 7.686 1.087 0.009 0523 2 1.283 9.174  8.410.2337 0.2998
28 0.713 7.675 2.288 0.183 0.524 2 3.112  11.327 87¥4. 0.0437 0.136
29 0.166 7.723 3.389 0.011 0.698 2 0.825 7961 15.11 0.18 0.1485
30 1.881 12549 8.741 0.28 0.567 2 5741 22,727 7272. 0.0286 0.1642
31 0.112 4.486 1.21 0.008 0.612 2 0.449 3.831 6.578.248 0.1113
32 0.663 4.844 3.639 0.044 0.567 2 2.579 10.189 619.4 0.0687 0.1772
33 0.378 3.015 2.5 0.08 0.567 2 1.516 6.7 6.5 0.1 .151®%
34 0.378 3.015 2.5 0.02 0.567 2 2.135 6.5 6 0.1 13%2
35 3.109 13.381 8.741 0.28 0.567 2 10.787 28.671.7222 0.0286 0.3085
36 0.505 4.64 3.639 0.116 0.567 2 2.084 9.316 9.460.0687 0.1432
37 0.206 2.991 2.5 0.08 0.567 2 0.512 4.55 6.5 0.10.0512
38 0.288 2.875 3 0.02 0.612 2 1.57 5.5 6.5 0.1 0.15
39 0.877  7.363 3.836 0.014 0611 2 2.603 12.603 1114. 0.146 0.38
40 0.292 6.61 3.836 0.014 0611 2 1.986 9.178  10.680.146 0.29
41 1.169 7.74 3.836 0.014 0611 2 2.74 13.973 11.300.146 0.4
42 0.584  7.055 3.836 0.014 0611 2 2.329 12.329 192. 0.146 0.34
43 1.169 10.096 3.836 0.014 0611 2 2.877 15.342.6584 0.146 0.42
44 0.877 10.171  3.836 0.014 0611 2 2.74 14.685 3844. 0.146 0.4
45 0.292 10.308 3.836 0.014 0611 2 1.986 12.603.3292 0.146 0.29
46 0.584 10.274  3.836 0.014 0611 2 2.521 15.342.6983 0.146 0.368
47 1.881 12.549 6.294 0.28 0524 2 6.031 22.727 7222. 0.0286 0.1725
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Row Fr H/dw R/dw dso/dw 7] Gs ds/a Ls/dw  Ws/dv dw ds
48 1.307 8.188 3.204 0.183 0524 2 4.833 16.247 87¥4. 0.0437 0.2112
49 0.476 3.113 1.4 0.08 0524 2 2.459 6 6.5 0.1 45m2
50 0.288 2.875 1.8 0.08 0524 2 1.297 6.3 6.5 0.1 .129y
51 1.307 8.188 4577 0.183 0524 2 4.65 16.59 14.81.0437 0.2032
52 3.109 13.381 6.294 0.28 0.524 2 11.185 27.273.7222 0.0286 0.3199
53 1.646 8.412 4,119 0.183 0524 2 6.947 17.735 8784. 0.0437 0.3036
54 0.713 7.675 2.288 0.183 0524 2 3.112 11.327 87¥4. 0.0437 0.136
55 0.288 2.875 2 0.08 0524 2 1.207 6.2 6.5 0.1 21
56 0.996 7.867 4,119 0.069 0524 2 3.677 14.874 87¥4. 0.0437 0.1607
57 0.835 4.987 2.62 0.116 0524 2 4,087 11.354 19.460.0687 0.2808
58 0.663 4.844 2.62 0.116 0524 2 2.635 10.189 19.460.0687 0.181
59 1.307 8.188 4,119 0.183 0524 2 4.97 16.247 784.80.0437 0.2172
60 0.476 3.113 1 0.08 0524 2 2.394 7 6.5 0.1 @239
61 1.347 12.255 6.993 0.28 0524 2 2.853 18.357 7272. 0.0286 0.0816
62 0.835 4.987 1.456 0.116 0524 2 4,59 10.48 9.460.0687 0.3153
63 0.378 3.015 1.4 0.08 0524 2 1.848 7 6.5 0.1 8411
64 0.996 7.867 4577 0.183 0524 2 3.529 14.874 87¥4. 0.0437 0.1542
65 1.881 12.549 4.895 0.28 0524 2 6.944 20.28 242.70.0286 0.1986
66 0.713 7.675 4577 0.183 0524 2 1.721 10.755 8784. 0.0437 0.0752
67 0.362 4.518 1.456 0.116 0524 2 1.965 6.55 9.460.0687 0.135
68 1.347 12.255 4.895 0.28 0524 2 4.86 17.483 272.70.0286 0.139
69 0.288 2.875 1.4 0.08 0524 2 1.405 6 6.5 0.1 40kl
70 3.109 13.381  3.497 0.28 0.524 2 12542 28.497.7242 0.0286 0.3587
71 2.469 13.038 6.993 0.28 0524 2 7.913 26.224 7272. 0.0286 0.2263
72 1.881 12.549 3.497 0.28 0524 2 7.22 21.329 242.70.0286 0.2065
73 0.835 4.987 2.911 0.116 0524 2 3.92 10.48 9.460.0687 0.2693
74 1.646 8.412 4577 0.183 0524 2 6.682 17.391 8784. 0.0437 0.292
75 0.362 4.809 2.038 0.116 0524 2 1.905 7.278 19.460.0687 0.1309
76 0.713 7.675 4,119 0.183 0524 2 2.444 15.103 8784. 0.0437 0.1068
77 0.996 7.867 2.288 0.183 0524 2 4,208 13.844 87¥4. 0.0437 0.1839
78 0.835 4.987 2.038 0.116 0524 2 4.499 9.753 19.460.0687 0.3091
79 0.476 3.113 2.5 0.08 0524 2 2.43 6.9 6.5 0.1 243.
80 1.347 12.255 3.497 0.28 0524 2 4979 17.133 7242. 0.0286 0.1424
81 0.663 4.844 1.456 0.116 0524 2 3.531 9.607 19.460.0687 0.2426
82 1.646 8.412 2.288 0.183 0524 2 7.65 16.705 784.80.0437 0.3343
83 0.362 4.518 2.911 0.116 0524 2 0.936 7.278 19.460.0687 0.0643
84 0.996 7.867 3.204 0.183 0524 2 4,039 14.874 87¥4. 0.0437 0.1765
85 0.505 4.64 2.62 0.116 0524 2 2.221 9.461 9.460.0687 0.1526
86 0.206 2.791 1 0.08 0524 2 1.255 5 6.5 0.1 ®125
87 2.469 13.038 4.895 0.28 0524 2 9.388 25.874 7272. 0.0286 0.2685
88 0.476 3.113 1.8 0.08 0524 2 2.497 7.65 6.5 0.10.2497
89 0.515 4.702 1.475 0.044 0524 2 2.516 8.186 79.580.0678 0.1706
90 0.713 7.675 3.204 0.183 0524 2 3.032 9.611 7¥4.80.0437 0.1325
91 0.378 3.015 1.8 0.08 0524 2 1.56 6.85 6.5 0.1 .15
92 1.307 8.188 2.288 0.183 0524 2 6.304 16.362 8784. 0.0437 0.2755
93 2.469 13.038 6.294 0.28 0524 2 8.329 25.175 7272. 0.0286 0.2382
94 2.469 13.038 3.497 0.28 0.524 2 10.192 25.175.7222 0.0286 0.2915
95 0.206 2.791 1.8 0.08 0524 2 0.785 55 6.5 0.1 .078%
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Appendix. 2 Data collection used for evaluatiorsoperelevation in open channel bends
(Shams, 1998)

Row Q(nils) Y(m) V(m/s) A(nf) dy (m)
1 1.6 0.39 0.821 1.95 0.016
2 3.18 0.52 1.223 2.6 0.035
3 3.51 0.59 1.190 2.95 0.033
4 3.8 0.6 1.267 3 0.038
5 5.04 0.8 1.260 4 0.037
6 5.75 0.8 1.438 4 0.048
7 7.08 0.95 1.491 4.75 0.052
8 8.99 1.13 1.591 5.65 0.059
9 11.98 1.3 1.843 6.5 0.080
10 13.37 1.49 1.795 7.45 0.076
11 10.45 1.34 1.560 6.7 0.057
12 12.61 1.46 1.727 7.3 0.070
13 12.1 1.4 1.729 7 0.070
14 11.85 1.4 1.693 7 0.067
15 12.28 1.4 1.754 7 0.072
16 12.3 1.4 1.757 7 0.072
17 11.71 1.35 1.735 6.75 0.071
18 12.16 1.35 1.801 6.75 0.076
19 9.53 1.16 1.643 5.8 0.063
20 9.58 1.16 1.652 5.8 0.064
21 9.34 1.25 1.494 6.25 0.052
22 7.02 0.95 1.478 4.75 0.051
23 5.87 0.81 1.449 4.05 0.049
24 5.57 0.8 1.393 4 0.045
25 5.59 0.8 1.398 4 0.046
26 5.36 0.78 1.374 3.9 0.044
27 6.15 0.85 1.447 4.25 0.049
28 9.21 1.13 1.630 5.65 0.062
29 9.24 1.13 1.635 5.65 0.063
30 9.21 1.14 1.616 57 0.061
31 9.38 1.15 1.631 5.75 0.062
32 8.14 1.03 1.581 5.15 0.059
33 8.01 1 1.602 5 0.060
34 7.28 0.95 1.533 4.75 0.055
35 6.22 0.88 1.414 4.4 0.047
36 7.32 0.95 1.541 4.75 0.056
37 7.44 0.95 1.566 4.75 0.058
38 8.53 1.06 1.609 53 0.061
39 9.77 1.17 1.670 5.85 0.065
40 9.75 1.19 1.639 5.95 0.063
41 13.89 151 1.840 7.55 0.079
42 16 1.68 1.905 8.4 0.085
43 16.04 1.62 1.980 8.1 0.092
44 15.71 1.54 2.040 7.7 0.098
45 19.25 1.92 2.005 9.6 0.094
46 17.81 1.87 1.905 9.35 0.085
47 18.09 1.88 1.924 9.4 0.087
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Row Q(nils) Y(m) V(m/s) A(nf) dy(m)
48 17.84 1.83 1.950 9.15 0.089
49 13.33 1.54 1.731 7.7 0.070
50 13.6 1.54 1.766 7.7 0.073
51 16.04 1.74 1.844 8.7 0.080
52 15.37 1.67 1.841 8.35 0.079
53 13.54 1.55 1.747 7.75 0.072
54 13 1.46 1.781 7.3 0.074
55 11.81 1.38 1.712 6.9 0.069
56 13.32 1.53 1.741 7.65 0.071
57 16.45 1.76 1.869 8.8 0.082
58 16.88 1.76 1.918 8.8 0.086
59 18.93 1.9 1.993 9.5 0.093
60 19.32 1.9 2.034 9.5 0.097
61 13.07 1.48 1.766 7.4 0.073
62 12.45 1.36 1.831 6.8 0.079
63 11.77 1.3 1.811 6.5 0.077
64 11.7 1.28 1.828 6.4 0.078
65 16.1 1.63 1.975 8.15 0.091
66 16.53 1.68 1.968 8.4 0.091
67 15.75 1.64 1.921 8.2 0.086
68 15.11 1.58 1.913 7.9 0.086
69 14.59 1.52 1.920 7.6 0.086
70 15.35 1.58 1.943 7.9 0.089
71 15.59 1.64 1.901 8.2 0.085
72 15.25 1.65 1.848 8.25 0.080
73 14.25 1.5 1.900 7.5 0.085
74 15.49 1.61 1.924 8.05 0.087
75 9.2 1.1 1.673 55 0.066
76 9.49 1.13 1.680 5.65 0.066
77 9.78 1.14 1.716 57 0.069
78 9.82 1.14 1.723 57 0.070
79 9.86 1.14 1.730 57 0.070
80 9.07 1.07 1.695 5.35 0.067
81 7.44 0.93 1.600 4.65 0.060
82 7.33 0.93 1.576 4.65 0.058
83 8.01 0.98 1.635 4.9 0.063
84 10.41 1.18 1.764 5.9 0.073
85 10.39 1.18 1.761 5.9 0.073
86 9.78 1.14 1.716 57 0.069
87 6.29 0.84 1.498 4.2 0.053
88 6.21 0.83 1.496 4.15 0.052
89 6.11 0.82 1.490 4.1 0.052
a0 8.35 1.02 1.637 51 0.063
91 9.33 1.1 1.696 55 0.067
92 8.09 0.97 1.668 4.85 0.065
93 10.07 1.16 1.736 5.8 0.071
94 9.24 1.1 1.680 55 0.066
95 8.02 1 1.604 5 0.060
96 8.86 1.06 1.672 5.3 0.066
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Row Q(nils) Y(m) V(m/s) A(nf) dy(m)

97 9.03 1.08 1.672 5.4 0.066
98 9.03 1.07 1.688 5.35 0.067
99 10.21 1.16 1.760 5.8 0.073
100 9.71 1.12 1.734 5.6 0.070
101 9.06 1.07 1.693 5.35 0.067
102 9.38 1.1 1.705 55 0.068
103 8.69 1.03 1.687 5.15 0.067
104 511 0.75 1.363 3.75 0.044
105 4.29 0.67 1.281 3.35 0.038
106 4.09 0.66 1.239 3.3 0.036
107 4.03 0.66 1.221 3.3 0.035
108 3.88 0.63 1.232 3.15 0.036
109 4.69 0.71 1.321 3.55 0.041
110 8.02 0.98 1.637 4.9 0.063
111 9.03 1.07 1.688 5.35 0.067
112 9.02 1.07 1.686 5.35 0.067
113 8.42 1.02 1.651 51 0.064
114 9.08 1.08 1.681 54 0.066
115 8.83 1.06 1.666 53 0.065
116 7.44 0.94 1.583 4.7 0.059
117 7.31 0.94 1.555 4.7 0.057
118 6.97 0.91 1.532 4.55 0.055
119 7.46 0.96 1.554 4.8 0.057
120 7.6 0.97 1.567 4.85 0.058
121 7.01 0.91 1.541 4.55 0.056
122 6.93 0.9 1.540 4.5 0.056
123 6.7 0.89 1.506 4.45 0.053
124 6.64 0.88 1.509 4.4 0.053
125 6.11 0.84 1.455 4.2 0.050
126 6.35 0.86 1.477 4.3 0.051
127 6.39 0.86 1.486 4.3 0.052
128 6.43 0.86 1.495 4.3 0.052
129 8.76 1.04 1.685 5.2 0.067
130 8.88 1.06 1.675 53 0.066
131 8.12 1 1.624 5 0.062
132 7.15 0.91 1571 4.55 0.058
133 6.69 0.91 1.470 4.55 0.051
134 7.44 0.94 1.583 4.7 0.059
135 6.36 0.86 1.479 4.3 0.051
136 5.42 0.77 1.408 3.85 0.046
137 5.44 0.77 1.413 3.85 0.047
138 5.43 0.77 1.410 3.85 0.047
139 5.43 0.77 1.410 3.85 0.047
140 5.68 0.81 1.402 4.05 0.046
141 5.56 0.8 1.390 4 0.045
142 5.59 0.8 1.398 4 0.046
143 5.58 0.8 1.395 4 0.046
144 5.67 0.8 1.418 4 0.047
145 5.62 0.75 1.499 3.75 0.053
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Row Q(nils) Y(m) V(m/s) A(nf) dy(m)

146 5.18 0.75 1.381 3.75 0.045
147 5.16 0.75 1.376 3.75 0.044
148 5.15 0.75 1.373 3.75 0.044
149 6.37 0.86 1.481 4.3 0.051
150 4.17 0.67 1.245 3.35 0.036
151 28.50 2.50 2.32 12.4 0.130
152 3.21 0.57 1.126 2.85 0.030
153 27.802 2.47 2.30 12.45 0.129
154 10.21 1.2 1.702 6 0.063
155 25.01 2.23 2.243 11.15 0.116
156 30.229 2.52 2.399 12.6 0.131
157 19.24 1.85 2.080 9.25 0.103
158 19.37 1.85 2.094 9.25 0.111
159 26.694 2.28 2.342 11.4 0.120
160 26.642 2.36 2.258 11.8 0.123
161 25.4 2.22 2.288 11.1 0.118
162 26.596 2.28 2.333 11.4 0.120
163 26.85 2.33 2.305 11.65 0.123
164 27.425 2.45 2.239 12.25 0.127
165 19.0274 1.83 2.079 9.15 0.097
166 22.59 2.07 2.183 10.35 0.108
167 23.34 2.15 2.171 10.75 0.120
168 25.407 2.23 2.279 11.15 0.118
169 16.98 1.74 1.952 8.7 0.091
170 19.256 1.9 2.027 9.5 0.103
171 12.55 1.34 1.873 6.7 0.072
172 14.42 1.52 1.897 7.6 0.080
173 6.184 0.82 1.508 4.1 0.043

Measurements Descriptions:

Qazvin plain irrigation network is placed in 150 Kwest of Tehran. Totally 278 MCM
volume of water is conveyed by 9 Km tunnel from éfgdan storage dam into Ziaran
diversion dam and then convey to Qazvin irrigati@iwork. Main canal and laterals have
concrete lining and have cumulatively 1100 Km Iéndflaximum capacity of main canal is
30 m3/sec. Total irrigated area by this networkgsal to 80,000 ha.

The instrument is used for the accurate deterntnatf the current velocity in water ways,
channels and rivers (Figure App2.1). The measur&nare executed with the propeller
mounted on the rod(s) or connected to a cable. éhalgal from a wire the meter can be
applied at great depth.

The stream channel cross section is divided intmerous vertical subsections. In each
subsection, the area is obtained by measuring ttih\and depth of the subsection, and the
water velocity is determined using a current mefdre discharge in each subsection is
computed by multiplying the subsection area byrntleasured velocity. The total discharge is
then computed by summing the discharge of eaclestibs.

Each streamgage is a tall metal tower out at tideoéa concrete walkway (Figure App.2.2).
On the right is the automatic streamgage. Thdubk is called a stilling well. On the top is
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the instrument shelter. The white strip along tlde & called a staff gage, marked like a ruler
S0 someone can read how deep the water is.

Figure. App 2.2. Automatic streamgage on Ziaramok&
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List of Notation

and Symbols

The following list covers the global symbols thavh used in this thesis.

Mathematical Notation and Abbreviations

Abbreviations

OLSE: Ordinary least squares estimation
WLSE: Weighted least-squares estimation
BLUE : Best linear unbiased estimation
MLE : Maximum likelihood estimation
ALSE: Alternating least squares estimation
GLR: Generalized likelihood ratio

SLR: Simple likelihood ratio

RFA: Regional frequency analysis

LS-VCE: Least square variance component
estimation

FORM: First order reliability method
SORM: Second order reliability method

FEMA : Federal emergency management
agency

PRA: Probabilistic risk analysis
QRA: Quantitative risk analysis

Mathematical Notation

Chapter 2

R,: Real Euclidean space of dimension
| =1,,: Identity matrix of ordem

det(.): Determinant of a matrix

()" : Transpose of a matrix

H, : Null hypothesis

H, : Alternative hypothesis

a : Type | error probability

A: mxn Design matrix of functional
model E{ y} = Ax
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()™': Inverse of a matrix

|||: Squared norm of a vector as
diag(.) : Diagonal elements of a matrix
E{} : Expectation operator

B : Type Il error probability

y : m-vector of observables

X: n-vector of unknown parameters
W : mx m Weight matrix

X: n-vector (estimator ok)



List of Notation and Symbols

& :n-vector of estimation errof = X - x
Q, : Covariance matrix oK

Q,: Covariance matrix oé

M Mean value

o : Standard deviation

S, : Safety

Z,,: Limit state function

R, : Strength or capacity

S, : External force or demands

P, : Probability of failure

f(x) : Probability density function

F (x) : Probability distribution

MU, : Mean value

é: Least squares estimate of residuals
underH,

¥ : Least squares estimator of observables

Q, : mx mCovariance matrix of
observables

P{x= %} : Probability thatx will be equal
to X,

W, : A bxb symmetric and positive definite
matrix

o, : Standard deviation of least-squares
residuali

. m-vector of measurement error
. Least-squares estimator of residuals
. W-test statistic

: Standard deviation

: Reliability index

: Sensitivity factor

-. Strength mean value

: Force mean value

: Strength standard deviation

: Force standard deviation

n : Total number of simulation

Q, : Covariance matrix ofy

n, : Number of simulation

Qg @0

i)

X K

DN R

Q: mxm symmetric and positive definite
matrix

W: A mxm symmetric and positive
definite matrix

f,(y|x): Probability density function of
observablesy

rank(.): Rank of a matrix (independent
columns or rows of a matrix)

N (4, 0): Normal distribution with mean
4 and standard deviatioor

Chapter 4

P : Dynamic pressuréN.m?)

q: Specific dischargém’.s™)

V : Velocity (ms‘l)

R: Radius of the buckem)

X, : Distance form the flip buckétn)
L, : Trajectory length(m)

Y, : Vertical rise height of jefm)

B : Jet entry angl¢radians)

a : Angle of the bucket lif{radians)
g: Acceleration gravitym.s?)

F,: Shear drag N)
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F. : Pressure dragN)
F_:Total drag(N)
C,.C,,C,: Coefficient of drag
p: Density of fluid (kg/ )
: Fluid velocity(m s™)

: Projected aregm’)

: Life force (N)

: Life coefficient[-]

: Froude numbe}-|

b: Thickness of the j¢t)

d : Diameter of the jefm)
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ds: Scour depth{m)

dy,: Mean practical sizémm)
d, : Critical depth(m)

d,.: Normal water depttfm)

k : Ratio of air to watef-]

V. : Minimum jet velocity(ms‘l)
E: Jet energyfm)

Ls: Length of scour hol¢m)
W; : Width scour holgm)

V.. Velocity of the jet at the flip

J

bucke{ms*)
U,: Velocity of the jet at the nozzl(em s‘l)

0y, Standard deviation bed mater(ahm)

W, : Width of bucket lip(m)

X, : Length of trajectory jefm)

¢ : Lip angle(radians)

R: Bucket radiugm)

@ : Lip angle(radians)

G, : Specific gravity

0,,: Density of water(kg/ n?)

p : Density of bed particl¢kg/ nt)
4, Dynamic viscosity( Pa.s)

H,: Height from bucket lip to the water
surface level in plunge po¢)

H,: Difference between upstream and
downstream water levéin)

Differences between the mass

Ap:

B: Upstream angle of the scour hole yansities of the bed particl(ékg/m”)

(radians)

Chapter 5

r : Centerline radius of curvatufen)
X,Y: The co-ordinates of the cross profile
h: Flow depth(m)

Z: Elevation of water surfacgm)
Z,: Elevation of the bottonfm)

P: Pressurg N.m*)

v : Kinematic viscosity(m?/ )

[1: Divergence

f : Other body force§N)

t: Time (s)

ag: Acceleration component is
a,: Acceleration component in

E: Total energy(m)
s, n, z: Curvilinear coordinate component

F,F,, F,: friction force in s, n, zdirection

(N)
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r, : Outer radius wal(m)

r.: Inner radius wal(m)

r.: Central radiugm)

V,: Outer velocity wal( m. s‘l)

V. : Inner velocity wal(ms‘l)
V.: Center velocity wa(lm s‘l)
y, : Inner water leve(m)

Y, : Outer water leve(m)

dy: Superelevatiorfm)

b: Bottom width of the channdim)
T : Top width of the channgm)
C,,C,: Circulation constant

S: Secondary flow

u,v,w: Ve(ociq/ component in

s, n, zdirection({m.s
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Chapter 6

n: Number of observations

P : Dynamic pressur¢N.m?)

q: Specific dischargénm’.s™)

V : Velocity (ms‘l)

R: Radius of the buckem)

X : Distance form the flip buckétn)
L, : Trajectory length(m)

Y, : Vertical rise height of jefm)

B: Jet entry angl¢radians)

a : Angle of the bucket lif{radians)
g: Acceleration gravity m.s?)

F,: Shear drag N)

F.: Pressure dragN)

F : Total drag(N)

C,.C,,C, : Coefficient of drag

p: Density of fluid (kg/ nt)

U : Fluid velocity(ms?)

A: Projected aregm’)

F_: Life force (N)

C, : Life coefficient[-]

Fr : Froude numbef-]

V,: Velocity of the jet at the flip

buckel( m s‘l)

U,: Velocity of the jet at the nozzl(em s‘l)

B,: Upstream angle of the scour hole
(radians)

b: Thickness of the jé¢t)

d : Diameter of the jefm)

ds: Scour dept{m)

dy,: Mean practical sizémm)

d, : Critical depth(m)

d,.: Normal water depttfm)

k: Ratio of air to watef-]

V,: Minimum jet velocity(ms‘l)
E: Jet energy{m)

Ls: Length of scour hol¢m)

W : Width scour holgm)

W, : Width of bucket lip(m)

X, : Length of trajectory je{m)

@: Lip anglg(radians)

R: Bucket radiugm)

g: Lip angle(radians)

0,,: Standard deviation bed mater(ahm)
G,: Specific gravity

0, Density of watel(kg/ nf’)

p: Density of bed particl¢kg/ nt)
H,,: Dynamic viscosity( Pa.s)

H,: Difference between upstream and
downstream water levéin)

Ap: Differences between the mass

densities of the bed particlékg/ m°’)
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E,E,..,E: Total head(m)

d : Water depth{m)

@: Bed slop

Z,: Bed elevation(m)

a': Kinetic energy correction coefficient
V : Velocity (ms‘l)

r : Radius of curvaturé¢m)

b: Width channelm)

166

n: Manning coefficient
n,: Actual manning coefficient

E.,: Elevation in the bend centém)
d, : Height of the water leve(m)

Q: Discharge in the flume(m3/ s)
A : Area of the qum{amz)

P: Wetted perimetefm)
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dy,, : Amount of superelevatiofm) [ Reliability index

H,: Canal heigh{m) Re,,: Reynolds number
Z : Limit state function S, : Hydraulic slope
P, : Probability function

k.k,,....k: Dimensionless coefficients of E,: Economic damage

the local head losses I, : Initial cost
Z, : Elevation of the bottom of the flume | : Investment cost
r : Discount rate
L Distance between flume and bend |, : Variable cost
center(m) h,: Current channel height
C,,: Total cost h: Channel height
Chapter 8
Fo.saic: Hydrostatic horizontal loa@N ) C,: Drag coefficient
h,: Upstream water deptfm) h: Water depth(m)
h,.: Downstream water depifm) u: Velocity (ms?)
w: Width (m) F,: Hydrodynamic forceg N)
F, saic: Hydrostatic vertical loadN) F, ¢ - Quasi static forcgN)
Fyag: Drag force(N) Fmp: Hydrodynamic impact forceN)

C, .G ,: Coefficients for the contribution
of the acceleration
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