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ABSTRACT

The goal of this research is to develop a methodology to accurately determine the
reliability of spillway gate systems particularly for spillways that experience harsh
environmental conditions and prolonged periods of dormancy. As existing spillway
structues become older and more prone to operational failures, spillway gate safety
becomes more critical. Empirical evidence demonstrates that the perceived level of
reliability of gates overestimates the actual reliability, especially for gates that are
operded very infrequently.

The significance of this study lies in the fact thpillways are rarely in use and remain
inactive for most of their service life. Components of emergency spillway gate systems
spend the majority of their service life in a dormatate and are activated only during
emergencies such as floods or load rejection or on a regular basis for inspection and
testing. Also, most spillways are located in remote areas and are subjected to severe
environmental conditions which can cause eadggradation of components.
Furthermore, components of old spillway gate systems are often custom made with no
readily available spare parts and little information on the reliability of existing
componerg These characteristics are very different from ¢hofsthe equipment used in

an industrial setting making it difficult for traditional methods to deliver accurate
estimates on the reliability of such systems. Therefore, the development of a
methodology that is customized to such conditions and incorgouaigue parameters

and stateof-the-art reliability techniques can contribute greatly to the dam industry by
ensuring the safe operation of spillway systems on demand.

This study aims to develop reliability analysis procedures that account for thesvario
functions and characteristics of a spillway including all electrical, mechanical and
structural components. One of the main challenges in this evaluation is obtaining realistic
estimates for the reliability of individual components. Spillways are lysualy unique

in their design with poorly documented operational records which renders purely
statistical approaches impractical.

The first step in this approach is geared towards system modeling in which a reliability

model is developed for the spillwggte system taking into account all components, their



relative interactions, latent failures due to dormancy, environmental conditions and type
and frequency of inspections and tests. Fault tree analysisdépendent reliability
analysis, Markov and s@-Markov analysis are among the techniques used to model the
spillway gate system.

The next step id0 develop a quantitative approach to update the availability of the
spillway gate system based on real time conditions after each inspection. In the step
Condition Indexing (Cl) approach is combined with dormant availability analysis to
evaluate the changes in the state of the system in real time using Cl data obtained at each
inspection. This approach provides a tool for dam owners to convert qualitatd
descriptive results obtained from inspections to an index used as a comparative measure
to detect real time changes in the availability of spillway gate systems.

Next, inspection and testing procedures of spillway gate sgséeeninvestigated to
evaluate the effect of different types and frequencies on the reliability of various types of
components (electrical, mechanical and structural) and the entire system. ttestly,
optimum inspection and testing strategy is determined, minimizing systers cost
including costs related to inspection and testing and the consequences of failure while at
the same time maintaining the availability of the spillway gate system above a predefined
limit. Approaches such as Genetic algorithm and Creeping Random Searakedr to

solve this optimization problem. Using these methods the optimum interval for each type
of test is determined and the minimum system cost is calculated based on the optimum
intervals.

This methodology is used to develop a software applicatianinbarporates all of the
above steps into a user friendly program. This software application has been developed
specifically for availability analysis of spillway systems using obgented
programming and allows users to model complex systems, agdction, tests and
component replacement options to the system, determine the availability of the system as
a function of service life and identify the optimum inspection and testing period based on
unavailability limits and costs of inspections/testscasmsequence of failure.

This program can be used as a tool by dam owners to accurately determine the
availability of custom spillways and to select optimal inspection and testing plans that

contributemost toincrease the availability of the system.



RESUME

Le but de cette recherche est de développer une méthodologie pour déterminer avec
précision la fiabilité des évacuateurs de barrages en particulier pcdwalesateurs qui

sont exposés desconditions environnementales extrémesatt sujets ale longues

p®r i ode sté. Aveéd le terops, ileeomposantsld u évacuateur deviennent plus

ageés et plus susceptibles a des défaillances opérationetdesécurité de@vacuateur

devient plus critique. Les données empiriques montrent que la percelptiniveau de

fiabilité des évacuateurs surestime la fiabilité réelle, en particulier pour les évacuateurs
qui sont exploités tres rarement.

L'importance de cette étude réside dans le fait que les évacuateurs sont rarement utilisés
et demeurent inactifgendant la majeure partie de leur durée delds.composants de
évacuateurs d'urgence passent la majorité de leur durée de vie dans un état de dormance
et ne sont activés que lors de situations d'urgence telles que les inondations ou le rejet de
la chage ou sur une base réguliere pour l'inspection eted#ss En plus, la plupart des
évacuateurs sont situés dans des régions avec acces limité et sont soumis a des conditions
environnementales extrémes qui peuvent causer une dégradation rapide desntemposa

En outre, les composants de vieux évacuateurs sont souvent fabriqués sur mesure, sans
pieces de rechange facilement disponibles et peu d'informatonslisponiblesur leur

fiabilité. Ces caractéristiques sont tres différentes de celesqigpenents utilisés dans

un milieu industriel ce qui rend difficld é appl i cati on des m® t

conventionnellespour estimer la fiabilité de ces systemes. Par conséquent, le
développement d'une méthodologie qui est adaptées conditions peut grandenh
contribuer &améliorera sécurité de fonctionnement des évacuateurs sur demande.

Cette étude vise a élaborer des procédures d'analyse de fiabilité qui considerent les
différentes fonctions et caractéristiques d'un évacuateur, y compris tous les aaspos
électriques, mécaniques et struatx L'un des principaux défis dans cette évaluation est
d'obtenir des estimations réalistes de la fiabilit¢é de chaque compbsaréacuateus

sont généralement trés uniques dans leur conceptionpavede docunmgation sur le
remplacement des pieces,qué rend les approches statistiqireepplicables

La premiére étape de cette approche est la modélisation du systeme en tenant compte de

tous les composantsge leurs interactions,des défaillances latentes enripde

ho



d 6 i n a desdonditionsRenvironnementaled) type etdela fréquene des inspections

et des essaid 'analysedes arbres de défaillance, I'analgieela fiabilité en fonction du
temps,les processus ddarkov et semiMarkov sont parmi legechniques utilisées pour
modeéliser les évacuateurs.

Une approche quantitativa été développée afide mettre a jour la disponibilitéed
évacuateurs en fonction ded ®t a't d esssuitec @ ume mspectivtDans cette
approche, une évaluation du nivede fiabilité des composants est obtenue en fonction
débun diagnostic bas® sur des observations
inspections. Le modele ugk cette information et integen modéle de détérioration
afin de prédirda disponibilité des évacuateurs.

Finalement)es procédures d'inspection €t d s s a i évacsatew somt étsdiés pour
évaluer eureffet sur la fiabilité en fonction de leurs caractéristiques, de leur efficacité et
de leur fréquence pour laifférents types de composants (électriques, mécaniques et
structurels) et I'ensemble du systeme. Enfite stratégieoptimale pour lesnspectiors
etles essaisest déterminée en minimisame fonction deoltsqui integreles codts liés

aux essais et inspectioasles conséquences daudéfaillance et en respectant une norme

g

minimale de fiabilitéL e s al gor i t hme s dadbgoriphireigénétiqua étd on b as @

recherche aléatoire sont utilisés pour réstye ce problémeEn utilisant ces méthodes

les fréqencesptimales sont déterminépsur chaque type d'essai

Cette méthode est utilisée pour développer un logiciel qui intégre toutes les étapes ci
dessus. Ce logiciel a été développé spécifiquement pour l'analyse de la disponibilité des
évacuateurs en utilisant la programmation oriep®bjet et permet aux lisateurs de
modéliser des systémes complexes, ajolgeinspectiorns, les essaiset les options de
remplacement de composants du systeme, déterminer la disponibilité du systeme en

fonction de la durée de viet identifier bs fréquenced'inspection etld e s @ptariales.
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CHAPTER 1: INTRODUCTION

Dams are among the most essential infrastructures of a country, built for the purpose of
impounding water for flood control, water supply, irrigation and energy production.
Based on the material and construction method used, dams are divided into two main
categories of embankment and concrete dams. An embankment dam is characterized as
earthfill fit I's comprised of soil and
comprised of rocks. Concrete dam are made of concrete and have different typas suc
gravity and arch dams. The type, size and cross section of dams vary depending on
location, climate and amount of water pressure being retained. There are two main types
of dams depending on the amount of water storage. Reservoir dams retain veater in
reservoir which is a natural or artificial impoundment used to store water for power
generation or water supply. Run of the river dams are built across rivers and have little to
no storage. The concept of run of the river dams is to build one or moseaaanriver

in order to create head and control water levels in certain areas along the length of the
river for power generation, water supply or recreational purposes.

An essential component of a dam is the spillway system which, by controlling releases,
prevents overtopping and reduces impacts associated with excessive downstream flows
and upstream water level on infrastructures, the population and the environment.
Spillways can be classified either based on function such as main (service), emergency
andauxiliary spillways, or mode of control such as uncontrolled and controlled (gated)
spillways. Many types of spillway gates exist and selecting a certain type depends on
factors such as economics, reliability and accuracy or flood predictions, duration an
amount of spillage and type of dam. Some examples of types of gates include: radial
gates, drum and sector gates and vertical lift g@tesak, 2001) The spillway system

can perform several dam safety rol€sntrol flood watersprevent overtopping ding

load rejections for run of the rivetams, andower the reservoir lesl in the event of
structural or foundation deficiencies.

Investigations by the US National Research Council for the analysis of causes of
embankment incidents and failures shibvat 2% of eventsare caused by malfunction of
spillways gates(Lewin, Ballard, & Bowles, 2003) This failure rate isgenerally
considered unacceptable based on existing requirements on safety critical instafations.

1
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preliminary analysis of gate failures/ ithe US Army Corps of Engineers (USACE)
shows that the typical probability of failure on demand of spillway gates in the US is 1 in
10 to 1 in 100. This is high considering that the target safety limit is thought to be of the
order of 1 in 1000@QLewin, Ballard, & Bowles, 2003) Failure of a spillway gate system

can be defined as a failute discharge a required volume of water in a timely manner
(dam specific) or the inability to control a release (failure of gate while opening, failure to
close a gateynintended opening of a gate, improper release). Causes of these failures can
be attributed to equipment as well as operational fail(it&SLD, 1995) Records show

that for about 80% of dams the primary deficiency is ueadequate spillway capacity
(Bivins, 1981) Overtopping of a dam is the most common cais#am failure. National
statistics show that overtopping due to inadequate spillway design, debris blockage of
spillways, or settlement of the dam crest account for approximately 34% ofSaltan
failures.Other causes of dam failures include structural failure of the dam and inadequate
maintenanc¢ASDSO, 2003)

These statistics and thaeterioratingstate of current dams indicate that spillways are
becoming more prone to failureSince the consequences of dam failure can be
catastrophic andam involve loss of life, it is critical to develop procedures to evaluate
the reliability and risk associated with spillways and évaluatemitigation procedures

that may also include warning systems

Researchers have been developing methodologies to ensure the safety of spillway gates
both in terms of operation and equipment, and to best allocate rehabilitation resources to
the most critical component®lso dam safety guidelines provide instrucgoand
recommendations for operation, maintenance and safety of dams and spillways gate
systems(ICOLD, 1995 FEMA, 2010; CDA, 200y Risk assessment and reliability
analysis have been the main focugseaxfent research conducted in this fieddreview of
techniques currently useslpresented in a report by the USAQ#utcha & Patev, 2000)

One of the main challenges in this evaluation is obtaining realistic estimates for the
reliability of individual components. (#llways are rarely in use and remairactive br

most of their service life. Hencepmponents of most spillway gate systems spend the
majority of their service life in a dormant state and are activated randomly (i.e. for high

flows or load rejection) or on a regular basis for inspection tasting. Also, most



spillways are located in remote areas and are subjected to severe environmental
conditions which can cause early degradation of companEatthermore, components

of old spillway gate systems are often custom made with no readibalaleaspare parts

with little information on their reliability.These characteristics are very different from
equipment used in an industrial settimgking it difficult for traditional data bases to

deliver accurate estimates on the reliability of suctesys.

1.1 RESEARCH OBJECTIVES

The main objective of this thesis is to develop a methodology and the related software
application to accurately determine the reliability of spillway gate systems. The first step
in this approach is to develop reliability model that takes into account all meclecahi
electrical and structurablementsof the spillway gate systenand their relative
interactions while also incorporating tleéfect of component dormancgnvironmental
exposure and regular inspections andstes the overall reliability of the systeriio
ensure that the gate is operable when required, it is important to determine the probability
of failure on demand of the system as a function of timemAst spillway gate are
dormant and failure of a compent is not identified until the system is activated and
since they are primarily safety systems, it is more appropriate to use the availability of the
system as an alternative to reliability.

The second step is to develop a quantitative approach eteufite availability of the
spillway gate system based on real time conditions after each inspection. In this step, the
Condition Index (Cl) approach previously developed by the USAEdtes, Foltz, &
McKay, 2005)has been modified to accommodate degradimg) aging of the system and
account for component dormancy. The Dormant Cl approach updates the system
availability using data obtained after each inspection. This approach provides a tool for
dam owners to convert qualitative and/or quantitative infdomabbtained from
inspections to quantify changes in the availability of spillway gate system.

The third step is to determine the effect of inspection and tests on the availability of
spillway gate system in order to identify the most effective inspeetnohtesting plan

both in terms of cost and increase in system availabilipyliviy systems spend the

majority of their life in a dormant state; therefore, it is critical to conduct periodic

3



inspections and tests to ensure their safe operation. Prevenéintenance operations
usually include visual examination of the component, cleaning and lubrication where
necessary and are conducted to facilitate smooth openddttbe components arghould

be performed according to the procedure recommended byahafacturerOver time,

even with regular inspection and maintenance, the dormant nature of the system along
with the severe environmental conditions to which spillways are exposed, may result in
the degradation of performance of components. Therefat@dehe functionality of the

gate is an important aspect in ensuring continuous safe opefimiype and frequency

of inspections antests of spillway gate facilities used to assess the performance level of
various components represent a major camment of financial resources and personnel

for dam owners. FEMA (2@ and USSD (2002) present a thorough overview of
spillway gate systems and review industry guidelines for the evaluation of maintenance,
inspection and testing procedures of spillway gateponents. These activities and the
information that is collected in this process should be considered when evaluating the in
serviceavailability of the spillway gates.

The final step of the approach is to determine an optimum inspection and testifigrpla

the spillway gate system which minimizes system costs including costs related to
inspection and testing as well the consequences of failure while at the same time
maintaining the availability of the spillway gate system above a predefined limit. Dam
owners are obligated to ensure that the availability of the spillway gate system remains
within certain limits. This limit is determined based on consequence of failure which
includes population at risk, injury or loss of life, property damage and enwémam
effects downstream of the dam. These consequences are categorized in dam
classifications and standards used by dam owners. The main approach used to solve this
optimization problem is Genetic Algorithm through which the cost function is minimized
with the availability limit as a constraint. Using this method, the optimum interval for
each type of test is determined and the minimum system cost is calculated based on these
optimum test intervals.

After the methodology is completed, the next objectivetasdevelop a software
application using Visual Studio® 2012 that incorporates all the steps of the methodology

into a user friendly program. With this software application, users will be able to navigate



easily through menus and dialog boxes to modelilway gate system comprised of
electrical, mechanical and structural components, add dormancy, environmental effects
and inspection and test options to each component and determine the availability of each
component as well as the entire system as a ibmadf time. Also the software
application has a buiih optimization option and the optimum inspection/testing plan for

a given spillway and minimum system costs can be determined by providing
inspection/testing costs and failure consequences. Thisageftapplication has been
developed specifically for availability analysis of spillway gate systems and is expected
to contribute greatly to the dam industry by determining the availability of the spillway
gate and its components, evaluating the effectdifiérent inspection and testing
strategies on system availability and determining the optimum inspection/testing plan for

a given spillway.

1.2 THESIS ORGANIZATION

After the first introductory chapter, an overview of spillway gate systems including
spillway gate types and guidelines on the operation, maintenance, inspection and testing
of gates is presented in Chapter 2. This chapter also includes a review of existing dam
classifications, the basic concepts of reliability analysis required in the deexiomin

the methodology including literature on dormancy and environmental condition modeling
and a comprehensive review of the current research conducted on the reliability of
spillway gate systems. Furthermore, a summary of reliability analysis progsanes| @as

a review of optimization techniques used to optimize maintenance, inspection and tests is
also presented in this chapter.

Chapter 3 is a journal article by the autfi¢alantarnia, et al., 2012)vhich describes the
dormant availability analysis approach using condition indexing. The article explains the
concept of condition indexing and its combination with the dormant availability theory to
develop a quantitative index from qualitative and descriptive inspectiaitsess a
measure to determine the current state of the system and to project the condition of the
system in the future. This approach has been developed to make use of the regularly
conducted inspection results and to obtain more precise estimate a@htfigon of the

system. At the beginning of the service life of the system, each component has an
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estimated life span and availability, however, due to dormancy and environmental
conditions, components may deteriorate slower or faster than expected. thisdm
provides information on the current state of the system after each inspection. This allows
dam owners to obtain updates on the availability of the system and to project its future
conditions and to verify whether or not the behavior of the systeam expected. This
method can be very beneficial to the dam industry and at present, if conducted regularly
throughout the lifetime of a system, can achasmparative measure to identify changes

in the condition of the system as it deteriorates; howenesrder to use this approach
effectively, Cl data must de compiled to calibrate failure rates as a function of CI.
Therefore, the method is expected to improve with time as more data on CI and
performance are obtained.

Chapter 4 contains a second jourmaper by the author introducing the software
application developed for the purpose of modeling and analyzing the availability of
spillway gate systems. This article presents the methodology used in the program
including Markov/semMarkov analysis to modeelectrical, mechanical and structural
components and latent failures during dormancy, the use-factérs to incorporate
environmental condition, the effect of type and frequency of inspections and tests on the
availability of each component and faule¢ analysis used to model the system and
component interactions. The article also contains instructions on the use of the software
application and evaluation of the results. The case study presented in this paper illustrates
a complete model of a vertici#t spillway gate with all components and interactions and

the unavailability of the system throughout its service life. The unavailability of different
types of components (electrical, mechanical and structural) is also presented to show how
unavailabiity varies based on component type, probability distributions, environmental
and dormancy factors and type and frequency of inspections/tests.

The final journal article by the author presented in Chapter 5 describes possible
applications of the methodology and program on spillway gate systems. The first part of
this article evaluates to effects of type and frequency of inspection and tests on the
availability of electrical and mechanical components. It also determines the maximum
allowable intervals between inspections and tests based on unavailability limits

established by dam classifications and standards. The second part of the paper models an



entire spillway system comprised of a combination of gates both with individual and
common lifting mechanisms. This section determines the availability of a spillway
system with a specific inspection and testing strategy relative to potential failure
scenaios such as load rejection and flooding. This study provides essential information
to dam owners to select appropriate inspection and testing strategies to ensure spillway
system operability during critical events. Finally, the last part of this paparsdiss the
methods used in the optimization of inspection and test interval to minimize system costs
including both inspection/test costs and consequence of failure while maintaining average
system availability above predefined availability limits. Resates compared for dams
classified as low and high consequence.
Conclusions of this study and recommendations for future work are presented in Chapter
6.
Appendices:

1 Appendix A: Condition Index Tables

1 Appendix B: Condition Index Values of Spillway G&emponents

1 Appendix C: Failure Rates of Spillway Gate Components



Chapters 3 to 5 are prepared as individual journal artidiesgdre, theoverlapseen in
the content of these Chapters is to maintain their technical integrity and completeness.
Details of the journal articles presented in these sections are as follows:
1 Chapter 3:Application of Dormant Rebility Analysis to Spillways (2013),
Journaof Infrastructure System20(1), 04013003
1 Chapter 4: Availability Analysis Software Appditon for Spillway Gate Systems
(2013) Journal of Computing in Civil Engineering, (Submittédanuscript No:
CPENG1152) Status: under review
1 Chapter 5An Objedive Procedure for the Optimization of Inspection and Testing
Strategies for Spillway$2013) Journal of Infrastructure Systems, (Submitted
Manuscript No. ISEN&31), Status: under review
Contributions of the cauthors of these journal articles inclusigpervision of research,
technical review of the articles and providing realrld data for case studies.



CHAPTER 2: REVIEW OF RELEVANT CONCEPTS

This chapter presents a comprehensive overview of the methodologies and concepts
adopted in this study as well as aiesv of the existing literature in each relevant field.

This chapter begins bgn overview of spillway gate systems including gate types and
their advantages/disadvantages, guidelines on gate operation and recommendations on
maintenance, inspection andtieg of gate components. Next, a review of existing dam
classifications and standards is presented followed by a comprehensive review of current
literature available on the reliability of spillway gate systems. This is followed by basic
concepts and methsedof reliability analysis required in the development of the
methodology in this study including literature on dormancy and environmental condition
modeling. Furthermore, a summary of reliability analysis programs that can be used to
model spillway gate sgems as well as review of optimization techniques used to

optimize maintenance, inspection and tests are also presented in this chapter.

2.1SPILLWAY GATE SYSTEMS

Various types of gates are in operation worldwide. The shape and size of these gates
depenls on factors such as capacity of the reservoir, dam and spillway type, duration of
spillage, flood prediction and environmental conditions. The design of spillway gates
usually includes several main components such as skin plate which is the compdnent tha
holds back and supports the water load, structural framing which are the columns and
girders supporting the skin plate, anchorage which transfers the load from the gate frame
to the support structure, seals which are placed in between two surfacesgetd prater
leakage, operating mechanism which opens or closes the gates using a hoist mechanism
or hydraulic/pneumatic actuators and electrical power which is the primary source of
power for gate operatiofySSD, 2002)

2.1.1 SPILLWAY GATE TYPES

This section will describe the most common types of gateslable in the dam industry:



2.1.1.1 VERTICAL LIFT GATES

Vertical lift gates areactangulain shape and move up and down vertically through the
spillway opening with the use of rollers or wheelsiakhtransfer the horizontal
hydrostatic load to the pier slots. Hoist mechanisms such as lifting screws, chain, and
wire ropes and pulleys are typically used for operation of these gates. The lifting
mechanism used for these gates may be dedicated otlilgavieommon between
multiple gates) which is mounted on a gantry crane.

These gates are generally used when the elevation of the upper pool is very high. Vertical
lift gates are simple in design with short construction and assembly time; however,
friction between wheels or rollers increases over time producing excessive bearing
pressure which may lead to jamming of the rollers or wheels during operation. Regular
maintenance is critical for this type of gate to ensure that rollers and wheels are rust free,
lubricated and are able to rotate freely and without excess frighis8D, 2002) Figure

2-1 shows the gate structure and lifting mechanism of a vertical lifinapjlbate system.
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Figure 2-1. Vertical lift gate and lifting mechanism drawing&lberta Transportation
2004)
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2.1.1.2 RADIAL GATES

Radial gates also known as tainter gateasist of a curved skin plate reinforced by
beams and supported by vertical and horizontal girders. The gates rotate about two
trunnions located at the center of curvature of the skin plate arc on a horizontal axis on
the downstream side. It is importdotlocate the trunnions above maximum flood water
surface to avoid contact with floating ice and debris and to avoid submerging the
componentgUSSD, 2002)The operating machinery for radial gates is located above the
gate and typically includes wire ropeists, chain hoists, or hydraulic cylindéFEMA,

2010) Figure2-2 shows a hydraulically operated radial gate system.

Radial gates are very common as they are economical to build and very reliable. They are
also light weight and require less hoist power perate. However, these types of gates

are not recommended for large dams and dam sites which have tail water elevations as
the trunnions should remain above flood water levels. Also specific environmental
conditions such as excessive cold may indicateutieeof other types of gate as freezing

of the trunnions can be very problematic for the operation of the gate.
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Figure2-2: Hydraulically operated radial gafEEMA, 2010)

2.1.1.3HINGED CREST GATES

Hinged crest gates consist of reinforced skin plates with the inner side of the plate
conforming to the profile of the spillway crest. The gate is hinged at the bottom and is
opened and closed by rotating the plate down gndespectively. The gate is closed in

the fully raised position. The operating equipment of the gate consists of multiple
hydraulic cylinders placed either downstream or on adjacent piers on top of the plate.
However, downstream mounted cylinders are suliedamage by trash in water passing
over partially open hinged crest gatésgure 2-3 shows a hinged crest gate with
hydraulic cylinders mounted of the top of the gate.

Hinged crest gates are very common as they are economical to build. However, they have
size and capacity limitations and are mainly used on smaller dams and they are seldom
large (over 3m) due to the high hoisting capacity required or lower the gate through
overflow (USSD, 2002)
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Figure2-3: Hinged cresgate(FEMA, 2010)

2.1.1.4 DRUM GATES

Drum gates are horizontally oriented floating vessels that operate using the principle of
buoyancy. The skin plate side of the drum is reinforced with internal bracing. In the fully
lowered position, the drum sits inside a chamber immediately downstrettme ofest

called the control chamber; hence the drum surface becomes flush with the spillway crest
covering the opening of the control chamber and creating a clear flowTehdrum

gate is operated by the application of headwater pressure beneaditethé/gen the gate

is to be raised, theontrol chambeis filled with water from thaipstreanside. The gate
weight is overcome by buoyancy and the gaterced to rise. @ lower the gate, water is
drained from thecontrol chambe(FEMA, 2010) Figure 2-4 shows an upstream hinged
drum gate.

Drum gates were more common prior to the 1950s and they are no longer considered
practical in modern spillway gate design doedifficult maintenance, complex sealing,

lack of good operational control, leakage and high building and maintenance costs.
However, this type of gate may still be found in many large dams and are still required to

operate in the future.
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2.1.2 GUIDELINES AND RECOMMENDATIONS ON MAINTENANCE,
INSPECTION AND TESTING OF SPILLWAY GATES

There aregenerally twocritical failure scenarios of a spillway gateperationaland
structural failure. Operational failure is due to gate, hmigiontrol problers, resulting in

loss of spillway flow regulationAccording to the United States Society on Dams
(USSD), opratinal failure itself may lead tthe inability to close a gate resaly in the

loss of valuable water supply ohe inability to open a gate resoly in reservoir
overflow and ultimate breaching of dam. Structural failure may rasulincontrolled

releag of water to downstream channels, which may lead to potential property damage
and loss of fie, and loss of valuable wat@dSSD, 2002) To avoid failure and ensure

safe operation of the spillways, institutions such as USSD, the Federal Emergency
Managemat Agency (FEMA) and the International Committee on Large Dams (ICOLD)
have developed guidelines and instructions for maintenance, inspection and testing of the
gate components.

Once spillway gate components are designed and built, most of them arehigitiesr

from view or located at hard to reach places (submerged or above the crest). Therefore,
long term, reliable gate operation requires knowledge of the aging condition of all gate

components and regular inspections, maintenance, tests and repaiequnesdr
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2.1.2.1 MAINTENANCE

Component manufacturers usually provide manuals documenting recommended
maintenance activities. These documents need to be made available to the maintenance
personnel when conducting such activites. FEMA recommends prgpaain
comprehensive maintenance manual for the entire gate with reference to hoisting and
operating equipment including a list of parts requiring periodic replacement, lubrication
and other maintenance activisghedules. According to FEMA, a maintenance uain
should include information such as installation instructions, operation and criteria,
maintenance instructions for electrical, mechanical and control components, part list,
drawings and diagrams and safety instructions. FEMA also recommends preparing a
complete maintenance record document containing detailed information of all
maintenance activities, repairs and modificatiffSMA, 2010)

A spillway gate is comprised of a variety of mechanical and electrical components. For
electrical components, rboe maintenance usually includes a thorough check of
electrical panels to ensure they are free of moisture and dirt and wires are free of
corrosion and mineral deposits, adjustment and replacement of box heaters and light
bulbs, verification of tightnessf bolted connections and test of the system to ensure all
parts function properly. The main electrical components of a gate include the emergency
generator, hoist motor, power supply and control sys{&EMA, 2010)

Main routine maintenance activitigsr mechanical component of a gate include:

1 Lubrication: Gate and hoist components such as bearings, connection points,
gears, wire ropes, chains and other moving or rotating devices require regular
lubrication to maintain their smooth operation. A comnuause of wear or
corrosion can be lack of lubrication or contaminated lubrication. Over time due to
exposure to environment, lubricants can be contaminated with sand, dust, dirt or
water. FEMA recommends that during maintenance, all lubricants be checked f
proper level, water buildip, contamination and lubricity which is the measure of
a |l ubricantbs ability t(BEMA R0l0)iMoree pr ovi
information on lubricants and lubrication may be found UASCE EM 4210
1424, Lubricant and Hydudic Fluids.

15



1 Removal of trash and debris: Flow of water through the spillway opening may be
accompanied by floating and submerged trash that can affect the functionality of
the gate. Trash and debris may buijol and add to the lifting weight of the gate
and cause other issues such as jamming or binding of the gate during operation.
Hence it is important to clean builgp debris and trash as needed during periodic
maintenance of the gate.

1 Cleaning: Over time, grit, sand and dirt and residue fhupldwill collect in
bearings, brakes and sealing surfaces. FEMA recommends regular cleaning of
mechanical components with the use of soft cloths and compressed air to avoid
unwanted damage and reduced performance.

1 Alignment and adjustment: Rough, noisy or erratmvement during operation is
the first sign of a developing problem. Periodic adjustment and realignments are
necessary to ensure smooth gate operation. FEMA recommends that hoist
components such as gear box and brakes be checked regularly during
maintenane for adverse or excessive wear and missing parts and for worn or
corroded partto be replaced.

Other general maintenance activities of spillway gates may include touch up painting,

sealing surfaces and the application oiaeg fluids.

2.1.2.2 INSPECION

Visual inspection is the simplest way to obtain general information on the condition of an
existing gate. It is important for inspection activities to be well documented using
checklists and updated instructions and for findings and corrextti@ns to be recorded.

It is also essential for ipgctionactivities to be conducted regularly in accordance with

an established inspection schedule. Design documents, construction history, operation
history and previous inspection records need to béaad when preparing for an
inspection. The type and frequency of inspection for each gate depends on gate type,
usage requirements, hazard classification of the dam, regulatory requirements and

consequences of gate failure such as downstream property elaloag of life and
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environmental damag¢FEMA, 2010) FEMA recommends the following types of
inspections to be conducted regularly:

1 Informal: A general, nospecific visual inspection for issues which may have
developed since the previous inspectionudelg visual inspection of the hoist
deck, access ladders and platforms. This type of inspection may be conducted
during routine maintenance.

1 Intermediate: A walkthrough inspection that looks for obvious deficiencies of the
gate and operating system lides not include a detailed clege inspection of
the structural and mechanical components.

1 Periodic: Includes a more thorough observation of the gate and operating system.
A team composed of different disciplines such as electrical, mechanical and
strucural need tdepresent to perform this type of inspection.

1 Closeup: Major structural and operating system component are visually inspected
closeup and in detail. This is to ensure that small defects such as cracks, missing
nuts and bolts and signs of areand corrosion in mechanical components are
detected.

1 Unscheduled: May be required for unusual deficiencies or problems in between
regular inspections.

For structural components, FEMA recommends inspections to begin by a visual
observation of the gatend presence of accumulated unwanted materials such as water,
debris or vegetation. Later, missing, distorted, or broken structural members and
connections need to be identified. It is also important to look for signs of corrosion at
high risk locations sut as dissimilar metals in contact or areas in the splash zone or
submerged in water. Inspection of the coating of members for signs of flaking,
powdering, peeling or debonding is critical when looking for corrosion. Another
important item in the inspectioof structural components is signs of aging. Structural
components become brittle with age; therefore, it is essential to look for signs of aging
such as fatigue cracks during visual inspection. Other inspection activities for structural
elements includeidentification of components with signs of cavitation, examination of
the skin plate and support structure for misalignment, indentation, corrosion, warping,

twisting and buckling, examination of structural connections such as bolts, rivets, pins
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and welddor missing, broken or loos parts and signs of rust and corrosion. Furthermore,
the seals should be inspected to ensure they are intact, flexible and not excessively
deformed or torfFEMA, 2010)

Operating system components consist of hoisting equipment, power sources and gate
controls. For electrical and control instruments, FEMA recommends that all controls,
instrumentation, breakers and electrical panel boards and switchboards be opened and
inspected, wiring and wire terminations should be looked at for signs of damage and
breakers and fuses should be verified for proper rating and functionality. For mechanical
components, FEMA also recommends to look for signs of distress such as missing gear
teeth, gearbox and bearing noise, noticeable vibration, loose baseplates and
misalignment. For example, shafts and couplings must be free of cracks or pitting with
the coupling tight and bolts intact, gears should be well lubricated with no missing teeth
or signs of damage, corrosion or misalignment and brakes should be properly adjusted

and free from contaminations such as sand, dirt or material residue.
2.1.2.3 PERFORMNCE TESTING

The most comprehensive method to verify the operation of gates is to dheratander

a full range of operational conditions at design load levels; however, actual gate raising
under full hydrostatic load is not always practicable due to financial costs associated with
head loss and/or downstream consequences; therefore, otioeisguch as partial gate
opening or full opening with no hydrostatic load using stop logs are recommended.
Partiattravel testing is defined as opening of the gate to 10% of its full travel path under
full hydrostatic load FEMA recommends that thesegs of tests be performed annually.
Satisfactory partiatravel gate operation generally gives a good indication that hoist
components are in adequate condition since maximum loading often occurs during
unseating of the gate. However, it does not verify ability of the gate to physically
operate through its full travel without binding or jamming.

FEMA also recommends conducting ftidavel tests using stop logs at least once every 5

10 years. This type of test mostly addresses structural deficienciee ghte such as
misalignments, missing components, jamming or blockage. Satisfactory stoplog test

operation generally indicates that the structural components are in adequate condition;
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however, it does not verify the ability of the hoist componentsperate under full
hydrostatic load.

Tests should be scheduled prior to flood seasons or periods when high flows are expected
to ensure gate operability in case of emergencies. Apart from the performance testing of
the spillway gate system, componentshsas the emergency power generator should also

be tested to verify functionality at shorter time intervals.

2.2 DAM CLASSIFICATIONS

As dams increase in number and size, legislation and regulations to insure thé&armong

safe operation has gained ingie® importance. International guidelines and
recommendations covering the safety of dams have been published which recommend
that national authority should be empowered to examine and approve all stages of design,
construction and repair of dams and bepmnsible for approving operation and
surveillance scheduléfCOLD, 1987)

In the US, federal dams are subjected to control through government agencies, e.g.
USACE or the US Bureau of Reclamation (USBR)gether, these federal agencies are
responsible fofive percent of the dams in the U.S. They construct, own and operate,
regulate or provide technical assistance and research for @Nowak, 200). Non-

federal dams are subjected to legislation in most statatay, every statexcept for
Alabamahas dam safety regulatory programs. State governments have regulatory
responsibility for 80% of the approximately 84,000 dams withinNtagonal Inventory

of Dams.Typically, the program activities includsafety @aluations of existing dams,
review of plansand specifications for dam construction and major repark weeriodic
inspections of construction wodn new and existing dams aneliew and approval of
emergency action plafdSDSO, 2003)

In Canada e Canadian Dam Safety Association (CDSA) wasnded in 1989 to
advance the implementation of practite ensure theafe operation of damén 1997,

the CDSA joined the Canadian National Committee on Large Dams (CANCOLD) to
form the Canadian Dam Association (CDAhe CDA has developed technical btilis

on topics such as dam safety guidelines, surveillance of dam facilities and failure

consequences of dams. According to the CDA, classification of dams based on
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consequences or risk of failure provides guidance on the standard of care expected of

dam avners(CDA, 2007) Table2-1 presents dam classifications according to the CDA.
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Table2-1: Damclassifications based of failure consequences defined by the Canadian

Dam AssociatioffCDA, 2007)

Incremental losses

Dam class Popul'atlon . Environmental and | Infrastructure and
at risk Loss of life .
cultural values economics
- Low economic losses
Minimal shortterm U
area contains limited
Low None 0 loss, no longerm .
infrastructures or
loss )
services
No significant loss
or deterioration of .
. o Losses to recreationg
fish or wildlife -
: facilities, seasonal
o Temporary .| habitat, Loss of
Significant Unspecified : . workplaces, and
only marginal habitat .
) infrequently used
only, Restoration or )
. transportation routes
compensation in
kind highy possible
Significant loss or
deterioration of High economic
important fish or losses, affecting
High Permanent| 10 or fewer | wildlife habitat, infrastructures, publig
Restoration or transportation and
conmpensation in commercial facilities
kind highHy possible
Significant loss or Very high economic
o losses affecting
deterioration of .
" . Important
critical fish or infrastructures or
. 100 or | wildlife habitat, .
Very high | Permanent . services (e.g.
fewer Restoration or . : .
. highways, industrial
compensation in o
. : facilities, storage
kind possible butno{ .~ .. .
. facilities for
practical
dangerous substance
Extreme losses
affecting important
Major loss of citical | infrastructures or
fish or wildlife services (e.g.
More than . . ) .
Extreme | Permanent 100 habitat, Restoration | hospitals, major

or compensation in
kind impossible

industrial complex,
major storage
facilities for
dangerous substance
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Other classificabns, e.g. provincial regulations for the province of Quebec, consider
population density, nature of human activity, characteristics of the affected area and
extent of damaged infrastructur@gsovernment of Quebec, 200According to the Dam
Safety Regula i o ns o feve® daenbmest he cldssified on the basis of the degree of
risk it poses to persons and property, measured by multiplying the numerical value of its
vulnerability (V) by the numerical value of the potential consequences of a dam failure
(C) to whi c hssighddovalue s the forenuR = V x @ (Government of
Quebec, 2002)n this formula vulnerability (V) is the mean value of physical parameters
of the dam such as dam height, type, impounding capacitydamd foundationtype
multiplied by the mean value of variable parameters such as age, seismic zone, condition
and effectiveness of maintenance activiti€able 2-2 shows dam classdations as a
function of the P value based on thendsafety regulations of Quebec.

Table 2-2: Dam classificationdbased of P valuelefined by theQuebec dam safety
regulationd Government of Quebec, 2002)

P Value Dam Class
0 pCT A
XTT O pCT B
Cu 0 XT C
0 cu D

Consequences of dam failure are based on downstream population density, extent of
infrastructures and services that would be destroyed or severely damalgk®-3 lists

the dam failure consequence categories.

Table 2-3: Dam consequence categories and description based of the dam safety
regulations of Quebg&Government of Quebec, 2002)

Consequence _
Description

Category

Uninhabited area
OR

Very Low Area containing minimal infrastructures eervices such as
second dam in thVery Low Consequence category, a resou
access road, farmland, a commercial facility witho
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accommodations

Low

Occasionally inhabéd area containing less than 10, cottage
seasonal residences

OR
Area contaimg a commercial facility that prodes,
accommodation for ks than 25 persons or that has, less tha
accommodion units (i.e., 10 cottage40 campsites, 10 moty
rooms)

OR
Area containing limited ifmastructures or services such as
second damithe Low Consequence category, a local road

Moderate

Permanently inhabitearea containing less than 16sidences o
occasimally inhabited and containind,0 or more cottages ¢
seasnal residences

OR
Area containing a seanal commercial facility thatprovides
accommodatiorfor 25 or more persons or thabntains 10 o
more accomodation units or that operategearround and
provides accommodatiowif less thar25 persons or has less th
10 accommod#on units

OR
Area containing moderate inBtiuctures or services such as
second dam in # Moderate Consequence categayfeeder
road, a ralway line (local or regional)an enterpge with less
than 50 employees, main watemtake uptream or downstrear
of the danmthat supplies a municipality

High

Permanently inhabited areartaining 10 or more residences g
less than 1,000 residents

OR
Area containing a commercial didity that operates yeaound
and provides accommoda for 25 or more persons or has 10
more accommodation units

OR
Area containing significant infeructures or services such ag
second dam ithe High Consequence category, a regional rag
railway line (tanscontinental or transborder), a schoah
enterprise that has 50 to 499 employees

Very High

Permanently inhabitedrea with a population of more than 1,
and less than 10,000
OR

Area containing major infragictures or services such as:
second dam in theVery High Consequence categorgn
autoroute or national highwagn enterpris¢hat has 500 or mor
employees, an industrial park, dangerous substances stor
site
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Dam classifications based on consequence categories provide guidelines for dam owners
to develop tools and strategies ander to maintain the reliability of their dams in an

acceptable and safe range depending on the dam classification.

2.3 RELIABILITY ANALYSIS OF SPILLWAY GATE SYSTEMS

Reliability analysis and risk assessment play an important part in enthwisafety and
continuous operation of spillway gate systems. This secéwiews currenttechniques
and methodologiessed bypractitioners for the reliability analyssd risk assessmeaot

dams and spillway systems.

2.3.1FLOOD AND RESERVOIR SAFETY INTEGATION

The Department of Environment, Food and Rural Affaires (DEFRA) in the UK have
developeda methodology for risk analysis of daras part of a researgbhrogramon
reservoir safety in the UK. Thipproachhad one principal overall objective which may

b e s umma rproposedandademonstiate antegratedSystem which provides a
framework for decision making by paneigemeers on the annual probabilities of
occurrence, consequences and tolerability of all the various threats to reservoinsafety
(DEFRA, 2002)

This approachwaspart ofa feasibility studyon quantitative risk assessmednt dams in
general and was not specific to spillway gate systems. The appreadhnthis research
is to rank and quantify threats to dam safety using ftata visual inspection and desk

studes Figure2-5 shows the algorithm applied in this method.
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[ 1. Inspect dam and environs, establish basic characteristics |

Risk analysis l
Overall probability of failure Consequences of failure
2. Decide which threats and mechanisms of deterioration are likely to pose the 6. Estimate dambreak flood. and flood hydrographs with distant
highest probability of failure of the dam and for which annual probabilities of downstream
failure should be estimated
3. Estimate the annual 4. Estimate the annual 7. Assess the overall impact of the dam break flood; estimate the
probabilities of falure due to probabilities of failure due to population at nisk. the likely loss of life
External threats Internal threats
l l 8. Assess the physical damage and economic loss
5. Estimate the overall annual probability of failure. including a review of The above may require consideration of several failure scenarios e.g.
the results to check if reasonable 1 the expenence of the Assessing Engineer sunny day vs. ramy day. subject dam only vs. whole cascade

| 9. Assign Hazard Class ]

[ 10. Estimation of Risk = probability of failure x conseguences ]

.yt

Risk evaluation Risk assessment
11. Tolerability of estimated overall annual risk in relation to societal :> 12. Assessment of acceptability - any concern? Including review
concerns. Unacceptable, broadly acceptable, or tolerable and AT ARP applied whether results of assessment are credible and reasonable, in light

(Fig 1 of HSE, 2001) of expernience and knowledge of the assessing engineer

Figure2-5: Overview of prototype integrated syst¢BEFRA, 2002)

The approactcomprise the following stepgDEFRA, 2002)

1- Determine the definition ofailure: failure is defined as uncontrolled sudden large
release of water which could compromise the safetthefpopulation b operational

failure, which could interrupt the supply from the dam.

2- |dentify all the potential threats to dam safety andsaer the extent to which these
threats are independent or interdependent. These potential threats are categorized into

internal and external threats.

1 External threats are loads such as floods and earthguakieh are random

natural events whicbould triggerfailure of the dam.

1 Internal threats are mainly due tbe deteriorationof the dameither time
dependent or under reservoir load or some flaw which requires a prolonged

loading period or number of loading cycles to lead to failure.
3- Determine the mbability of a threat occurring: annual probability of failure due to
threat or by failure mode

0 0 & ORING QN @F) Qi "DF Q@ | QA WOV Q@ T'QM QA0 AN
060 G O&XQMd@ QAROONEH Q1 RERQR T QQAI QQ

[2-1]

6070
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Here# is the % of dams with data, which is an estimate of the percentage of dams in the

database for which the data on failures is cotaple

4- Rank dam threatand wherepossible quantifithe annual probability of dam failure
and the annual probability of each threat occurring, for UK dams

5- Determine the consequences of failure: assessing the consequences of a dam failure is
a prerequisite to defining tolerable risk.thterefore summarizes factors relevant to the

determination of the potential loss of life in the event of a dam failure.
6- Determination of rik: 'Y'Qi B0 1 ¢ OO AE QY @ 6 Q¢ O Q

Tolerable risk of dam failure is then determinedngstechniques such &N Curve
(frequency of occurrence vs number of persons harmAdARP (As Low As

Reasonably Practicablejtc.

2.3.2 RISK EVALUATION AND RANKING OF SPILLWAYS BASED ON
OPERATIONAL SAFETY

This approach developed by Hydro Quebec rapibways according to their ability to
react safely based on structural characteristics and importance, impact of failure,
component vulnerability and present condition of the stru¢&niand, et al., 2009)

Functional safety is viewed as the comhimrabf three indices:

1 H-Index: Sufficiency of the hydraulic and hydrologic design of the structure. This
is a measure of the optimum state rather than the current functionality of the
spillway. Scenarios considered for this index are the passage offkadetyH-C)

and power tripping under full load {B).

1 V-Index: Vulnerability of the spillway to hydrological and operational risks. This
index measures the vulnerability of the spillway to events of negative impact that
may occur during operations relatem the passage of safety flood-G) or in

power plant tripping conditions (D).
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1 F-Index: Present condition of the structure and its components based on
observations of mechanical and electrical and structural systems. Scenarios of this
index are the psent condition (FA) and the impending condition of the spillway

in the event of a breakdown caused by observed defeéts (F

Each index is determined by testing several scenarios of operation measuring the impact
of different parameters. The scenarios are tested by simulating ardlotdg. The
simulations are run for the safety flood, sumifadirflood and power tripping coriiibns.
Probability of occurrence of an event is considered through weight factors. Scenarios are
assigned weight classes based on their frequency of occurrence (Frequent, occasional,
rare and exceptional)lable 2-4 shows the classification of scenarios relative to each

index. Three levels are defined above the maximum operation level within the reservoir.

1 Comfort zone: between maximum operation level (MOL) and maximu

extraordinary level (MEL)
1 Discomfort zone: the zone between MEL and safety flood level (SFL).
1 Alert zone: extends up to the dam safety level (DSL)

For a given scenario when the water level falls in one of these three zones the
Apercent age f iormented rinto ayradesnfeom-B. Table 2-5 shows the
conversion of percentage of encroachment to grades.

Finally, a grade is given to each index based on theslbgrade of its scenario and the
overall grade of the spillway is the lowest grade among the indiedde 2-6 show an

example of the grading technique.
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Table2-4: Probability classification of scenari(Briand et al. 2009)

Index Type Scenario Probability
He Spring Safety Flood Occasional
H Hydrology Summer-fall Safety Flood Occasional
H-D Plant tripping Frequent
Storage Flood routing without winter draw-down Occasional
Increased Flood volume !ncreased by 1[:2&: Occasional
flood volume Flood volume increased by 20% Rare
rolo Flood volume increased by 30% Exceptional
Hydrology R Flood increase rate 10 imes faster Occasional
flood rate Flood increase rate 20 times faster Rare
Flood increase rate 100 times faster Exceptional
Increased Mobilisation time 3 times slower Occasional
mabilisation Mobilisation time & times slower Rare
_ time Maobilisation time 11 times slower Exceptional
v Response Time I reased oot Gale operalion Ime 5 imes SIower Occasional
) aperation tgi!m:; Gate operation time 10 times slower Rare
v Gate operation time 15 times slower Exceptional
Reduced Spilling capacity reduced by 5% Occasional
spilling Spilling capacity reduced by 10% Rare
capacity Spilling capacity reduced by 15% Exceptional
1 gate not functional Rare
Spilling equipment| Reduced gate 7 gates not functional Rare
number - -
3 gates not functional Exceptional
Reduced Left hoist not functional Exceptional
number of Right hoist not functional Exceptional
hoists Two hoists not functional Exceptional
Increased mobilisation time in o .
V-D response to plant tripping Mobilisation time twice slower Frequent
FA Present Flood Gate with 2 m_max opening| Occasional
E Plant tripping | Gate with 2 m max opening]  Frequent
) Flood Gate with 2 m_max opening Rare
F-P Impendin
pending Plant ripping | Gate with 2 m_max opening]_Occasional
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Table2-5: Example of a weighting procedufBriand et al.2009)

Probability of Encroachment Safety Zone Grade
accurrence
if level is less than 50% Comfort A
Frequent if level is less than 100% Comfort B
if level is less than 25% Discomfort c
if level is greater or equal to 25% Discomfort D
if level is less than 100% Comfort A
Occasional if level is less than 50% Discomfort B
if level is less than 100% Discomfort c
if level is greater or equal to 100% Discomfort D
if level is less than 100% Comfort A
Rare if level is less than 75% Discomfort B
if level is less than 25% Alert Cc
if level is greater or equal to 25% Alert D
if level is less than 100% Comfort A
Exceptional if level i_s less than 100% Discomfort B
if level is less than 75% Alert Cc
if level is greater or equal to 75% Alert D

Table2-6: Example of a general ranking of spillwa¥iand et al. 2009)

Spillway H-Index V-Index F-A Index F-P Index | General Ranking |
Nol A A A A A
No 2 A B A C C
No 3 B C B B C
No 4 B B D D D
No 5 B C D D D

2.3.3FAILURE MODE, EFFECT AND CRITICALITY ANALYSIS (FMECA)

The U.S Army Corps of Engineers has investigated féasibility of different risk
assessment techniques for spillway gate syst@udgcha, et al., 2000)FMEA is
recognized as a basic tool to evalutte reliability of a system in its early stages of
design This approachvasfirst propogd byDhillon and Singh(1981). This procedure is
used todetermine ifchanges in design are required amevaluatehe effect ofpotential
design modificationson tisks. FMEA becomes failure modes, effects, and criticality
analysis (FMECA) if criticalies are assigned to failure mode effects. FMECA is a
bottomup, inductive analysis that systematically detailks on a componerby-

component basis and essentially consists of the following @esing, 1997)

29



1 System dehition: system components that will be subjected to failure are
identified.

1 Identification of failure modes: the observable manner in which a component fails

is identified.

1 Determination of causes: the probable cause(s) of failure is determined. Typical

causes can be:

A Friction: common cause of failures in belts, gears, and machinery in

general
A Contamination: Dirt can cause electrical failure
A Corrosion: chemical change that weakens material
It is important to note that a failure mode may have more than one cause

1 Assessment of effects: impact of each failure on the operation of the system is

assessed.

1 Classification of severity: a severity class is assigned to each failure mode.

Generally, thex are 4 severity classes:
Catastrophic: loss of life, major damage

Critical: complete loss of system

> > >

Marginal: system degradation, partial loss of performance

A Negligible: no adverse effects

1 Estimation of probability of occurrence: the expected numberafroences over
a specified period of time is estimated. When sufficient data is not available
Military Standard MILSTD-1629A (MilitaryStandard, 1980)is used for

gualitative grouping of failure mode frequencies over the ¢ipgréme interval:

A Level A: FrequentHi gh probability of failure (p
A Level B: ProbableModer ate probability of failure
A Level C: OccasionalMar gi nal probability of failuwur
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A Level D: Remote Unlikely probabiltyd f ai |l ure (0. 001 Op OO0.
A Level E: Extemely Unlikely- Rare event (0.001)

1 Computation of criticality index: this is a quantitative measure of the criticality of
the failure mode that combines the proba
with its severity ranking.

# 1110 [2-2]

Where# is the criticality index for failure mode ki is the fraction of the
component pb6bs failures having failure mo
failure mode k given component p has failgd)js the canditional probability
that failure mode k will result in the identified failure effdct,is failure rate of

component p and t is the duration of time used in the andlysi€ha, et al.,
2000)

9 Determination of corrective #ions. corrective actions are determined and
prioritized based on the failure modes having the highest criticality index and

severity classification.

2.3.4RISK ANALYSIS OF DAM GATES AND ASSOCIATED OPERATING
EQUIPMENT USING FAULT TREE ANALYSIS

In pursuitof the optimum risk assessment approach for spillway gate systems, the U.S
Army Corps of Engineersinvestigatedthe feasibility of detailed fault tree analysis to
spillways(Putcha, et al., 2005 he objective of this worlwas to demonstrate how fault
tree analytical methods may be applied to improve the quality of dam gate risk analysis.

AFault trees are one of the most I mportant e
in the risk assessment of dam gates. These gatenss are often quite complex and
detailed, with various types of s(Putchagt ur al ,
et al., 2005) A fault tree forspillway gates is shown ifrigure 2-6. The top event is

failure of the gate to open or close. As this top event is itself an intermediate event of

another tree, the triangle at the togto$ figurerelates to the contribution of this event to
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the main top event which is the overall spillway risk. The goal of these fault trees is to

define a highly detailed representation of the fault environment so that the user can

rapidly eliminate or accept brareh on the basis of psereening and background

knowledge of the specific dam project.

Gate Failed to Open/Close

[

7\

Structural
Breakdown

Mechanical
Breakdown

Electrical
Breakdown

Operational
Procedura

Inadequate
Design

Excessive
Friction

Vandalism

Icing

A A A A

[

Gate
Alignment

Figure2-6: Fault tree for gate failur@utcha, et al., 2005)

Differential

Monolith/
Settlement

The triangles C1 to C4n Figure 2-6 also relate to other detailed trees representing

structural, mechanical, electrical components and operational procedures which may be

seen inFigure2-7 to Figure2-10.
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Structural
Breakdown of
Dam Gate

[

7\

Trunnion
Assembly

Gate Leaf / Skin

Gate Anchorage

|

Structural Support for
Operating Mechanism

Trunnion

Bearing/Pin,

Concrete
Support

Figure2-7: Fault tree for gate structural breakdo(futcha, et al., 2005)

—A

Mechanical
Breakdown of
Dam Gate

Drive Shaft
Coupling

Lifting

Cables / Chains

Gear Motor

Cable System 1

Cable System 2

Hoisting Brake

Chain

Linkage
Failure

Gate

{Boiled
Plate)

Connection

Cable
End
Socket

Gear

Figure2-8: Fault tree for gate mechanical breakdd®aotcha, et al., 2005)
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7\

Electrical
Breakdown

/)

Motor Failure | I Failure of Power S:nun:e] IConlroI Circuit Failure

Power Source - Station

Service Transformer

|

| Turbine Generator |

Turbine
Generator 1

Turbine
Generator 2

Emergency Fower

Commercial Transmission System I

Transmission
Lines

Utility Substation
Equipment/Transformers

Figure2-9: Fault tree for gate electrical breakdo(Autcha, et al., 2005)

Operational
Frocedure

(=)

Inadequate Exercise
of Components*

Incorrect
Decision

Inadequate
Maintenance
Provedures®

/)

Faulty Attempt to
Minimize
Flo

Faulty Hydraulics
Analysis

Incarrect Pool or
Flow Inf ti

No Pool or
Flow Information

Inadequate Survelllance
of Pool Level

Gate Control
Access

Faulty Pool No
Level Alarm Surveillance

Access to
Gate & Controls,

Figure2-10: Fault tree for gate operational breakdai®atcha, et al., 2005)

Remote Gate
Control Failure,

34



To determine the occurrence probabilitytioé top eventthe failure rates of basic causes
(events represented in circular shapes) are
obtained fromthe performancdistory of existing or similar gate components ibmo

specific data is available, from compiled dataMIL-STD-1629A or other MILSTD
documentgMilitaryStandard, 1980)

In this approacheach event is also assigned a criticality index and a weighting factor.
Similar to FMECA analysis discusddn section2.3.3 the criticality index is a relative
measure of the consequence of an event and its frequency of occurrence. The importance

factor signifies the relative importance of each component in each event gate.

Assuming component independence and arponential reliability model foreach

components, the failure probability of each gate can be determined using the following

equations:
AND Gate: 0 & 0& p A1lo [2-3]
ORGate: 0& p p 0& p A10O [2-4]

wherel and0 &are the failure rate and the probability of failure of thevent of the

branch respectively

Failure rates may be obtained frahe literature ordata base of similar componentsisl
important to adjust the failure rate to the condition of the component. An approximate
approach(Green, et al., 1972nultiplies failureratesby variousK factors to relate the

data to other conditions of environment asitess wher& is the environmental factor
adjustment coefficient used to represent component stress levels altered by environmental

conditions.Typical K factors are shown ihable2-7.
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Table2-7: Environmental Kfactors(USACE, 2006)

Table D1

COverall Environment Component Stress Levels (data from Greene and Bourne 1972)

General Environmental Condition K4
Ideal, static conditions 0.1
Vibration-free, controlled environment 05
General purpose ground based 10
Ship 20
Road 30
Rail 40
Ar 100
Missile 1000

Stress Rating

Percentage of component nominal rating Ka

140 40

120 20

100 10

a0 0.6

60 0.3

40 0.2

20 0.1
Temperature

Component temperature (degrees C) Ks

0 1.0

20 1.0

40 13

60 20

a0 40

100 100

120 300

Mote: Other data sources such as Reliability Analysis Center (1995) also contain environmental information.

whereK1 relates to the general environment of operatiih,to the specific rating or
stress of the component, akK®@ to the general effect of temperatugmilar values of
K3 should be developed for cold regions where &Emaures below zero may induce

adverse effects of components.

The typical failure rates are adjusted in the analysis to the environmental condgions

shown below:
1 o+ + 4+ [2-5]

Wher e o0 tha adjusted and gem failure rates respectivelyVith the failure
probabilities of each component known and considering the weight factors the probability
of the failure of the top event for the easf OR gatess:
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0- AREAEI DAA 70& [2-6]

where7 is the weight factor assigned afd&is the probability of failure of each
subsystem(mechanical, electrical, ejc (Putcha, et al., 2005)With the failure

probability of each failure mode known, the risk of the system can be determined.

Knowing the consequence of occurrence of the top event (based on dam classifications),
the risk associated with the failure of the gate to operate (opesiose) may be
determinedThe equation below is a general equation for (isitte, 1993)

2 0% [2-7]

WhereP is the probability of occurrence of an unwanted eypate, the top event of the
fault tree) D is the consequena# failure anda is the risk consequence factor which is a
value ypically taken between 1 and \&/ith sufficient data available risk associated with

a spillway gate can be determined over its lifetime.

2.3.5ESTIMATING RISK FROM SPIILWAY GATE SYSTEMS ON DAMS USING
CONDITION ASSESSMENT DATA

Condition Indexing is a stataf-the-art approach in reliability analysis of spillway gates.
This procedure defines the spillway gate system of a dam as a hierarchical structure
consisting ofsystems, subsystems, and components. The overall condition based on
component inspection results allow a condition index to be computed at every stage of
the structural hierarch{Chouinard, et al., 2003)

In another report, the U.S. Army Corps of Engineers investigate whether this existing
Condition Indexing (Cl) methodology for spillway gate systems on dams can be used as a

basis for assessing structural risk and probability of fa{lastes, et al., 2005)

Condition indexing assessmentan effective method for accounting for every critical
aspect of structural behavior. Cl is based on a series of observations by an inspector that

is related to a set of objective conditioitema. The advantages of this approach are:

1 Standardize approach to quantifying conditions
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1 Identification of specific problems in the structure

1 Establishment of a database for the deterioration of a class of structures
1 Prioritization and efficient allo¢en of scarce maintenance funds

1 Guidance for less experience inspectors on what to look for

Condition indexing technique is almost entirely based on reliability analysis methods.
Therefore, before discussing this approach a brief overview of reliahiajysis terms

are required:
1 Limit state equation: governs the behavior of the structure.
, EICEOOROIOAPES T [2-8]
Where C is the capacity and Ddemand on the system

1 Reliability Index: is a measure of the reliability of a system. Foormally

distributedindependent variablethe reliability indexs defined as

U1 [2-9]
A A

where O and O are the mean and standard d

1 Failure probability:given the reliability index , the failure probabilifg obtained

as:
P n g [2-10]
where 0 is the distribution function of t he

The Cls focus on observable deviations from a desired condition. In this report Estes et
al. propose an approach in which condition index is treated as a raadiale, making

initial assumptions that would eventually be modified over time as a database is
established, and using existing condition state definitions so that current methods and

accumulated data remain va(istes, et al2006)

Clis considered as a random variable. The probability of failure is the probability that the

actual Cl rating is lower than the ClI rating that defines failure:
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0 0#) #)
Assumptions:
1 Clvalues are normally distributed amdlependent

1 The parameters (mean and standard deviation) of the actual condition index will
be determined by the component condition table and the confidence of the
inspector to correctly assign the correct condition state to an inspected

component.

1 The irspector will classify the structure correctly 95% of the tifastes, et al.,
2005) This 5% inspector error is equally distributed on the high and low sides of
the distribution.

1 The structure is assumed to transient linednhpugh the condition statexs a

function of time.

Failure is assumed torrespond to Cl with a distributisn. ¢ 6p @ corresponding to

the states of poor, very poor and failed.

After an inspectiona condition statés assignedo the system based dme current state

of the structure

When a component is firaissigned t@ condition statehe ClI value is assumed to be the
midpoint of the rangeof each condition stateDepending on the service life of the
component, it will degrade with a constanterantil it reaches a new condition state in
which the CI value will jump to the midpoint ofémextstate. Therefore at each year the
Cl may be calculated using the equation be(Bsgtes, et al., 2005)

50 80 &
0O
oy P

8 0

[2-11]

where# ) is the condition index at the midpoint of the condition statg, is the
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lowest condition index in the condition sta@, is the intended design life of the
structure, #CS is the number of condition states that the structure will transition through.
This equation shows that tlle’'O  value cannot fall belo# ) , until an inspection

rating indicates that the struceis in a lower condition state.

Using yearly Cls the reliability index may be determined using the following equation
(Estes, et al., 2005)

#) #)

r ]
p p [2-12]

Hence, the failure probability may be determined using the standardized normal

distribution function.

The main advantage of this approach is that the failure probability of the system can be
obtained using only site inspection and does not require irgtatah system reliability
which are not readily availableThe shortcoming of this method is that it should be

calibrated with historical performance data that correlates with CI.

2.3.6THE SPILLWAY SYSTEM RELIABILITY PROJECT

In 2010, the spillway systemeliability project was defined and initiated by a group of
sponsors from hydropower and dam industries of various countries such as Elforsk from
Sweden, the USACE from the US and BC Hydro and Ontario Power Generation from
CanadgBaecher, et al., 2013)

Objectives of this project includ€WG, 2010)
1 To consolidate existing knowledge the function of spillway gate systam

1 To develop scientific and engineering &a$or the assessment of saischarge

of inflows from a system perspective
1 To establish a methodology for spillwegk assessment

1 To develop system based guideliaéor the safe discharge of inflows and water

retention
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This project includesan approach toanalyzing flowcontrol systemsThis approach
addresses the operation of flaentrol systems as a systems eragring problemand
uses simulatiorto track the interactions amorgystems componentdhe modeling
framework involves imulation by which ®chastic reservoir inflows argenerated and
propagated through the rivexservoirspillway-outflow system, engineeringodeling to
infer the impact of spillway heads andischarges on the hgallic structures
accommodating outflows omponent reliability aalysisto ascertain the perfmance of
individual components of the outflow works and systems reliability assessinneagh
which demands of the river systeand performance dfow-control systems components
coupled with inteaictions of humans are corved into annual exaedance probabilities

of adverseerformancgBaecher, et al., 2013)

For spillway gate reliability analysisngineering reliabily modeling is used to evaluate
the performance od component in relatioto thedemand functionFor the structural
subsystem, the performance of the components is descrifragjility curves, expressing
thec omponent &t bghaviorbas b fuhction dhe demand placed upon it
(Baecher, etl., 2013) Mechanical ancelectrical equipmenare modeledusing block

diagram analysis and fault tragalysis

2.4 DORMANT FAILURE ANALYSIS

Dormant failure is the failure of a system in dormant state, in other words, it is defined as
the probabilly that a system in dormant state will fail prior to a specified time. Safety
systems such as alarms, safety valves and spillway gates experience large periods of
dormancy throughout their life cycle. Determining the effedtdormancy on such
systems iscrucial as failure in dormant state will not be identified until they are re

activated. Below are some of the existing approaches on dormant failure analysis:
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2.4.1 MARKOV CHAIN ANALYSIS

This method is generally used to determine the reliability afystem as it transits
between several states. The main application of this method is to model the behavior of

standby/redundant systems or systems undergoing deterioration

This method may also be used to model dormant states of systems by assuming
operaing, failure while operating, dormant and failure while dormant states for each
component anthenevaluaing system reliabilityas components transit from one state to
the otheras a function of timeThis approach has also been used to model failuréodue
degradation for dormant componefitokstad, et al., 1996 his method while effective

in representing dormanayan becomencreasingly complicated as the system becomes
more complex.Figure 2-11 shows a Markov Chain model for two components
experiencing failure when active (detected failure) and failure while dormant (undetected
failure). It may be seen from this figutteat even for a simple system of two components
this model can become very complicat@gtildebrandt, 2007) Therefore, for a large
system such as a spillway which is composed of many electrical, mechanical and
structural compnents care must be taken with the strategic use of this model to avoid

complex, time consuming calculations.
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C2 detect

Figure2-11. Markov diagram for a two componesystem(Hildebrandt, 2007)

For spillway gatesystems particularly emergency spillways that only operate during
emergencies or performance testing, it is reasonable to assume that most failures occur in
a dormant state. These types of failurescatkedlatent failures and will not be identified

untl the system is operate@herefore to model thelectri@l or mechanical components

two statescan be consideredl) fully operational (active state) and 2) state of latent

failure (failed state).

Weibull and exponential distributiorsre most commonlysed to model the time to
failure of components. The cumulative distribution function for the Weibull function is:

0
0o p AgE [2-13]
where U is the scale parameter and b is
exponential distribution is a8 peci al case of t he Weibull

Weibull model accounts for degradation of performance as a function of time which is

observed for most mechanical and structural components of a gate. Conversely, the
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exponential distribution is memgess which implies that there is no deterioration in
performance and that failure occurs at a constant rate throughout the lifetime of the

components. This type of distribution is often applied to electrical components.

The probability of a give componat being in the active or failed state while dormant

may be determined using Markov analysis

Q0 . ‘ [2-14]
- 0 0
Qo =
N _ [2-15]
0 0O p U 0
wherea» 1 s a constant failure rat e for t he

generally assumes constant rate of transition between its states which implies lack of
deterioration and memorylessness of the systems. This however is not the case for all
compnents of a gate. Mechanical and structural components experience degradation due
to age and environmental conditions which is better represented with the Weibull model.
To model degrading systems, the sénairkov approacts used. This approach was first
introduced in bridge deterioration modeling and ubesVeibull hazard rate functiofor

rates oftransition between deteriorafi states of the compone(ilg, et al., 1998)To

model mechanical systems whidiso experience ederioration,t h e constant

Equation 214 is replacedby the Weibull hazard rate function

Modeling the availability of structural components is more complicated; they usually
have longer life expectancies and require specific monitoring, testingehadilitation
procedures. Similar to mechanical components, structural components also experience
various degrees of deterioration during their life cycle and can beleddoeusingthe
semiMarkov approach. &niMarkov, multi-state Markov models haveeen used by
researchers to odel structural components in bridge monitoring and rehabilitation
analysig(Sobanjo, 2011)

2.4.2 AVAILABILITY ANALYSIS

Availability is defined as the probability that a system performs as reaiira specific

point in time or over a period of time. This definition can be formulated as:
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i‘) "Y6 lY [2_16]
0 "Y6 YD "Y'YY

whereMTBRi s t he fmean ti m&lTTRies welee fiMeamnr siomand
Assuming idealized repairing conditions (system is restored to as good as new conditions
after repair)the averageavailability of a dormant system with a dornsgrperiod of T,
reliability of R(t), inspection time ob and repair time ofo may be written(Ebelling
2007)
Y'YQOo [2-17]
YO op YY

0"Y

Using ths equation theaverageavailability of a dormant system may be determined as a
function of the dormary period. Longer dormary periods result in lower ystem
availability; however, it is also economically unfeasible to have very frequent inspections
(very short dormant periods). Cost optimization is required to obtain a balance between
these parameters atwldetermine the optimum dormanggriod for a given system.

2.5 REVIEW OF CURRENT RELIABILITY ANALYSIS SOFTWARE
APPLICATIONS

Reliability analysis has a wide range of applications and many software programs have
been developedhat incorporate different reliability methods based on the type and

condition of the system in question.

MechRef (US Navy, 2011has beemlevelopedy the Carderock Division of the Naval
Surface Warfare Center to automate theafgteir handbook of reliability prediction for
mechanical equipmefCDNSWC, 2011) This software determines the failure rate of a
component based on material properties, design parameters, and the intended operating
environmet. Failure rates can be calculated as a function of time aletle® of a

component, aassemblyor system

Isograpl? is a companyspecialized inthe development andupply of integrated
Reliability, Availability, Maintainability and Safety softwareroducts. Reliability
programs such as Fault Tf&eReliability Workbencfi and Availability Workbenchi are
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among the software applications developed by this company which feature reliability
concepts such as Fault Tree analysis, failure rate predictionrediability centered
maintenancélsograph, 1986)

ReliaSoft Corporatiohis also a software development company in reliability engineering

and related fields. Programs developed by Reli&3néiude Weibull*®, PRER'C™ and

BlockSint® (ReliaSoft, 1992)

The University of Californiaat Berkeley develogd severalreliability analysis softwae

for teaching, research and engineering practice. Three of the most notable of these
software applications are: CalRELa general purpose structural reliability analysis code
written in FORTRAN, FERUM (Finite-Element Reliability Using Matlab)an open

saurce Matlaf§ toolbox designed for structural reliability analysis and OperfS@@sen
System for Earthquake Engineering Simulaticar) objectoriented code written in T

for nonlinear structural response simulat{én Der Kiureghan, 2006)

Below is a more detailed overvieat two of the popular software applicat®mentioned

abovethatcan be used to assess spillway system reliability:

2.5.1 MECHREL®

A popular approach to estimate the reliability of components (specially mechanical and
electrical equipment) is by the use of failure rates. Failure rates provide the basic
understanding about the behavior of a component throughout its serviceablerliée. Fo
majority of components the failure rate is not constant and changes as a function of time.
This function, which is referred to as the hazard functessume different shapes

during different intervals of a components life cycle.

A bathtube curve isthe shapeassociated withthe hazard functiorof a Weibull

distribution This Ushape curve demonstrates the variability of the rate of failure of a
component in different stages of its life cycle. As showRigure2-12, region A withan
increasing rate of f-ambdbuperisedkinowwhiashtheai
due to manufacturing defects. Region B is tF

fao l ure rate is considered to beudan spthaanste a m
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which the component has degraded and itods

A hi1)

Region A Region B Region C

N [

Y

time

Figure2-12: Bathtube curvgUSACE, 2001)

Failure rates are usually determined the design stage of a component by the
manufacturer. An issue with using failure rates in reliability analysikasglifficulty in
estimaing the failure rate of a componeint service A componentn serviceis partly
degraded and assigning a failure rate to such a component is challenging. Determining
the failure rate oflormant components is compounded duéhfact that thetrue state

of the component is not known aegposure to thenvironmenincreases theariability

of the deterioration rateomparedo similar components in an industrial setting.

Failure rate analysis of a complex system such as a spillway requires a comprehensive
database containing data on failure rates of a wide variety of components (civil,
mechanical and electrical). Such a database is not widely accessible in most industries.
The Naval Surface Warfare Center (CDNSWC) has developed several products that can
be wsed to project the reliability of a new design in its intended operating environment
and determine occurrence probabilities of equipment failure modes such as wear and
fatigue. The CDNSWC analysis procedure considers the design parameters,
environmental etxemes, and operating stresses as input parameters to determine the
failure rate and hence the design life and reliability of a given compdG&sWC,

2010) Handbook of Reliability Prediction Procedures for Mechanical Equipmen
(CARDEROCKDIV, 2010)has detail instructions and information for determining the
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Aactual o failure rate of a mechanical <compon
instructions and details have also been programmtedarsoftwareapplicationcalled

AiMec itRein which one can define a project C (
predefined mechanical components to those systems. Each component based on its
functions takes environmental, load and design information as input parameters and
gener at es diluneeratefiaa & reswla After thie failure rate of every component

has been determined, the software automatically computes the failure rate of the entire
system.

The sensitivity analysis of MechReHetermines the relationship between each input
paramete and the failure rate of a componehRtr exampleFigure 2-13 illustrates the

relationship between the operating temperature of the motor andute faite.

980
787
BD5

402

Failures / million hours

210

T
0.0 16.0 320 430 64.0 30.0
Operating Temperature (°C)

Figure2-13: The relationship between the operating temperature and the failure ra
motor (380 °C)(MechRef)

This figure shows that operating temperature can have a major impact on the failure rate
and should be monitored and controlled to ensure the failure rate remains in acceptable

regions.

This softwareapplicationis effective in estimating the actual faiurate of a component
as it takes into account loading and design parameters as well as environmental

conditions. The sensitivity analysis also identifies critical parameters and may be used as
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a guide in preparing the inspection/testing procedure fooraponent as it determines
which parameter has the most influence on the failure rate. However, the predefined list
of components in the software is limitéal a fewmechanical componengnd does not
comprise many components typically present in spillwayesns

The Reliability Information Analysis Center (RIAC) of the Wpartment oDefense
has also developed a database for-electronic components called the Nonelectric
Reliability Data HandbooKRIAC, 2011) The objective of this databaseto catalog
failure rate datdor a wide variety of components. This handbquiesents dist of
components in alphabetical order with their relative failure rates. Each comp@sent

severalfailure rate bases dts usae (airborne dormant, groundnaval and space flight).

2.5.2 RELIABILITY WORKBENCH®

The Reliability Workbench suite developed bylsograpff includes stat®f-the-art
reliability tools such aF=MECA and FMEA Fault Tree AnalysisReliability Block
Diagramanalysis Reliability Allocation and GrowthEvent Tree and Markov Analysis
and Weibull Analysis of historical failure dataDther helpful tools such as integrated
parts Ibraries extensive reporting toglimport and exportacilities and enterprise Ghss
collaboration toolsire also incorporated into the software application.

Reliability Workbencfi allows usersto develop projects using one or more of the
integrated analysis moduldsach of the modules is an applicationits own and can be
used indpendently, butthey can also be integrated and used in combination to build
complex modelsSome of the popular modules of this software application include:

1- The Prediction Modutea reliability prediction program which includes metisaaich

as the electronic equipment liability analysis describedn MIL-HDBK-217 (U.S
Department of Defense, 19917his standard uses a series of models for various
categories of electronic, electrical and electromechanical componentsdiot gailure
rates which are affected by\veronmental conditions, qualitevels, stress conditiorand
various other parameter$he Prediction Module also provides mechanical equipment
failure rates according to the NSW&tandard (Handbook of Relialyli Prediction
Procedues for Mechanical Equipment). As discussed in the previous sechin, t
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standard uses a series of models for various categories abfameal components to
predictfailure rates which are affected by temperature, stresses, flowaradegarious

other parameters.

2- The FMECA Module of Reliability Workbenéh provides the framewk and
reporting facilities taallow users to construcustomized=-MECAs. In additio, Process
and Design FMEAs anad¢ommercial aircraft FMEAs may also be stmicted and
analyzedwithin this module.The FMECA Module automatically tracefailure effects,
severity values and failure causes through the system hierarchy. Fatereand
criticality values are automatically calculated by the program. The FMEGdule will

also filter detectable andondetectable failures in reports and determine the ratio

between the &quency of detectable failures and total failures.

3- The Reliability Block Dagram (RBD)Module defines the logical teraction of
failures wihin a system.This module is a systems reliability analysis tool that allows
reliability block diagran analyses to be performead an integrated environmenthe
RBD Module analyzesRBDs and producesthe full minimal cut setepresentation for
identfied systems and sufystems. It als@alculates a range of importance measures as
well as providing standard system arsdibsystem parameters such as unavailability,
unreliability, numbernf expected failures etdhis module also includes a special Beta
Facto Common Cause Faite (CCF) facility that allowsisers to associate groups of
blocks with the same CCF model.

4- The Fault and Event Tree ddules ofReliability Workbencfi provide interactive
graphics andanalysiscapabilitiesfor performing integratedalilt tree and event tree
analses. The moduleanalyzefault and event trees producing the fatinimal cut
representation fofault treetop evens and event tree consequencBse modulesalso

includeCCF, importanceuncertaintyand sasitivity analyss.

5 The Markov Module of Reliability Workbench analyses state transition diagrams
using numericalintegration techniques. The moduan be usedor defining multiple
stategepresentingontinuous or discrete transitions. The progeamalsoaccommodad
non-homogeneous processes by allowiige-dependent transition rates to be defined.

Systems with tima&lependentransition rates are strictlgon-Markovian; however the
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addition of this facility in the prograrallows certain types of ageingocessesotbe
modeled The system logic is represented by a state tiansdiagram that may be
constructed usinghteractive graphics. The dgsn service lifemay be split intogphases
with different transition ratedsograph, 2010)

2.6 OPTIMIZATION OF INPSECTION AND TESTING STRATEGIES

Inspection/tests may havearying levels of efficiency in assessing the state of
components of the spillway gate systemmile the mostefficient tests may have
prohibitive costs Therefore, an optimurmspection/testing strateggyay be defined as a
function of theefficiency andcost of inspection/testand consequence of failure. Many
studies have been conducted in this area; Kancev and @é&dih)investigate how costs

and component aging affect thesting and maintenance optimization in terms of minimal
system risk. Barroeta and Modarré005) study the optimal inspection policy for
periodically tested, repairable components undergoing an aging process and Hontelez et
al. (1996) develop optimum contion-based maintenance policies for deteriorating
systems. To develop the optimum inspection/testing plan, it is essential to select the
appropriate objective function to be optimized. Most methods minimize a cost function in
order to obtain the optimumrequency of inspections/tests. In this approach it is
important to take into account all costs such as costs of performing inspections/testing,
cost of repair and consequences of failddemadi, et al., 2011and(Vaurio, 1995)
Computational methods or algorithms for optimization fialb two classe: linear and
nonlinear.Linear optimization normally invoks constraints, and is referredas linear
programming Wen the constraintgre linearNonlinear optimization can be constrained

or unconstrainedUnconstrained optimizationf@ smooth function can be domsing
gradient and Hesain methods such as steepest descent or NeéRdaphsonConstrained
optimization & often performed yo applying apenalty to violation of the constraint
(Davies, et al., 2006)

Constrained nonlinear programming problems often arise in many eemgig
applications.The most welknown optimization methods for solgrthese problems are

sequentialquadratic programming methods and generalized reduced gradient methods
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(Yeniay, 2005) Although a number of methodsre availablefor solving constrained
nonlinear programmig problems there isno known methodo determine the global
minimum with certainy. The methods foconstrained optimization can be divided into
two categoriess deterministic and stochastiethods. According to some comparative
studies, e generalized reduced gradi€@®RG) methods and the sequential quadratic
programming (SQP) methods are tvad the best determinist local optimization
methodgKao, 1998) These gradierdtased methodslways look forthe optimum closest

to the starting poinivhether it is a local or global.

A number ofsoftwares such as Optinfa Matlat’, GRG®, and LSGRG, are based on
thesewidely used methods. In recent years, there has been an increasing interest to
employ thestochastic methods, such as genetic algoritf@5), sinulated annealing
(SA), and tabusearch (TS) in solving complex optimization problemgliving even
nontdifferentiable, discontinuous, highly nonlinear objective, and constréinctions.
These methods astochastic global optimizatiomethodswhich do not reque gradient
information unlikeGRG and SQPBelow is an overview of two nonlinear optimization

methods used in this study.

2.6.1 GENETIC ALGORITHM

Genetic algorithms (GAs) were invented by John Holland in the 1960swame
developed byHolland andhis students and colleagues at the University of Michigan in
the 1960s and the 197@Wlitchell, 1999) GA is an optimization algorithm based on
principles of evolution observed in nature. This approach imitates the evolution of living
beings described by Darwin as survival of the fittest. The algorithm uses three main
principles of the natural evolution: remluction, natural selection and diversity of the

speciegPoppov, 2005)

Elements of a standard GA includespulations of chromosomes, selection according to
fitness, crossover to pduce new offspring, and randanutation @ new offspring The
Selection operataselects chromosomes in the population for reproedict he fitter the
chromosomethe more times it is likg to be selected to reproduce. The Crossover
operator randomly chooses an element of a chromoaathexchages the subsequess

before and after that elemdmttween two chromsomes to create two offspring arne t

52



Mutationoperator randomly flips some of the bits in a chromosome.
A top level view of a basic genetic algorithmnoblem is as followg§Charbonneau, 2002)
1 Randomly initalize population and evaluate fitness of its members

1 Breed selected members of current population to ymedfspring population

selection based ditness
1 Replace current population by offspy population
1 Evaluatefitness of new population members

1 Repeatthe above steps until the tst member of the current population

deemedit enough

To further elaborate,he first step when initializing a population is to first initiate
chromosomes hich are possible solutions to the optimization problem by encoding the
randomly generated chromosomes into binary form. After the first population of
chromosomedasbeen randomly created, the fithess of each chromosome is assessed
usingthe fitness funa@bn based on the objectifanction of the optimization problem.
Members are selected from the population for breeding with a probability of

There are many methods for selecting members for breeding such as the Roulette Wheel
or the Ranking Selection metho@itchell, 1999) In all selection methodshe fittest
members are more favored for breeding. During breeding, members are selected two at a
time for crossover, in which the encoded strings are brakanrandom location and the
remaining sections of the string aexchanged to create two new offspring. New
offspring are then mutated with a probability(of . During mutation, a random
element of the binary encoded chromosome is selestddlipped to create an entirely

new chromosome. This is repeated until all members of the population selected for
breeding have generated new offspring. The new generation then replaces the old one and

the process continues until the fitness criteriehaeen met.

Genetic Algorithmswvork by discovering, emphasizing, and recombining good ding
blocks" of solutions in &ighly parallel fashion. The idea here is that good solutions tend
to be made up of good building blockombinations b bit values that confer higher

fitness on the strings in which they are present.
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Holland (1975) introduced the notion s€themago formalize he informal notion of

"building blocks." A schema is a set of bit strings that can be described by atempl

made up obnes, zeros, amasterisks, the asterisks representing wild cards. For example,

the schem&l =1****1r epresents the set of all/l 61 bit
1. Thedefinedb i t s ( n o rfilassshéneraie &noven)as its order asdléfining

lengthis the distance between its outermost defined(bltchell, 1999)

At a given generationwhile the GA is explicitlyevaluating the fitness of trerings in
the population, it is actually implicitlestimatng the average fithess of a much larger
number of schemas, where theerage fitness of a schemadisfined to be the average

fitness of all possible instances of that schema.

Crossover and mutation can bal&stroy and create instancesacschemaHowever, the
probability of survival under crossovir higher for shorter schemas. Also for mutation,
the probality of survival oflower-order schemais higher.This is krown as the Schema
Theorem(Holland, 1975) It describes the growth ofsshema from one generation to the
next. The Schema Theorem is ofteniipteted as implying that shotbw-order schemas
whose average fitness remains above the mean ea#ive exponentially increasing
numbers of samples.€., instances evaluated) over time, since the number ofiesiwip
those schemas thare not disrupted and remain above average in fitness increases at

each generation.

Crossover is believed to be rmajor source of the GA's powewith the ability to
recombine instances of good schemas to form instancesuaflggood or bettehigher

order schemaswvhile mutation prevents thiess of diversity at a given bit positiom
evaluating a population of stringghe GA is implicitly estimating thevarage fihess of

all schemasthat are present in the population, and increasing or decreasing their

represatation according to the Schemheorem(Mitchell, 1999)

2.6.2 CREEPING RANDOM SEARCH METHOD

The Random Search method consists of measuring dihjective function of the

optimization problem atandom points selected from a probability distribution uniform
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over the entire parameter space and taking the smallest value as the m{&roaks,

1958) This requiresa large number of trigl which may be time consuming. An
improvement to this approach fetCreeping Random Search method.

The creeping Random Search methggherates random points in the first trial and
starting fom these base pointthe objectivefunction is measured at a predefined step
sizein a random direction. If thebjective function at the new point has improved

valug the base point is moved to the new point. This is continued until moving a gep siz
in any direction willnot yield a smaller cost val{@vhite, 1970)

This method while improved relative to the basic random search approach is still very
time consuming relative to other optimization methods such as the Genetic Algorithm
and is used in this study only axomparative means to assess the level of accufacy
the results obtained from the Genetic Algorithm approach.
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CHAPTER 3: MANUSCRIPT 1

APPLICATION OF DORMANT RELIABILITY ANALYSIS TO SPILLWAYS

Maryam Kalantarnig Luc Chouinard Stuart Folt?

ABSTRACT

Dams are essential infrastructures for water supply, fteodrol, energy production and

irrigation. A critical component for the safety of a dam is the spillway system which, by
controlling releases, prevents overtopping of the dam. This in turn reduces impacts
associated with excessive downstream flows andtregsa water levels on
infrastructures, the population and the environment. This article addresses reliability

issues related to emergency spillways and specifically the estimation of their reliability

level after prolonged periods of dormancy. During damagy, spillway components are

exposed to the environment and sustain cumulative damage that may trigger latent
failures or failures on demand. Regular inspections and tests are used to detect and
remediate latent failures and to assess the level of aeteon of components. The

purpose of this study is to develop procedures to account for dormancy in the reliability
analysis of spillways. It also demonstrates how these procedures can be used to evaluate

the impact of the frequency of inspections anststeon the overall reliability of the

spill ways. Thi s article introduces AMeasur ¢
analysiso and dADor mant availability analysi
illustrate the unavailability/probability of faife on demand of a spillway system as a

function of its dormancy period. This information can be used to determine the optimum
frequency of inspection and tests taking into account the safety of the structure as well as

the costs associated with inspectsord testing.
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CE Database subject headingsSpillway, Gate, Reliability, Condition assessment,

Availability, Component integrity.

3.1.INTRODUCTION

Spillway systems can perform several dam safety roles: control flows during floods,
release excess flowduring load rejections for ruaf-theriver dams, regulate water
levels for navigation or water supply, and lower reservoir water levels in the event of a
deficiency in the structure or the foundation. Some spillways are routinely used in water
managemenbperations while others are used in rare occasions during floods. There is
currently great interest in developing methodologies to estimate the reliability of
spillways of the latter type as a function of potential operational and equipment failures.
Thes spillways, like most safety systems, experience various degrees of dormancy (non
operation) throughout their service life. By definition, a system or subsystem is
considered to be fully dormant if all of its components are in aopemating state
simultaneously and it is considered sestormant if only a subset of its components is
non-operating at any particular time. The term dormancy is hereafter used to refer to both
fully dormant and semlormant systems and subsystems. A dormant system is only
activated on demand such that the dormant period is significantly longer than the active
period. Regular inspections and testing are efficient means for monitoring the level of
reliability of these systems and for identifying any needs in maintenance or part
replacements to improve reliability.

The length of the dormancy period has a significant impact on the probability of failure
on demand and risk, yet it is usually not considered in reliability and risk analyses for
spillways. Typically, failure rates fatormant systems are lower than for active systems.
However, since dormant periods are longer than active periods, failure during dormancy
can be highly likely with severe consequences since latent failures occurring during
dormancy are not identified uhthe system is ractivated in emergency situations.

The objective of this paper is to propose procedures to estimate the effect of dormancy on
the reliability of a spillway. Factors that are considered are the length of the period of

dormancy, the faire rate of the components of the system, their condition, and the
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system configuration. The models are used to demonstrate how the dormancy period can
be reduced through periodic testing to meet a target reliability level for the spillway.

This paper s divided into two sections. The first section presents a review of the
literature on risk assessment and reliability analysis for spillway gates, and introduces the
notions of dormancy and availability for safety systems. The second section describes
proposed methodologies to account for the effects of dormancy, testing and inspections
on the reliability level of spillways. The proposed approach can be used to evaluate
existing inspection and testing protocols or to design optimum inspection and testing
strategies based on the reliability characteristics of each component and of the system.

However, these aspects are beyond the scope of the current paper.

3.2.REVIEW OF THE LITERATURE

Numerous studies have been conducted over the past years to evauatdety of
hydraulic structures. The National Research Council has recommended general
approaches to estimate the probability distributions associated with extreme precipitation
and runoff (NRC, 1988) while the ANCOLD guidelines provide detailed risgsassent
approaches to ensure a high level of reliability for dam structures (ANCOLD, 2003). The
Bureau of Reclamation also has proposed a comprehensive dam safety review program
(USBR, 2012).

Lewin et al. (2003) review basic reliability principles for Ispays as well as design
philosophies for various types of facilities in Europe and America. Flood control facilities

in America are often designed with large storage capacities which are characterized by
long reaction times which allow for mitigation meass in the event of a failure on
demand. Conversely, Europeans dams have smaller storage capacities and reaction times
and dam safety issues must be addressed through redundancy of critical systems, and
prescriptive testing and diagnostic procedudasgen, et al.1994).

Experience shows that spillway gate failure can be attributed to a wide range of
equipment and operational failures. Typical target reliability levels that have been
suggested correspond to 1 failure in 1000 demands for river contjetstoand 1 in

10,000 demands for gate operations that may lead to dam failures (Lewin, et al., 2003).
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Risk-based design validation models have been used to evaluate the level of safety of
gat es. For exampl e, t he fAs diterihadbeenRe as ona
used in the design of gates (Bowles, 2004). Fault and event tree analyses have been used
with mechanical and electrical components of spillways in order to determine their
overall reliability (Barker, et al., 2006) Fault and event treanalyses have also been
used for analyzing and comparing alternatives on staffing levels, choices on power back
up systems, and level of redundancy for spillway géBesker, et al., 2006; DEFRA,
2002; Berntsson, 2001Yhe input data required for theamalyses are failure rates for
each type of equipment which are typically obtained from compilations of failure data or
from manufacturers for components that are in continuous use in a controlled
environment. For components operating under differentitons, adjustment factors

(i.e. K-factors) are used to modify the reference rates to account for dormancy and
environmental exposul&stes, et al., 2005Failure rates of components in dormant state
are usually smaller than failure rates when the compisrare active since they are not as
highly solicited in the dormant state. However, since the dormant period may be much
longer than the active period, failure may be more likely to occur while in the dormant
state.

Another factor that influences thelfaie rates is the condition or state of components. K
factors can also be used to adjust failure rates as a function of the level of deterioration of
a component. Failure rates reported in the literature generally do not account explicitly
for the condibn or state of a component, instead, the hazard function changes as a
function of time to indicate increasing or decreasing failures rates as a function of the
length of service life (USACE, 2006). The Weibull distribution is the most common
model for repesenting increasing or decreasing hazard functions (or failure rates) as a
function of time. The parameters of the distribution can also be modified as a function of
time to model the various components of the traditional bathtub curve.

An alternative tothe Weibull distribution is to use information on the current state or
condition of a component in assigning a failure rate. Estes et al. 2005 propose the
Condition Index (CI) as a basis for modifying the probability of failure of components to
account fo their current state. The Cl is a numerical score that ranges from 100 (ideal

condition) to O (failed condition) that is derived from quantitative or qualitative
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observations that correlates with the potential for failliree condition tables associated
with spillway gate components may be found in AppendixTAe uncertainty on the
condition index is modeled as a random variable that is normally distributed. The
probability of failure is obtained as the probability that the condition rating at time t
(CI(t)) is lower than the condition rating that corresponds to failurg (@l
6o 06© 60 [3-1]

The parameters (mean and standard deviation) dj @té derived from component
condition tables as a function of field observations obtained during inspections or tests.
The mean parameter reflects the expected performance level of the component in a
particular state while the standard deviation reflecincertainties in component
performance level and inspector assessméFfable 3-1). After each inspection, the

reliability of the components may be calculated using the following Equation:

YO p 0O p ¢ I wherd —— [3-2]

Table3-1: Condition index rating scale

Zones | Condition Index Condition Description Recommended
Action
85-100 Excellent: No noticeable defect
some aging and wear may be | Immediate action is
1 visible not required
70-84 Good: Only minor deterioration
and defect are visible
5569 Fair: Some deterioration and | Economic analysis of
defects are visible but function | repair alternatives is
2 not significantly affected recommended to
40-54 Marginal: Moderate determine appropriatg
deterioration, function is action
adequate
2539 Poor: Serious deterioration in g . o
least some portions of the Detailed evaluation ig
structure. Function is inadequa| '€duired to determing
10-24 Very poor: Extensive the ne_e_d for repar,
3 . : . rehabilitationor
deterioration. Barely functional :
: : reconstruction. Safety
0-9 Failed: No longer functl_onal. evaluation is
Geperal or complete failure of & \acommended
major structural component
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3.3.PROPOSED METHODOLOGIES

The approaches discussed in the previous section have some shortcomings when applied
to spillways. Equipment reliability analyses are often based on purely statistical
approaches which require data on the historical performance of each type of equipment
under similar operating and environmental conditions. Such data sets are often not
available or incomplete for a variety of reasons. Equipment on older spillways is often
custom built and performance data from similar equipment is usually not sufficient for
statistical analysis. In addition, performance and maintenance records are often
incomplete which may introduce bias in statistical analyses. In the case of spillways with
standard equipment, reliability databases are usually relevant for manufacturing
applications with minimal exposure to the environment and may not be directly
applicable to spillways. Finally, many spillways are intended as emergency systems and
are operated infrequently during periodic testing or emergencies and consequently spend
mog of their service life in a neoperating state. Failure to open the gate in the latter
case may lead to overtopping of the dam and possible dam breach for embankment dams.
In this section, an incremental procedure is used to develop a dormancy nadds! th

applicable for the reliability analysis of a spillway gate system.

3.3.1.MEASURES OF PERFORMANCE

The two major events associated with the reliability of a system or components are
failures and repairs and in consequence two basic measyedarimance are the mean

time to failure (MTTF) and the mean time between repairs (MTBR). The performance of

a dormant system can also be evaluated by using other measures of performance such as
PSSD (Probability of Successful Stag on Demand), PSED (@yability of Startup at

the End of Dormancy) and PSF (Probability of Stgrt Failure). For dam safety
purposes, the most relevant is PSSD, which is described next.

Various models can be used to represent the reliability function R(t) of a component.
One option is to use the exponential distribution for time to failure during dormancy. The
assumption of exponentially distributed time to failure corresponds to a constant failure

r a t @ for(he dormant system. For a system consisting of n indepecoi@pionents
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in series (i.ce. a W s th& acsve failure natk forscgmpanenin)
and K+ is theK-factor for dormancy of component i, the dormant failure rate for the
system is,

_ 08 [3-3]

The assumption of independence is conservative while the series system is reflective of
the interactions between components of a spillway gate since only a small fraction of
components are in parallel or standby (for example the emergency generatortheékso,

is little load redistribution between elements and failure of a component will not
significantly affect the failure of another. Furthermore, failure modes are not correlated
and failure rates and the effect of environmental conditions on reliabary from one
component to the other.

For a dormant system there are two types of failures to consider: latent failure in the
dormant state and failure at stap during a test or inspection or during an emergency.

In the first case, failure occurs prito gate operation, while in the second case failure
occurs due to the higher level of solicitation usually associated witkugtafter a period

of dormancy. Assuming that all components have the same dormancy period, the total
number of startips duing a period of time for a system with dormancy periods of T is

t/T. Therefore, the failure function (cumulative distribution function of time to failure) of

a dormant system assuming an exponential distribution for time to failure may be written

as:

O o0 p A@P_00"Y [3-4]
where P&is the probability of successful stanp at the end of dormancy. Similarly the
repair function (cumulative distribution function of time between repairs) of the system

is:
O o6 p 0MAGD_Y [3-5]

By definition the mean time to failure (MTTF) and mean time between repairs (MTBR)
are:

DYYO o0® o [3-6]
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Solving the above equations for the exponential case yields:

e p A@B_"Y [3-8]
DY YO o5 Y

. en Y [3-9]
VYO R g Y

The probability of the system to start on demand (PSSD) may then be calculated as:

- , 0YYO, A@bp_"Y -
0 YYD ¥=—r., 0 ‘P ~ [3-10]
UYO'Y Y

TheMTTFto-MTBR rati o can be interpreted as the |
Multiplying by PS vyields the probability that the system will start for a random time

selected from a uniform distribution. Note that this equation is only valid for systems

which are fully dormant and neglects the time required to perform a test as well as the

time to male a repair. If there is any active component within the system the model needs

to be revisedWalsh 1996) The PSSD is a performance measure that characterizes the

system for a given dormancy period T. This is equivalent to the average availability when

the probability of successful stanp at the end of dormancy is equal to 1 and the time to

perform tests and repairs are neglected.

3.3.2DORMANT AVAILABILITY ANALYSIS

Avalilability can be defined as the probability that a system performs as requiredaeither

a specific point in time (point availability), or over a period of time (average availability).
The average availability during a period of dormancy T is defined as the ratio between
the uptime and the sum of the uptime and downtime during the périioaeoT .

5y YN o QaQ [3-11]
Y0 QAQE U € 0 QA Q
Assuming idealized repairing conditions (th

conditions after repair), the average availability of a system with a dormant period T is

equal to
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YoQo
0Y o = [3-12]
Y o op Y'Y

whereR(t) is the reliability at time t,stis the time required to perform an inspection or a

test, and is the time required for a repgEbeling, 2007). Availability represents the
proportion of time that the system is in a working state over the total time corresponding
to the dormancy period plus the inspection and repair time in the event of a latent failure
detected at the end of the dormancy perioohder dormancy periods result in lower
system availabilities due to the increase in the probability of a latent failure during
dormancy. The average availaibility can also be obtained as the average of the point
availability A(t) over a given period ofrtie T,

&Y ,,EY 50006 [3-13]

In the case when repair and testing times are neglegted,(+ 0), the point availability

is equal to the reliability.

3.3.3DORMANT AVAILABILITY ANALYSIS VIA INTEGRITY ASSESSMENT

Avalilability analysis can be enhanced by using integrity assessments for individual
components. Integrity assessment is used to determine the level of deterioration occurring
due to environmental exposure during the dormancy period.

This approach incorpates the dormant availability analysis and the condition indexing
approach (Estes et al., 2005) discussed previously. While the Estes method of
incorporating condition is effective in representing the deteriorating state of components
after each inspecti it does not account for the dormant nature of the system. Note that
in the Estes model, the state or condition of components is assumed to remain constant
between inspections. In this approach, the condition of a component is obtained and
updated fromnspections at the beginning of each dormancy period and used to assign an
appropriate failure rate for that period. This data is then used in the dormant availability
analysis to model the state of the system under dormancy (in between inspections). After
each inspection new data is obtained that determine if the system is either functioning as
expected or deteriorating faster/slower than assumed. By integrating this data the model

can represent the state of the system more accurately.
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To account for deteration during dormancy, a Weibull distribution is used for the time
varying reliability of the system (or timearying probability of failure):
- o
YO p U OO Qwn |— [3- 14]
whereU is the scale parameter or characteri st.i
parameter(lUSACE, 2006) The parameter d can be determ

function of the failure mode of the component (USACE, 2006). Note that the exponential

disti buti on (constant failure rate) I's a spec
GivenRand d, U is calculated directly as:

0
| Lo 0 [3-15]

where Ris the failure probability associated with the condition of the component (Cl) as
definedin Equation B-2]. Assuming negligible inspection and repair times compared to
the dormancy period(t t, = 0), the average availability of the dormant system may be

calculated as:

Qon 2 Qo

- P | [3-16]
oY =, 000QO0
~ o
Inthedormanavail abil ity model d remains constant

condition index after each inspection.

The representation of spillway gates as a series system and the assumption of
independence for the failure modes of components are also applied to the updated model.
Note that the degree of degradation of components as measured by the condition or state

index is independently determined for each component.

3.4.CASE STUDY I: RELIABILITY OF A TAINTER GATE USING MEASURE
OF PERFORMANCE AND DORMANT AVAILABILITY ANALYSIS

The first case study is based on a model for the reliability of a Tainter gate deveyoped
the USACE(Schultz, 2009) The system for the Tainter gate includes the mechanical,
electrical, and operational components listedable 3-2 with the corresponding failure
rates. It is assumed that the reliability function of each component/event follows an

exponential distribution and all components are in series and independent (with the
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exception of commercial and emergency power in electioaier which are in parallel).

For demonstration purposes, it is assumed that the probability of successiup $RH)

at the end of dormancy (during inspections/tests) is equal to 0.96 and that tests are fully
efficient in detecting latent failureén practice, this value should be determined from
statistics obtained from regularly scheduled tests or unplanned operations. This
emphasizes the need to develop procedures to perform tests on a regular basis and to

document outcomes from tests as weliras1 unplanned operations.

Table3-2: Tainter gate system components

Components Yearly Components Yearly
Failure Failure Rate
Rate

Mechanical System Right side drive Mechanical System Left side drive
Coupling between motor arj 0.0200 | Shaft couplings 0.0200
gear box
Right angle gear box 0.0295 | Connecting shatft 0.0140
Coupling between right angl 0.0200 | Primary spur gear 0.0187

drive gears and primary ge
reducer (Coupling T1B66)

Connecting shaft 0.0140 | Gear on sheave 0.0187

Coupling between right angl 0.0200 | Wire rope sheave 0.0339
drive gears and primary ge
reducer (Coupling T1B67)

Parallel gears (Gear box) 0.0280 | Left side wire ropes 0.0560

Primary spur gear 0.0187 | Connecting shaftsupport 0.0280
roller bearings 1

Gear on sheave 0.0187 | Connecting shaft suppo 0.0280
roller bearings 2

Wire rope sheave 0.0339 | Connecting shaft suppo 0.0280
roller bearings 3

Brake 0.0249 | Electrical System Components

Right side wire ropes 0.0560 | Electric motor 0.0147

Sheave roller bearing right sid¢ 0.0280 | Electric motor starter 0.0159

Sheave roller bearing left side| 0.0280 | Power to release brake 0.0159

Electric power cable to motor 0.0125 | Operational System Events

Electrical Power Gate operation delivery tg 0.02
field of ice

Manual transfer switch 0.0154 | Operator accessibility t 0.05
site/storm

Commercial power Operator experience wit 0.04
controls
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External power 0.0200 | Vandalism | 0.02

Main circuit breaker 0.0159 | Control systemfailure events

Underground cables 0.0167 | Power cable to motg 0.0125
starter

Emergency power Manual  push  buttor 0.0159
control switch

Standby generator 0.0200 | Gate jamming events

Service disconnect switch 0.0128 | Ice freezes between wa 0.01
and gate

Cables in duct tray 0.0125 | Floating debris wedge 0.01
between gate and wall

Figure3-1 illustrates the availability of each mechanical component for dormant periods
ranging from 1 month to 2 years. In the analysis, it is assumed that all components are
inspected / tested witthé same frequency and do not deteriorate as a function of time.
Note that in practice, the frequency of inspections can vary for different types of
components as a function of the failure rate. Similar results are obtained for civil,
electrical and oper@nal components. Availability analysis of individual components
shows that mechanical and operational systems are the most sensitive systems to the

dormancy period as they have the largest failure rates.
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Figure3-1: Availability of mechanical system components
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Figure 3-2 shows the PSSD for the mechanical system component§ignde 3-3 the
PSSD of the Taiter gate system as a whole and its subsystems over a dormancy period

of up to 5 years.
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Figure3-2: PSSD of mechanical system components
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Figure3-3: PSSD for tainter gate system
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It may be observed from Figure3that PSSD decreases significantly with the length of
dormancy. These probabilities can be used in risk analysis of the spillway to determine
the maximum length of the dormancy period or to optimize the frequency of tests and
inspections.

Although the Measre of Performance and Dormant Availability Analysis methods
account for the effect of dormancy on system reliability, their application to specific
facilities can be limited due to lack of data on failure rates for components and poorly
documented inspdaon and periodic test results. The next case study demonstrates how
the Dormant Availability Analysis based on the Integrity Assessment Approach can be

used as an alternative to resolve these issues.

3.5.CASE STUDY II: RELIABILITY OF A VERTICAL LIFT GAT E USING
DORMANT AVAILABILITY ANALYSIS VIA INTEGRITY ASSESSMENT

The second case study is applied to a vertical lift gate. A vertical lift gate consists of a
metal plate which slides up and down in two slots assisted by wheels or rollers. For the
purpose othe case study, the design service life for all components is assumed to be 50
years. The spillway is only used for emergency situations during large floods; therefore
all components spend most of their service life in a dormant state and are actilated on
during floods or for periodic tests.

Inspection results at the initial stanp of the spillway are assumed to be those shown in
Table3-3. A moredetailed list of components and condition index values may be found
in Appendix B.Scheduled inspections and tests of the gate system are performed once
every 5 years during which the inspector makes an observation on the state of
components and assignsaendition state.

Table3-3: Condition state of spillway components at the initial siarof the spillway

_ Condition Condition Index
System Indicators
State Max Min
Gathering Information 7 100 85
Decision Process 6 84 70
Access and Operations 7 100 85
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System Indicators Condition Condition Index
State Max Min

Power Supply 7 100 85
Cables and Controls 7 100 85
Supporting Structure 7 100 85
Gate Structure and Support 7 100 85
Access and Control 7 100 85
Power Supply and Controls 7 100 85
ForceTransmission 7 100 85

Using Equation3-2] and the datérom Table 3-3, the failure probability of the spillway

and of the subsystems are determined over the service life of 50 fygane 8-4).
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Figure 3-4:
approach
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Failure probability of the spillway system using the integrity assess

In this case study, the conditionedch subsystem is assumed to degrade linearly in time

at different rates since subsystems may be exposed to varying degrees to the environment

or exhibit different degrees of resiliency to exposure.
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The second step in this case study is to apply the doravaiability analysis to the
deteriorating systentigure 3-5 shows the results of the dormant availability analysis
using integrity assessment fdret vertical gate system. The results are shown as point
unavailability of both the subystems and the total system during the 50 years life cycle.
Average unavailability of the total system is shown as values at thgpamt of each
dormancy period. Alsghown on the figure is the probability of safe stgrton demand
(PSSD).

At each inspection, observations on the state (Cl) of components are obtained and used to
update the parameter U of the dormant availe
at each inspection the unavailability returns to zero as there is either no failure or the
component had failed and is repaired.

Point unavailability corresponds to the probability of failure on demand at any point in
time during the service life of the stgm while the average unavailability shows the
average for each dormancy period. Finally the parameter PSSD is a function of the period
of dormancy of the system and since this period is assumed constant and identical for all
components it remains constdor the entire period.

This approach is well adapted to the current state of practice for spillway gates since it
accounts for the dormant state of components and is not dependent on data bases for
failure rates of components. The framework is immethatvorkable and can be
improved as data is collected to validate and/or adjust the reliability model.
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Figure 3-5: Results of the dormant availability analysis using the integrity asses:
approach

3.6 CONCLUSION

Spillways are critical components for the safe operation of a dam and estimating their
level of reliability is an important input to dam safety programs. This estimation is a
challenging task given the nature of spillways. Spillways are Egystems made up

of a mixture of interrelated subsystems (civil, mechanical, electrical and operational), and
many spillways are used infrequently and remain in a dormant state during most of their
service life. This paper has reviewed existing tealsqof reliability and risk
assessment of spillway gates that address system reliability and proposes methods to
account for dormancy of the system. The results are models that evaluate the availability
of a spillway as a function of time based on inspectnd testing.

The first model (measure of performance) can be used to characterize the overall
performance of the system. Characteristics such as the probability of failure on demand
of a spillway gate may be vital in the event of a flood or load fiejectimitations of

this approach include lack of statistical failure data and the inability to model
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deterioration (the use exponential distribution in the model). The second model (dormant
availability analysis) shows the availability of a system asratfon of its dormancy
period. This model is more flexible as it can support other probability distribution
functions such as Weibull which can model system deterioration. However, this approach
also has the limitation of lack of data.

Lack of statistichdata a failure of components makesdifficult to apply traditional
reliability analysis procedures to spillways. The integrity assessment model has been
presented as a tool to quantify the condition of the system and translate this information
into failure data. This model can account for the deterioration of components and be
updated using data from inspections and condition assessments. Since latent failures
occurring in dormant periods are revealed during an emergency or during planned tests,
themodel can be used to select the frequency of tests as a function of the desired level of
reliability. The newly proposed fAdor mant
has the advantage of accounting for the dormancy of a system while allowtimgioas
updating based on inspections and operational incidents.

Constraints and limitations in this approach include calibration of the model in its early
stages of application. This might be difficult to conduct due to the lack of validated
guantitatie data; however, as more information is gathered on the system during
inspection/testing periods, the model will be updated and therefore become more and
more accurate.

The model can also be used to determine optimal inspection and testing schedules to
acheve the highest level of reliability at the lowest cost. This may be done by optimizing
the risk function using system unavailability and costs associated with inspection/testing
and consequences of failure. This topic however is not within the scoftes paper and

is considered a paper by itself which will be developed in the future.
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CHAPTER 4: MANUSCRIPT 2

AVAILABILITY ANALYSIS SOFTWARE APPLICATION FOR SPILLWAY GATE
SYSTEMS

Maryam Kalantarnia, Luc Chouinard, Stuart Foltz

ABSTRACT

Determining the availability of a spillway gate system is crucial for the dam industry and
public safety. Failure to operate the gates on demand (during high flow or load rejection)
can lead to dam overtopping and major downstream consequences. Duexpasigre

of spillways to severe environmental conditions and to the long periods of dormancy of
most spillways and the complexity of modelling interactions of electrical, mechanical and
civil subsystems, it is often difficult to perform reliability anat/sin spillway gate
systems.

This paper introduces a software application developed specifically for the reliability
analysis of such systems. This software application uses -@sjented programming

and provides a usdriendly interface to model complesystems, and to include
inspection, tests and component replacement options. The software determines the
availability of the system as a function of the length of the service life and identifies the
optimum inspection and testing strategy based on-sasemnavailability limits and a
benefitcost analysis. Reliability analysis methods featured by this software include
Markov/semiMarkov analysis, Fault Tree analysis and optimization techniques based on
the Random Search Method (RSM) and Genetic Algorit{ta#s). This paper describes

the objectives, architecture, features and methods of analysis employed in this software.

KEYWORDS: Objectoriented programming, software application, Reliability software,
Availability analysis, Optimization.
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4.1 INTRODUCTION

Reliability analysis has a wide range of applications and many software programs have
been developed which incorporate different reliability methods adapted to the type and
conditions of operation of the system in question. For example, the M&cbdtabae

(US Navy, 2011)has been developed by the Carderock Division of the Naval Surface
Warfare Center to automate the use of their handbook of reliability prediction for
mechanical equipmefCDNSWC, 2011) This software determines the failure rate of a
component based on material properties, design parameters, and the intended operating
environment. Failure rates can be calculated as a function of time at the component,
assembly and system levels. Isagf developed several reliability programs such as
Fault Tred®, Reliability Workbench and Availability Workbencfi that feature
reliability concepts such as Fault Tree analysis, failure rate prediction and reliability
centered maintenanc@sograph, 1986) ReliaSoft Corporatich is also a software
development company in reliability engineering and related fields. Programs developed
by ReliaSoft® include Weibdlf, "R&'°T and BlockSim(ReliaSoft, 1992)Efforts have

also been made at the University of California at Berkeley to develop reliability analysis
software for teaching, research and engineering practice services. Three of the most
notable of these software applications are: CafRE& general purpose structural
reliability analysis code, FERUM(Finite-Element Reliability Using Matlab)Yan open

source MatlaB toolbox designed for structural reliability analysis and OperfS@@gsen
System for Earthquake Engineering Simulaticar) objectoriented code written in T

for nonlinear structural response simulat{én Der Kiureghian, 2006)

Although many programs are available that incorporate a variety of different reliability
methods, most cannot be used to samly determine the reliability of spillway gate
systems. Spillway gates are complex systems comprised of electrical, mechanical and
structural components exposed to extreme environmental conditions. The dormant nature
of spillway gates also adds to thenplexity of the system. Thereford, cannot be
modeled using traditional reliability methods incorporated in existing software.

Numerous studies have been conducted over the past years to develop methodologies to
accurately determine the reliability spillways. The National Research Council has

recommended general approaches to estimate the probability distributions associated with
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extreme precipitation and runofiNRC, 1988)while ANCOLD guidelines provide
detailed risk asessment approaches to ensure a high level of reliability for dam structures
(ANCOLD, 2003) These approaches can be used to evaluate the capacity and adequacy
of spillway systems as a function of the anticipated demfmmdbe timely evacuation of
excess flows.

In addition, spillways are key elements for the operational safety of dams and
improvement in the reliability of existing gates through inspection, testing, maintenance
and repair is a topic of great importancéeType and frequency of inspections/tests of
spillway gate facilities used to assess the performance level of various components
represent a major commitment of financial resources and personnel for dam owners. The
Federal Emergency Management AgeEZMA, 2012)and the United States Society

on DamgUSSD, 2002present a thorough overview of spillway gate systems and review
industry guidelines for the evaluation of maintenance, inspection amptesbcedures

of spillway gate component. These activities and the information that is collected in this
process should be considered when evaluating tseriice reliability of the spillway

gates. Estes and Foltz (2006) propose an approach to edtimatdiability of a system

using condition assessments derived from inspections and tests which was extended by
Chouinard, et al. (2008) and Kalantarnia, et al. (2011) to include dormancy effects
associated with testing and inspections.

The objective othis paper is to introduce a software application specifically designed for
reliability analysis of spillway gate systems. This software application is developed in
Visual Basi€ using objecbriented programming. This software has a strong user
interfacefrom which the user is able to model complex systems, add inspection, tests and
component replacement options to the system, determine the availability of the system as
a function of service life and identify the optimum inspection and testing period trased
unavailability limits and costs of inspections/tests vs. consequence of failure. Reliability
analysis methods featured by this software include Markov/s&arkov analysis, Fault

Tree analysis and optimization techniques such as Random Search meth®dnatic
algorithm.

This article aims to describe the objectives, architecture, features and methods of analysis

employed in this software. The second section introduces the software application by
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describing its objectives, architecture and interfabe, third section gives a general
overview on the techniques and methodologies used in system modeling and availability
analysis, and finally section four is a case study demonstrating the abilities of the

software.

4.2INTRODUCTION TO THE SOFTWARE APPLICA TION

As discussed, spillway gates are complicated systems with customized components
undergoing long periods of dormancy under severe environmental conditions. These
circumstances make it very difficult to accurately determine the reliability of such
systens. Therefore, it is the objective of this software application to model the reliability
of a spillway gate system on demand (systems availability) considering component type,
dormancy period, environmental conditions and inspection and testing straidgges.
software application is an objeotiented code written in Visual Basic with a strong
interface which enables the user to navigate easily through related menus and dialog
boxes in order to model and analyze a given syskgure 4-1 shows the main page
consisting of a project tree control iwh allows the user to develop tfeult tree model

of a system usingdd Project Eventand Componenbptions from the top menu. Three

tabs on the right of the project tree control are used to review and evaluate a model; the
Summary talprovides the name and description of events or components added to the
fault tree by the user. Th€hart and Table tabs show the unavailability diagram and

values of any selected event or component respectively as a result of the analysis.
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Figure4-1: Main page of the software application

The first step in modeling spillways gate system is to define a project and create a fault
tree with the top event defined as gate failure and build the treetliiop to the basic
events which correspond to the failure of gate components. Intermediate events can be
added to théree by theAdd Evenbption while the basic events are created using\tite
Componentoption. The initial choice of component is between electrical/mechanical
component and structural component. The necessity of differentiating between these two
types ofcomponents is explained in the following section. Neev Componendialog

box contains options for defining failure distribution parameters, the type, frequency and
efficiency of inspection/tests conducted on the component, replacement options,
environmetal exposure conditions and duty cycle factor (operating time/total time)
corresponding to the dormancy of the component. When creating events or components,
the user has the option of choosing betw&BID andOR gates within the fault tree based

on the nteractions between the tree elements.

The user can also add inspections/tests usind\dloelnspection/Testption in theAdd

menu. Inspections/tests performed on the system can be added and defined by specifying
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the frequency and efficiency. Once the fault tree has been created and all parameters and
inspection and test types and frequencies have been added, the software application can
determine the unavailability of each component, subsystem and the spillveagygtam

as a function time throughout its service life. The results of the analysis are displayed as
both unavailability diagrams and values. Also, the application provides unavailability
histograms and average unavailability of any selected item oathietfee as well as the
minimum cut sets of the fault tree. A minimal cut set is the shortest path from a basic
event in the fault tree to the top event constituting a critical failure(ghiiing, 1997)

This softwae application also has the option to perform optimization analysis and
identify the optimal inspection and testing periods based on unavailability limits and
costs of inspections/tests vs. consequence of failure. Details of the techniques used in this
appoach are beyond the scope of this paper.

4.3METHODOLOGIES USED IN SYSTEM MODELING
4.3.1FAULT TREE ANALYSIS

A Fault tree analysis is a deductive graphical design technique which is structured in
terms of events and identifies ways in which basic caustslare may lead the failure

of a system. This diagram uses logic gates to express logical relationships between
events. The most common gates used in a fault tree are AND and OR gates. Basic AND
gates require that all connected events combine to yieldop event; however, in the

case of the OR gate, occurrence of at least one event is sufficient to lead to the top event.
As discussed previously the software applications allows users to create a fault tree of the
spillway gate system by generating eiseand components and their interactions. The
basic events of the fault tree, which represent the root causes of the top event, are
component failures, represented by failure distribution parameters, which the user can
create using thadd Componentption

Once all the basic events are identified and the failure parameters of the components are
known, the unavailability of the spillway gate system is determined by applying Boolean

algebra for each branch of the tree from the bottom to the top.
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4.3.2MARKOV/SEMI-MARKOV ANALYSIS

Components of most spillway gate systems spend the majority of their service life in a
dormant state and are activated randomly (i.e. for flood flows or load rejection) or on a
regular basis for spection and testing. Also most spillways are located in remote areas
and are subjected to severe environmental conditions which can cause degradation of
components or a decrease in performance level. Therefore, to determine the availability
of spillway gde components, an approach needs to be selected which can account for
both the effect of dormancy and environmental conditions.

Markov analysis is a reliability modeling approach used for systems which move from
one state to anoth€Ebeling, 1997). Therefe Markov analysis is capable of modeling
dormant systems in which a functional component can fail whithout detection (latent
failure). This type of failure can only be detected if the system is activated. To model the
components of a spillway gate systesing Markov analysis, the model must show the
component moving from active to failed states and-v&ssa. This section descibes the

Markov models used in the software application to determine component unavaialbility.

4.3.2.1ELECTIRCAL/MECHANICAL COMPONENTS

To model electrical/mechanical components, the software application considers two
states: 1Jully operational (active state) and 2) state of latent failure (failed skEtgjre

4-2 illustrates the Markov model for a component of the spillway gate system.

For simplicity, it is assumed that the components are active at the beginning of their
service life and that onlatent failures occur. In other words, failures occur during

dormancy and not during the actual gate operation.
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(b)
Figure4-2: Markov model (a) transition from active to failed stdteing dormancy, (b
transition from failed to active state during inspection/testing

Il n this figure, & represents the rate of tra
or in other words the | at entrandfesfrominiedtor at e, &
active state when a failed component is detected and either replaced or repaired.

The Weibull and exponential distributions can be used to model the time to failure of the
components. The cumulative distribution function of timefdiure for the Weibull

function is:

0

00 p AQE?— [4-1]

whereU is the scale parameter and b is the s
exponenti al di stribution is a special case

Weibull model accounts for degradation of performance as a function of time which is

obsened for most mechanical and structural components of a gate. Conversely, the
exponential distribution is memoryless which implies that there is no deterioration in
performance and that failure occurs at a constant rate throughout the lifetime of the
componats. This type of distribution is often applied to electrical components. Hence, in

Figure 4-2( a ) , & represents the f aan expoeentialat e of
distribution depending on the type of componehtgure 4-3 s hows t he ANew
Component o dialog box where the usdbeal can cl

distributions and add their respective parameters in the areas provided.
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oSl Electncal/Mechanical Compenents | |-

General Parameters l Inspections/Tests ] Customized Conditions | Calculation ]

Failure Model [Weibull Model |

FParameters:
Constant Failure Rate ()
Alpha () [27 Beta (B) |2

Calculate Unavailability |

Cancel Add Component |

(% 4

Figure4-3: New component dialog box for electrical/mechanical components, parar
tab

When components are inspected or tested after each dormancy period, the probability of
detecting a failure depends on the type of inspection/test performedyure4-2( b ) , d
represents the efficiency of the inspection/test in detecting failure. In this study it is
assumed that if a failure is detected it is immediately restored to the same condition prior
to failure (as good as old). This simplifyimgsumption is used to focus the objective of

the analysis on the effect of testing/inspection on the reliability of a deteriorating system
and corresponds to the worst case scenario. Also, since in most spillways the dormancy
period is much larger thandhnspection/testing period, inspection time and repair time
are considered negligible with respect to the dormancy period. This assumption is used
for demonstration purposes but long repair periods can occur if components are unique in
their design or it latent failure is associated with major structural components.

The probability of a given component being in the active or failed state while dormant (as
shown inFigure4-2(a) may be determined using Markov analysis shown in Equations

2 and4-3.

Q0 -
3 N 4_2
05 _0 0 [4-2]
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6 o p O 0 [4-3]

wherea» i s a constant failure rate for the &ex
generally assumes constant rate of transition between its states which implies lack of
deterioration and lack of memory of the system. However, this is not the case for all
components of a gate. Mechanical and structural components experience degradation due

to age and environmental conditions which is better represented with the Weibull model.

To model degrading systems, the sénairkov approach is used. This approach was first

introduced in bridge deterioration modeling and uses the Weibull hazard rate function as
transition rates between deteriorating states of the compdNentet al., 1998) To

model mechanical systems which also experienceideton, the software application

also uses the seMar kov approach by repl acdi2rbg t he cc

Equation4-4 shown below:

- T [4-4]

= |

When the sym undergoes inspection/tesdtsgure4-2(b)], if the component is operable
(active state) it remains in the same state; however, if it is in the failed state and the
failure is detected, it is assumed that it will instantasgobe repaired to its condition

prior to failure (as good as old) as shown in Equadi&n

~ ~ ~
5 5 5

0 € 0 E p - 0 E p [4-5]

whered 1is probability of detection of failure
conducted. The user also has the option of component replacement in which after a
specific unavailability limit determined by the user is surpassed, the component will

autorratically be replaced with a new one at the next inspection/test cycle.

To customize the hazard rate functionfd€tors have been added to the model to account
for environmental exposure conditions of the component. Also a duty cycle factor has
been addedo update the hazard rate function based on the dormancy period (operating
time/total time) of the component. Equati® shows the updated version of Equatden

2 for a Weibull distribution with the environmental and dormancy factors added.
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Q0 0Q .
. O 0 ( ’ ¢ [4-6]
Qo | v °

where0 , 0 and0 are Kfactors related tageneral environment of operation, stress
level of the component, and the general effect of temperature respe¢t@N\CE,

2001)andQis the duty cycle of the component.

The software application uses & drder RungeKutta (RK4) method to numerically
solve the ordinary differential equation shown in Equatidhatd displays the results as

both unavailallity diagrams and tables.

4.3.2.2STRUCTURAL COMPONENTS

Modeling the availability of structural components is more complicated; they usually
have longer life expectancies and require specific monitoring, testing and rehabilitation
procedures. Similar to mechanical components, structural components also erperien
various degrees of deterioration during their life cycle and can be modeled using a semi
Markov approach. The serMarkov method used to model the structural components in
this software application has been applied in a similar context in bridge niogisord
rehabilitation analysigSobanjo, 2011)For the structural components of a spillway gate

systemgsix states of degradation are defined as showrabie4-1.

84



Table4-1: Conditionstates and descriptions of a structural component of spillway gate systems

Condition State Definition

1 Excellent: No member deformation, no cracks, no concrete sp
or erosion, no misalignment

Good: Sum of all deterioration and contamination<20%

Satisfactory: Sum of all deterioration and contamination bety
20-40

Poor: Sum of all deterioration and contamination>60%, cap

2

3

4 Fair: Sum of all deterioratipand contamination between-80%
S still adequate, missing components

Failed: Unable to correctly position or operate the lifting devic

6 the lifting structure, extensive deterioratidwss of concrete sectig

During inspection and testing, the inspector determines the state of a given structural
component. This data can be collected and further used in parametric analysis to
determine the Weibull parameters associated with a givapaaeent. Given the Weibull
parameters related to state transitions, the -8éankov analysis can determine the
probability of the component being in each state at a given time during its service life.
Figure 4-4 shows thesemiMarkov model with the states and transition rates between

states of a structural component.

Figure4-4: SemiMarkov model of a structural component in the dormant phase
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As illustrated inFigure4-4, a new structural component begins in state one and gradually
moves to increasing states of deterioration associated with aging, environmental exposure
conditions and wear. Under normal opgrg conditions, there are usually estep
transitions due to deterioration, i.e. the component can change condition states one at a
time; however, there have been instances in which a component can experience a two
state drop due to an external eventerBfiore the software application assumes that 5%

of the state transitions to worse states aredigp drops and 95% occur in single steps.
Similar to mechanical components, each transition to a worse state is identified by a
Weibull hazard rate functionetioted as 0 to_ 0. Equations}-7 to4-12 are solved

using the RK4 method to determine the probability of the component being in each state

at a given time during the dormant phase.

Q0 0 oQ .
- VRV —0 O 4-7
a0 I | [4-7]
Q0 o oQ . oQ .
- VIV —0 0 T®U —0 O 4-8
o3 = = [4-8]
Q0 o , oQ . oQ .
— LU 1 L O TBUL | L O TtV
Qo0 | |
oQ . [4-9]
Tl—u o]
Q00 , o 'Q oQ .
— LULUU f OV 0 THBW T OV 0O T8tu
Qo0 | |
0Q .. [4-10]
1 |—u o]
Q0 o , oQ . . )
—— LLU ] —U0 0 TdovL | L O T18tvu
Q0 | |
0Q . . [4-11]
i |—u o]
5 \ 5 \ 5 \ 5 1 5 \ 5 1 5 \ [4‘12]
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In the inspection/testing phase, the user has the option to rehabilitate the component from
a given state to any improved state. For example, to rehabilitate a failed component to an
fas good as ol do condition (r eqateatransitiont hout r
from state 6 to state&nd f or an fias good as newd condit

component) from state 6 to statas.shown by the continuous and dastnadsition lines

0 I'Q¢ Ecae 'Q},:©

td

in Figure4-5.

Figure 4-5: SemiMarkov model of a structural component in thespection/testing
phase, demonstrating fias good as ol do¢

Figure 4-6 shows theNew Componendialog boxfor structural components. The user
enters the Weibull parameters for each of the 5 states and then selects a repair strategy as

mentioned above.
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o5 Structural Component " — = | B |

General Parameters llnspec’riunszests Customized Conditions Calu:ulatiu:un]

: ?
Parameters: Repair J

Alpha (g) Beta (B) From To
State 1 2 2 fe
Smte2 |18 22 o
State 3 18 22 o
State 4 [17 |3 - -
State 5 15 |3 - C

State 6

3

Calculate Unavailability |

Cancel Add Component |

Figure4-6: New component dialog box for structuca@mponents, parameters tab

Once the Weibull distribution parameters and the test efficiencies have been added, the
software application determines the unavailability of the structural component (the
probability of being in state 6) and the results aspldyed in the same manner as
electrical/mechanical components. The user also has the option to view the probability of

the component being in the other states throughout its service life.

4.3.4INSPECTION AND TESTING

Periodic inspectiosm and testing arerucial to maintain the safe operation of spillway
systems. Preventive maintenance operations usually include visual examination of the
component, cleaning and lubrication where necessary and are conducted to facilitate
smooth operation of the componenthese steps should be taken according to the
procedure recommended by the manufacturer at the specific frequency.

Although some components such as emergency power generators can be and are tested
separately, the optimum scenario is to perform regulaghi# lift tests to ensure that all

components function together under full load and realistic conditions. However, due to
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pool loss, downstream consequences and risk of gate malfunction, it is not always
feasible to conduct full gate lift tests. In praeti other less costly tests are favored to
avoid fully lifting the gate. These tests include: partial gate lift tests where the gate is
lifted only to a small percentage of its full travel and the stoplog test in which stoplogs
are placed in the gate oprgito retain water and the gate is fully lifted without losing

water.

434.1INSPECTION AND TESTING EFFICIENCY

Although the tests mentioned above are successful in validating certain aspects of the
functionality of the system, it is important to nditat they are not always 100% efficient.

A partial gate lift test tests all components under full hyategic load; however, since

the gate only opens to a certain percentage of the full travel, it cannot fully detect
potential structural issues such assatignment of the gate structure or jamming of
rotating parts. The stoplog test assesses structural issues associated with misalignment but
is not efficient in detecting defects related to excess loading since components are not
tested under full load. Hnefore it is important to consider the efficiency of a test for
each component when evaluating component/system unavailability.

As discussed, the efficiency of a test to detect failure may vary for different types of
components. For example, a full gai& test has an efficiency of 100% for all
components since it fully tests the entire spillway gate system under realistic scenarios;
therefore, the unavailability of all components returns to zero after each full gate lift test.
A standard partial gateftl test ¢ 10% of full opening) has high efficiency of failure
detection for components related to the equipment subsystem since they are being tested
under full load which includes the breakaway load. The breakaway load is the force
required for the gatéo break free of static frictro and begin its upward movement
(FEMA, 2010) This force is applied during a short time lapse where the lifting
components take additional loading. However, the same test has a low efficen
detection for the components of the structural subsystem since it cannot detect problems
related to configuration and alignment of the structural elements.

In the stoplog test the hydsiatic load is completely removed from the gate and the gate

is fully lifted. Therefore, it has a low efficiency of detection for the equipment subsystem
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as realistic loading conditions are not being applied and failure due to overloading may
not be detected. However, it has a high efficiency for the structural elemethe gate

opens fully and misalignment and configuration issues can be identified.

434.2 INSPECTION AND TESTING FREQUENCY

Inspections and tests are meant to detect latent failures in order to restore the reliability of
components to an acceptablede Therefore, the dormancy period corresponds to the
frequency of tests and/or inspections. In practice, the frequency of tests and inspections
varies greatly as a function of the type of equipment and the anticipated failure rate. For
example, monthlyests may be appropriate for an emergency generator, while verifying
the verticality of embedded parts may only be required after several years to obtain a
similar level of reliability.

It is important to note that a high frequency of inspections/testedses operational

costs which must be balanced with benefits in terms of increased availability. Depending
on the criticality of the spillway gate system in terms of safety, which can be related to
dam classification, redundancy (primarily the numbegates), and reaction time, dam
owners can establish a maximum unavailability limit beyond which public safety may be
unduly compromised.

In the software application the user first enters all inspections/tests performed on the
spillway gate system alongwit t hei r f r e gAde Tesdy owpdii oy tome ti e
menu. These inspections/tests will be added automatically to a database. The user can
later extract any of these inspections/tests from the database when creating components in
the fault tree modeFigure4-7s hows t he Al nspection/ Testo tab
dialog box for electrical/mechanical components. As demonstrated, the user $slects t
inspections/tests relevant to the component and enters the efficiency value of the test on
that component. This will ensure that the frequency and efficiency of inspections/tests are

considered independently for each component of the fault tree model.
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a5 Electrical/Mechanical Components o | Bl i

General ] Parameters Inspections/Tests lCustumized Conditions ] Calculation ]

Inspection/Test  Stoplog test j Efficiency [p3

[ Component Replacement

Compaonent Unavailability Limit
Summary Delete Test | [ Add Test |

Inspection/Test Inerval Efficiency
Partial gate ift test ] 0.8
Stoplog test 2 0.3

Calculate Unavailability |

Cancel Add Component |

Figure4:7: New component dialog box for structural components, Inspectibns/Tests

4.4 CASE STUDY: UNAVAILABILITY OF A VERTICAL LIFT GATE SYSTEM
USING THE SOFTWARE APPLICATION

In this section, a vertical lift gate is modeled using the fault tree function of the software
application and the unavailability of the system is presented as a function of time
throughout its service life. Results are displayed by using point unavigjapihphs,
average unavailability value and histograms.

The vertical lift gate system in this study is equipped with a drum and cable lifting
mechanism. It is assumed that this vertical lift gate has an independent lifting mechanism
and one emergency pewgenerator. Also, it is assumed that other than the emergency
generator and lubricants, which are inspected and tested 5 times per year, three major
tests are performed to ensure the availability of the system: partial gate lift test (10%
lift), full opening with stoplogs, and full gate lift under full hydrostatic load. These tests
are assumed to be conducted routinely and at regular intervals. Maintenance and
inspection procedures are performed in accordance with specifications from component

manufactuers.
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Initially, every test is defined in the software application along with its corresponding
frequency. Next, the fault tree is created starting with the top eveRaihire of the
vertical gate to open/closand ending by the basic events of failutetee component

level. The top event is divided into two main subsystems: the equipment (electrical and
mechanical components) and the structural (civil components). For this study, it is
assumed that electrical components have constant failure rateseanddeled using the
exponential distribution, mechanical and structural components experience aging and
deterioration and are therefore modeled with todependent hazard rate functions. As
discussed in sectiors3.2.1and4.3.2.2, mechanical componerage modeled using the
two-state semMarkov model and structural components are modeled using tstasex
semiMarkov model. The Weibull hazard rate function is ussdhe transfer rate to a
worse sstate for both mechanical and structural componentani&ders of the Weibull
hazard rate functions of these components are determined from sources such as the
USACE (2001)A list of failure rates associated with spillway gate components may be
found in Appendix CA duty cycle factor (the ratio of operatinigne over total time) is
considered for each component as well atadéfors to account for the environmental
exposure conditions. Next, in the inspection/test tab of each component, the
inspections/tests which affect the given component are identifiededadted from the
database and the efficiency of each inspection/test to detect failure of the component is
added.

After the fault tree has been completed with component details, and the service life of
the spillway gate system is specified, the sofewaapplication -calculates the
unavailability of each component as a function of time using the Markovidankiov
modules and then transfers the values to the basic events of the fault tree from which the
overall unavailability of the system is calculatdelgure 4-8(a) and (b), shows the
equipment breakdown and the structural breakdown branches of the vertical lift gate

system fault tree built in the project tree cohof the software application.
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Figure4-8: Fault tree model of the vertical lift gate system, (a) details of the equif
breakdown branch, (b) details of the structtwralakdown branch

As shown in this figure, each of the two main branches contains a complex combination
of electrical, mechanical and structural componéfitgure 4-9 to Figure4-12 show the
unavailability curves of different types of components developed by the software
application.Figure 4-9 shows the unavailability diagram of an overhead electric cable.
This component falls into the electrical subsystem category and follows the exponential
distribution (memoryless); therefore, no degradation can be noted on the diagram (the
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unavalability value does not increase with time). The three types of tests (full lift, partial
lift and stoplog) all have an efficiency of 100% on this component; hence the

unavailability value drops to zero after each test is performed.
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Figure4-9: Unavailability diagram of the overhead cables

Figure 4-10 shows the unavailability curve of a lubricant (grease) which is in the
mechanical subsystem. This component can experience degradation with time due to
contamination and therefore follows the Weibull distribution (unavailability increases
with time). Thelubricant is inspected fully five times per year and the efficiency of the
inspection is 100%, thus the unavailability drops to zero after each inspdsitioine

4-11 shows the gear assembly which is part of the mechanical subsystem. The gear
assembly can be affected by deterioration with age, such as wear, corrosion and cracks.
This component is modeled using the Weibull distribution and is tested every 2, 5 and 15
years with the partial lift, stoplog and full lift tests respectively. The efficiencies of these
tests to detect failure of the gear assembly are not all the same. The patrtial lift test has an
efficiency of 80% as it is performed under full hydratic load The stoplog test has an

efficiency of 20% since it is performed under no load and the full lift test has an
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efficiency of 100%. Therefore, the unavailability of the gear assembly drops to zero
every 15 years with the full lift tests but drops partiaiypetween depending on whether

a partial lift or stoplog test is performed.
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Figure4-10: Unavailability diagram of lubricant (grease)
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Figure4-11: Unavailability diagram of the gear assembly

Finally, Figure4-12 shows the unavailability diagram of the embedded parts which are in
the structural components subsystem. This component also follows the Weibull
distribution and experiences deterioration dwe corrosion, missing elements, etc.
Structural components have lower failure rates compared to electrical, mechanical
components therefore, the unavailability curve of the embedded parts does not increase as
sharply as the previous components; howevemay be seen that the unavailability
increases more rapidly as the component ages and experiences thautwphase.
Similar to the gear assembly, this component is modeled using the Weibull distribution
and is tested every 2, 5 and 15 years with theagbdift, stoplog and full lift tests. These
tests however, do not have the same efficiency of failure detectiovittaghe gear
assembly. The partial lift test has an efficiency of only 10% since the gate is lifted only
up to 10% of its full travel pathConversely, the stoplog test has an efficiency of 70%
since the gate is lifted fully but under no load and the full lift test has an efficiency of
100%.
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Figure4-12: Unavailability diagram of the embedded parts
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Figure4-13 shows the unavailability diagram of the vertical lift gate system along with

its two main branches equipment breakdown and structural breakdown.
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Figure4-13: Unavailability of the vertical lift gate and the two main branches of the

tree

Figure 4-13 illustrates that in this casgudy;the unavailability of the vertical spillway
gate system is mostly governed by the equipment (mechanical and electrical) subsystem
which has the highest unavailability. These results are consistent since in reality
structural components are desigraatl expected to maintain functionality longer than
electrical and mechanical component and therefore deteriorate at a slower rate relative to

electrical and mechanical components.
It is important to note that in this study, most failed component argedsio conditions
before failure (as good as old) after the end of a dormant interval and there is no

component replacement until the components reach a predefined unavailability limit after
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which they are completely replaced (as good as new). Also isttidy, the 10% gate lift

test (performed every two years) has an efficiency ol@@6 for the electrical and
mechanical subsystem. This same test however, has an efficiency of less than 40% on the
structural subsystem. The stoplog test (performed evepedss) also has different
efficiencies for each subsystem.

As previously mentioned, the software application also has a histogram feature from
which the user can view the unavailability histogram of any event/component of the fault
tree. Figure 4-14 shows the unavailability histogram of the vertical lift gate system. It
may be seen that for the 50 year life cycle and the existing inspection/test strategy of this

gatethe most likely unavailability value is approximately 4%.
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Figure4-14: Unavailability histogram of the vertical lift gate system

This option of the software application can assist in providing the user with an estimation
of the mean unavailability of the system as a quantitative measure to compare with

unavailability limits set by dam owners and dam classifications when designing
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preventive maintenance, inspection and testing strategies for a given spillway gate

system.

4.5 CONCLUSION

The purpose of this article was to introduce a stétheart software application
developed to determine the unavailability of spillway gate systeBpillway gates are
usually dormant and are located in remote areas and subjected to severe environmental
conditions. Both point and average unavailability of a spillways gate system are essential
tools for engineers when developing maintenance anddesttategies to ensure the safe
operation of the system. Also, consideration of the effects of dormancy, environmental
conditions, type and frequency of inspections/tests are critical to accurately determined
the unavailability of the spillway gate systeand maintain this value within acceptable
limits.

This software application uses btiilt reliability techniques such as fault tree, Markov
and semiMarkov analysis to model the dormant behavior of the spillway and
incorporates the environmental conditiby assigning updating factors within the model.

As both the efficiency and the frequency of inspection/testing can significantly affect the
reliability of the gates, this software application integrates the inspection and testing
strategy of the spillwa system both in terms of type (efficiency) and frequency. It is
important to recognize that the efficiency of a given test to detect failure may be different
from one component to another and this can be indicated by varying the efficiency of
tests for dfferent types of components.

With these options incorporated in the software application, the user is able to determine
the unavailability of system and all its components at any point in time and hence
develop the optimum inspection and testing plarh botterms of system reliability and

cost. This should result in a rationalization of financial resources and personnel by
eliminating practices that contribute little to overall reliability while ensuring the safe
operation of the spillway gate system.
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CHAPTER 5: MANUSCRIPT 3

AN OBJECTIVE PROCEDURE FOR THE OPTIMIZATION OF INSPECTION AND
TESTING STRATEGIES FOR SPILLWAYS

Maryam Kalantarnia, Luc Chouinard, Stuart Foltz

ABSTRACT

The function of a spillway gate system is to control the flow of m&t®ugh an opening

and it isgenerally used for various purposes such as flow regulation, flood control,
emergency water release during load rejection, dewatering for maintenance operations, or
to remediate or respond to structural deficiencies. Spillpatg systems vary in type,

size and number of gates based on dam classification, purpose and downstream failure
consequences. A growing problem for dam owners is the aging of such structures. Older
spillways require more rigorous maintenance, inspecéstirfiy and repair/replacement

of parts in order to ensure their loteym safe operation and if neglected may pose
serious risks to persons and property. Executing these measures may be very costly to
dam owners and if not conducted appropriately may awe hhe desired effect on the
reliability of the system. Therefore, it is important to evaluate the effect of such
preventive/corrective measures on the reliability of spillways gate systems to develop the
optimum strategies and guidelines.

The first objetive of this paper is to demonstrate the effect of inspection, testing, repair
and replacement options on different types of components of the spillway gate system in
maintaining theunavailability below the limit defined by the dam owners or regulators
based on dam classifications and standards. The second objective is to evaluate the
availability of the entire spillway gate system under flood and load rejection scenarios in
order to determine the ability of the system as a whole to operate safely urdgercy
conditions. These two objectives are then used with cost optimization to develop
recommendations on the type and frequency of inspections and tests for different types of
spillway gate systems. A software application was developed to achievédhe a

objectives by modeling the spillway gate components and system, determining
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component/system unavailability based on type and frequency of inspections/tests and

obtaining the optimum inspection/testing strategy.

KEYWORDS: Spillway gate system, unaVability, inspection and testing,
optimization, flood, load rejection, software application

5.1 INTRODUCTION

The aging state of current dams indicates that spillways are becoming more prone to
failure. As the consequences of dam failure can be catastraptiicould involve loss of

life, it is critical to develop procedures to evaluate the reliability and risk associated with
spillways and to develop mitigation procedures that may also include warning systems in
the event of a possible flood inundation doe@ dam breach. In order to ensure the safety

of people and properties downstream a dam, the discharge of water from a spillway gate
system must be safely controlled at all times. The responsibility for the safe operation of
the spillway falls on to thedam owners. Therefore, it is important that owners,
particularly owners of older dams, recognize the importance of an effective maintenance,
inspection and testing strategy which can proactively manage the risk associated with the
aging of such structureASCE, FEMA, the National Dam Safety Review Board and the
US Army Corps of Engineers (USACE) have jointly developed guidelines on the safe
operation, maintenance, inspection and testing of water control gates (FEMA 2010). The
United States Society on DarfidSSD) also provides a thorough overview of spillway
gate systems and reviews industry guidelines for the evaluation of maintenance,
inspection and testing procedures of spillway gate compo(@8SD, 2002) ANCOLD
guidelines provide detailed risk assessment approaches to ensure a high level of
reliability for dam structureBANCOLD, 2003)

The types and frequency of inspections/tests as well as the unavailability limitwhgpill

gate systems may vary based on dam classifications. In Quebec, dam classifications are
defined in the Dam Safety Act which prescribes a series of measures governing the
operation of dams. In particular, it requires that dam owners conduct regular
mainenance, inspections and tests on the dams to ensure their good cq2@@2pn

Dams are classified based on the degree of risk posed on persons or property. Dams are

classified from A (large, high failure consequence) to Ey(l@v consequence) using an
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index called the AP valueo measured by mul

potential consequences of failure index (2013) The vulnerability (V) of a dam is a
function of invaiant physical parameters such as dam height, dam type, impounding
capacity and dam foundation type and tivagiant parameters such as dam age, seismic
zone, dam condition (physical state and structural condition) and the reliability of
discharge faciliés. Potential consequences of failure are determined based on
downstream population density and extent of infrastructure. The frequency of inspections
and safety reviews are a function of dam classification.
Several methodologies have been proposed tarerise safety of spillway gates in terms
of operation and equipment, and to best allocate rehabilitation resources to address the
most critical deficiencies. Risk assessment and reliability analysis have been the main
tools for these purposes. Briand &t(@009) developed a risk ranking approach which
provides a global ranking index based on capacity, vulnerability and functionality of each
spillway gate system. Putcha and Patev (2000) summarize current reliability and risk
assessment practices for spdly gate systems such as Failure Mode and Effect Analysis
(FMEA) and Fault Tree/Event Tree Analysis (FTA/ETA). Although a variety of different
reliability methods exist, most do not accurately reflect the reliability of spillway gate
systems. Spillway gaseare complex systems comprised of electrical, mechanical and
structural components exposed to site specific environmental conditions. The dormant
nature of spillway gates also adds to the complexity of the system since failures go
undetected until a demdnTherefore, it is important to consider these factors in the
reliability analyses. Estes and Foltz (2006) propose an approach to estimate the reliability
of a deteriorating system using condition assessments derived from inspections and tests
which was &tended by Chouinard, et al. (2008) and Kalantarnia, et al. (2011) to include
dormancy effects associated with testing and inspections.
This paper has two main objectives:

1 To demonstrate the effects of inspection, testing, repair and replacement options

on different types of components of the spillway gate system.
1 To evaluate the availability of the entire spillway gate system under flood and
load rejection scenarios in order to determine the ability of the system as a whole

to operate safely under emengg conditions.
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A software application developed by the authors is used to achieve the above objectives
by modeling the spillway gate components and system and taking into account
environmental conditions and dormancy. The software determines the coiggstem
unavailability based on type and frequency of inspections/tests and identifies the
optimum inspection/testing strategy using a benefit/cost analydie software
application is described in Chapter. Using this software, recommendations are
formulated on the type and frequency of tests and inspections for common types of
spillway gate systems.

First, examples of existing practices on inspection/testing strategies are reviewed,
followed by the objectives, architecture, features and methods hfsenamployed in

the software application. The procedures are used to determine the range of achievable
availability of the electrical and mechanical components of a typical spillway gate system
as a function of frequency and type of inspmwditests. Tése results areombined to
determine the availability of the entire spillway gate system during flood and load
rejection scenarios. Cost optimization is then used to determine the optimum
inspection/testing strategy in terms of availability and cost, idering cost of
inspections/tests and consequences of failure. Finally, a summary the results and

recommendations are presented.

5.2 REVIEW OF CURRENT INSPECTION/TESTING PRACTICES

According to the United States Society on Dams, there are two criticahrgreof
spillway gate failure: the first scenario is an operation failure due to gate, hoist, and/or
control problems resulting in loss of spillway flow regulation. This scenario can cause
the failure of the gates to open or close. The inability to dogate may result in loss of
valuable water supply or flooding of the downstream channel. The inability to open a
gate can result in overflow and ultimately to breaching of the dam. Failure to operate a
spillway gate may be due to issues such as inalegage and hoist friction forces,
inoperable hoist or control components, and loss of prime and auxiliary power. The
second scenario is the physical failure/collapse of a gate resulting in an uncontrolled
release of water into downstream channels, regultinpotential property damage and

loss of life, and loss of valuable wat@dSSD, 2002) The purpose of periodic gate
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inspection, maintenance, and teperation is to ensure that the above scenarios and
related causes do notcur.

Maintenance can range from visual inspection, cleaning and greasing of components to
complete overhauls and replacement of parts. Periodic maintenance such as adjustment,
alignment, lubrication and replacing of missing elements such as nuts and bolts are
essential to the long term operation of gate parts. Such tasks should be done regularly
and according to the instructions of the manufacturer. FEMA recommends that a
schedule of routine maintenance activities and their result be documented in permanent
records for all electrical, mechanical and structural components of the spillway gate
system (FEMA 2010).

Other than maintenance of components, visual inspection and functiorgpéestion of

gates are the most practical ways of determining the overkal t& reliability of a
spillway gate system. The type and frequency of inspections/tests depends on the gate
type, function and classification of the spillway gate system. FEMA categorizes gate
inspections into informal, intermediate, periodic, clageand unscheduled inspections.
Informal inspection is a nespecific visual inspection for potential deficiencies while
intermediate inspection is a walkthrough of all gate components and operating systems.
Periodic inspection is a more thorough observatiboomponents performed at regular
intervals. For clos@p inspections, all components, including the structural and operating
systems are visually inspected within a 2ft distance. Finally, the unscheduled inspection
is performed when deficiencies or prablke have developed in between regular
inspections (FEMA 2010).

Flood control and emergency gates which are operating infrequently (dormant) should be
tested regularly. Although some components such as emergency power generators can be
and are tested septely, the optimum scenario is to perform regular full gate lift tests to
ensure that all components function together under full load and realistic conditions.
However, due to pool loss, downstream consequences and risk of gate malfunction, it is
not alway feasible to conduct full gate lift tests. In practice, other less costly tests are
favored to avoid fully lifting the gate. These tests include: partial gate lift tests where the
gate is lifted only to a small percentage of its full travel under desipgh &nd the full

travel neload stoplog test in which stoplogs are placed in the gate opening to hold the
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water and the gate is fully lifted without losing water. FEMA recommends the partial lift
and stoplog tests to be conducted at least edtlarid 510 years respectively (FEMA

2010).

Although these tests are successful in validating certain aspects of the functionality of the
system, it is important to note that they are not always 100% efficient for all components.
A partial gate lift test, although germed under full load, cannot fully detect potential
structural issues such as misalignment of the gate structure or jamming of rotating parts.
The stoplog test assesses structural issues associated with misalignment but is not
efficient in detecting man defects since components are not tested under full load.
Therefore it is important to consider the efficiency of a test for each component when

evaluating component/system unavailability.

5.3 METHODOLOGY AND SOFTWARE APPLICATION

Spillway gates are comgt systems with customized components subjected to long
periods of dormancy under severe environmental conditions. These circumstances make
it very difficult to accurately determine the reliability of such systems and require
modifications to standard ralility analysis procedures.

The modifications include considerations of component type, dormancy period,
environmental conditions and inspection and testing strategies. The procedure is
implemented in a software application to facilitate the analysisdmplex systems, with
various inspection, testing and component replacement options. Results are presented in
terms of the availability of the system as a function of time during the projected service
life, the optimal inspection and testing strategigentified as a function of the minimum
unavailability limit set by the owner or regulator and a benefit/cost analysis. Reliability
analysis methods featured by this software include Markov/sarkov analysis, Fault

Tree analysis and optimization tectmés based on the Random Search method and

Genetic algorithms.

5.3.1 FAULT TREE ANALYSIS

The application allows users to create fault tree models by generating events, components

and their interactions. For this study, a s
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gate to open/closeo as the top deovirelode . The
three branches representing the failure of the three main subsystems of equipment,
structural and operational. The equipment branch comprises events related to the
performance of the lifting mechanism and power supply (electrical and medhanica
subsystems) while the structural branch comprises events related to the performance of
the skin plate and the structural components of the gate (civil subsystem). Investigation of
operational failures is not within the scope of this paper and thereforet idiscussed
further. The basic events of the fault tree, which represent the root causes of the top
event, are component failures

Once all the basic events are identified and the failure parameters of the components are
defined, the unavailability ohe spillway gate system is determined by applying Boolean
algebra for each branch of the tree from bottom to top.

5.3.2 MARKOV/SEMI -MARKOV ANALYSIS

Components of most spillway gate systems spend the majority of theiresbfein a
dormant state and are activated randomly (i.e. for high flows or load rejection) or on a
regular basis for inspection and testing. Also, most spillways are located in remote areas
and are subjected to severe environmental condition which cae early deterioration

of components. Therefore, to determine the availability of spillway gate components the
approach needs to account for both dormancy and environmental conditions.

Markov analysis is a reliability modeling approach used for systenhwtansit from

one state to anothgiEbeling, 1997). Therefore Markov analysis is appropriate for
modeling dormant systems in which a funcational component can fail whithout detection
(latent failure). This type of failure can only be detected if théeayss activated. To
model the components of a spillway gate system using Markov analysis, each component
has two states, active or failedd Markov model generally assumes constant rates of
transition between states, which implies that the system haemwry of previous states

and that deterioration of components is not considered. This however is an
oversimplification for many components of a gate. Mechanical and structural components
are subjected to various degrees of deterioration as a functioneo&ihd environmental

exposure conditions, which can be modeled more appropriately with the Weibull
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distribution in a seraMarkov approach. This approach has been used for modeling the
deterioration of structural components in bridges where the Weibwtdhaate function
defines the transition rates between the various levels of deterioration of a component
(Ng, et al., 1998) The cumulative distribution function for the time to failure for a
Weibull distribution is:

0
00 p Aa|— [5-1]
whereU is the scale parameter and b is the s
exponenti al di stribution is a special case

Weibull model accounts for degradation of performance as a function of time which is
obsered for most mechanical and structural components of a gate. Conversely, the
exponential distribution is memoryless which implies that there is no deterioration in
performance and that failure occurs at a constant rate throughout the lifetime of the

componats. This type of distribution is often applied to electrical components.

When components are inspected or tested after each dormancy period, the probability of
detecting a failure depends on the type of inspection/test performed and in particular if
the demands on the component are comparable to those during emergencies. If the
component is determined to be operable (active state), the component is kept in service
and remains in its current state; however, if a failure is detected, the component is
assumd to be repaired and returned to its condition prior to failure (as good as old). This
simplifying assumption is used to analyhe effect of testing/inspection on the reliability

of a deteriorating system. However, in practice, failed component aseedpby new
components. The user also has the option of specifying that components are replaced by
new components after a given period of service life or when a specified unavailability
limit has been exceeded. The replacement occurs at the next schedtiladpection.

Also, since in most spillways the dormancy period is much larger than the
inspection/testing period, inspection time and repair time are considered negligible with
respect to the dormancy period. This assumption is used for demongitapmses but

long repair periods can occur if components are unique in their design or if a latent failure

is associated with major structural components and should be accounted for in the model.
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The effect of operating conditions on components is modgjenhodifying a baseline

hazard rate function with Hactors,

hmodiﬁed = hoaselinecxl CKZ ("}(3 [5'2]

where0 ,0 andu are Kfactors related respectively #nvironmental exposure, the
level of demand on the component, and the effect of operating tempeld&ACE,
2001) The effect of dormancy on the failure rate is modeled through a duty cycle factor
defined as,

DF = Operatingime [5-3]
Totaltime

A RK4 algorithm is used to solve the system of ordinary differential equationsingsult
from the semiMarkov models.

5.4EFFECT OF TYPE AND FREQUENCY OF INSPECTION/TESTING ON THE
AVAILABILITY OF SPILLWAY COMPONENTS

As discussed in sectioh.32, the efficiency of a given test to detect failure may vary
from one component to anothé&wor example, a full gate lift test under full hyestatic

load has an efficiency of detection of one for all components since it fully tests the entire
spillway gate system at design level demands; therefore, the availability of all
components is reset ©0% after each full gate lift test. A standard partial gate lift test

& 10%) has a high efficiency of failure detection for components related to the lifting
mechanism since the initial breakaway load is greater or equal to the load under full
hydraulic conditions. However, this test has a lower efficiency of detection for
components of the structural subsystem since it is performed over a small portion of the
full gate travel and can miss problems related to the configuration and alignment of
structuralelements. In the stoplog test, the hydtatic load is completely removed from

the gate and the gate is fully lifted. Therefore, it has a low efficiency of detection for the
components of the lifting mechanism as realistic loading conditions are notapgiled

and failure due to overloading may not be detected. However, the test has a high
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efficiency for some structural elements since misalignment and configuration issues can
be identified over the full length of travel of the gate.

Figure 5-1 shows the average unavailability of a gear assembly (an example of a
mechanical component) as a function of inspection/testing frequency for different failure
detection efficiencies corresponding to different types of t€#tgire 5-1(a) shows the
average unavailability when no replacement is involved,ennilFigure 5-1(b) and (c)

the component is systematically replaced every 5 and 10 years respectively. The average
unavailability is taken over the assed 50 year service life of the component.
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Figure5-1. Average unavailability of gear assembly as a function of inspection/testing
frequency (a) without replacement, (b) component replacement every 5 years, (c)
Component replacement every 10 years

The availability of the gear assembly is determined using the Weibull distribution
( 1 fif o to demonstrate the aging process of the component. A duty cycle factor
of 0.1 is also added to account for dormancy of the component as welfaasoks of

O c¢hd tho p#&to show the effects of the general environmental conditions,
stress level and temperature respectively. For this example, the valueepiresents
marine or coastal environments, is associated with a percentage of component
nominal rating equivalent to 140%, amd represents component operating tempeeatur

of upto 1 M {USACE, 2001)As illustrated inFigure 5-1(a), when no replacement is
involved, the average availabilitftaken over the 50 years life cycle of the system)
increases with an increase in the inspection/testing frequency. Longer inspection/testing
intervals mean that components remain dormant for longer periods of time which in turn
increases the likelihood o& latent failure due to degradation and environmental
conditions. It may also be observed that the average unavailability increases for
inspections/tests with lower efficiencies.

As discussed earlier, the maximum acceptable level of unavailability pflleays
system may depend on dam classification and downstream consequences. The time

interval for a given inspection/test can be determined from the average unavailability
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curve of the system and the unavailability limit for a particular class of Bayare 5-1

(@) shows how the maximum inspection/testing intervals change with different
unavailability limits. With an aggressive unavailability limit of 0.001, a test with 10%
efficiency of failure detection needs to be conducted every 3 months; however, the
averagaunavailability for the component undergoing a 100% efficient test remains within
limits even when the interval is as large as 5 years. With a higher unavailability limit of
0.0025, tests with efficiencies of more than 50% can be conducted with intemggs |

than 5 years and still remain within the acceptable limits, the tests with 10 and 20 %
efficiencies need to be applied every 1.2 and 2.4 years respectively to meet the
unavailability requirements. This shows that especially with high risk dams avitr |
unavailability limits, it is important to identify and select inspections/tests with a high
efficiency of failure detection for each given component in order to maintain
unavailability within limits while reducing the number inspections/tests required

Figure5-1(b) shows the availability of the same component undergoing the same types of
inspections/tests but with a systematic replacement &vgears. It may be seen that the
average unavailability reduces significantly compared to theeplacement case of
Figure5-1(a) and also with respeto longer periods between replacements such as every

10 years as shown ifrigure 5-1(c). As illustrated inFigure 5-1(b), the average
unavailability in all cases is similar to inspection/test intervals of 5 years. This is due to
the fact that the component is replaced every 5 years regardlese dfpd of
inspection/test conducted. If the inspection/testing intervals exceed the 5 years of
replacement than the average unavailability for each test type decreases as the component
is restored to fAas good Fgare5r(e)valso showntdei t i ons
average unavailability with respect to inspection/testing intervals for different types of
inspections/tests and replacement every 10 years. As shown in this figure, the average
unavailability is higher with respect teigure 5-1(b), hence, the average unavailability
increases as the period between replacements increases. This is due to the fact that the
component is allowed to age moand experience more degradation before being
replaced.

Figure5-2 shows the average unavailability of a motor control system (an example of an

electrical componeiptwith respect to the frequency of inspection/test. The exponential
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distribution is generally used as the failure probability distribution of these components.
The exponential distribution is memoryless indicating that failure occurs randomly
throughout tle service life of the component. In this example the failure rate of the motor
control is_ 1@t p per year Duty cycle and Kfactors are the same as those for the gear
assembly example discussed above. SimilaFigure 5-1, Figure 5-2(a) shows the
average unavailability of the motor control without replacement vhdare 5-2(b) and

(c) show unavailability with replacement every 2 and 5 years respectiveRiglme
5-2(a) the average unavailability of the motor control increases with the iecreas
length of inspection/testing intervals which is similaFtgure5-1(a).

Figure 5-2(a) shows the maximum intervals for different types of tests for the same
unavailability limits asFigure 5-1(a). As shown, even with the unavailability limit if
0.001, the two high efficiency tests (100 and 80%) remain within acceptable limits for
intervals of less than 1 year. Similar to the previous example, the lower the efficiency of
inspections/tests, the smaller the intervals are in between eadrigest5-2(b) and (c)
show the reduction in the average unavailability of each type of test wibmponent

replacement policy of every 2 and 5 years.

1.00E-02
9.00E-03

8.00E-03 /
7.00E-03

6.00E-03 //

5-00E-03 Maximum inspection/testi},in@rval with 20% /
4.00E-03 efficiency for the unavalabilty limit of 0.0025__——

3.00E-03 )k \

200603 | P it 7"/“ ___________
1.00E-03 | - — o
0.00E+00 ‘ i 4*=E

Frequency of inspection/tests (yrs)

Average unavailability

= Efficiency 100% =————FEfficiency 80% Efficiency 50%

(@)

Efficiency 20% = Efficiency 10%

112



1.40E-03

1.20E-03
E 1.00E-03 /—_ /
£
‘T 8.00E-04 / /
1]
= /
E
o 6.00E-04 —
[-T:]
e
g s oor.on // //
2.00€-04 /
0.00E+00
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Frequency of inspection/tests (yrs)
= Efficiency 100% = Efficiency 80% Efficiency 50% Efficiency 20% == Efficiency 10%
3.00E-03
_____#—’-
2.50E-03

. ’//

Average unavailability
=
(¥l
=)
m
o
w

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Frequency of inspection/tests (yrs)
= Efficiency 100% = Efficiency 80% Efficiency 50% Efficiency 20% = Efficiency 10%
(©)

Figure 5-2: Average unavailability of a motor control system as a function of
inspection/testing frequency (a) without replacement, (b) component replacement every 2
years, (c) Component replacement every 5 years

This example demonstrates the importance of conducting higicierty
inspections/tests in order to the maintain component availability as high as possible and
prevent excess costs associated with avoidable component replacement. Inspections/tests
with low efficiency although costly, are not able to detect compashefitiencies which

may lead to failure under realistic loading conditions, very high efficiency

inspection/tests such as the full gate lift test may also be too expensive to conduct
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regularly, therefore optimization of inspection/testing strategies isrestjto ensure that

both aspects of availability and cost are considered when selecting type and frequency of
inspections and tests. The concept of inspection/testing optimization and methodologies
is discussed in detail in Chaptereb

5.5 SPILLWAY GATE SYSTEM AVAILABILITY

In this section a spillway gate system with four vertical gates is presented as a case study.
Vertical lift gates can have either an independent or a common lifting mechanism. With
an independent lifting mechanism, each gate is eqdippth its own motor assembly

and lifting body; however, with a common lifting mechanism the motor assembly and
lifting body is mounted on a gantry crane which moves from one gate to another, lifting
the gates one at a time. Depending on the number o$,gatspillway system with
common lifting mechanism can have one or more gantry cranes. In the first part of this
section the unavailability of a single vertical gate system is determined using the software
application discussed earlier. The second and tharts show the unavailability of the
spillway system with four gates under load rejection and flood scenarios respectively for

both independent and common lifting mechanisms.

5.5.1 UNAVAILABILITY OF A VERTICAL SPILLWAY GATE

In this section, a single vigcal lift gate is modeled and the unavailability of the system is
evaluated as a function of time throughout its lifecycle. The vertical lift gate in this study

is equipped with a drum and cable lifting mechanism and a single emergency power
generator. tlis assumed that the emergency generator and lubricants are inspected and
tested every one and three months respectively. Heating elements of the gates are tested
during yearly prewinter tests. Also, three major types of tests are performed to ensure the
availability of the system: partial gate lift test (10% lift), full opening with stoplogs, and

full gate lift under full hydrestatic load. These are assumed to be conducted regularly at
intervals of 2, 5 and 15 years respectively. Maintenance and imsp@cocedures are
assumed to be performed in accordance with specifications from component

manufacturers.
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For this study, it is assumed that electrical components have constant failure rates and are
modeled using the exponential distribution, mechanical and structural components
experience aging and deterioration and are therefore modeled wittepeadent ézard

rate functions using the seiwiarkov analysis as discussed in secttoB2. Parameters

of the Weibull and exponential distributions are obtained fsources such ddSACE
(2001).A list of failure rates associated with spillway gate componentshbaggund in
Appendix C.A duty factor (the ratio of operating time over total time) is considered for
each component as well as-fictors to account for the environmental conditions.
Inspections/test frequencies and efficiencies are also added to eacloneoinp
individually. Figure5-3 shows the unavailability diagram of the vertical lift gate system.

It is important to note that in this study, mostdd component are restored to conditions
before failure (as good as old) after the end of a dormant interval and there is no
component replacement until the component reaches a predefined unavailability limit
after which it is replaced with a new compoheAlso, it is assumed for our purposes

that the 10% gate lift test (performed every two years) has an efficiency of varying
between 80 t0100% for the electrical and mechanical subsystems. However, this test has
an efficiencyof less than 40% for the striural subsystem. The stoplog test (performed
every 5 years) also has efficiencies between 30 to 40% for most mechanical and electrical

components and between 70 to 100% for structural components.
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Figure 5-3: Unavailability of the vertical gate and of the qmuent and structure

subsystems

5.5.2 LOAD REJECTION

Load rejection occurs when the distribution grid fails to accept the electrical load from

the turbinegenerator syste which must be shut down to prevent damage to the
equipmen{Calamak, et al., 2012yVith the shutdown, the level of water can rise quickly

for run-of-theriver dams and result in overtopping of the dam. Load rejection may
happen at any time, therefore, spillway gate systems of hydroelectric dams must be able
to respond on demand to ras¢e flow equivalent to the turbine flow and maintain water
levels at normal operating conditions.
For a vertical spillway gate system with four gates, a single gate is usually sufficient to
release the excess flow of water due to load rejection. The ilataMy of the spillway

gate system during load rejection is determined in the following sections for both

individual and common lifting mechanisms.
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5.5.2.1. INDIVIDUAL LIFTING MECHANISM

It is assumedhat all four gates are heated (can be operated during summer and winter),
remote controlled, and have individual lifting mechanisms. To consider the most critical
scenario, it is assumed that load rejection occurs during winter which requires the use of
heaters. The spillway gate system has four gates in redundancy, opening any one gate out
of four is sufficient to successfully pass the excess water due to load rejection. Using the
fault tree model of the software application, the spillway gate systenbecanodeled

with four redundant gates (in parallel) including all electrical, mechanical and structural
components related to each gate as illustratdéigare 5-3 As shown in this figure, the

power system (central power and the emergency power generator is common between all
four gates). Detailed branches of the tree are too large to be added in this article as they
contain more than 40 componentsiirthe equipment and structural subsystems.

Failure of the spillway gate system under load rejection
- Power source
P L Certral pOWer
i i Emergency power generator
=- Parallel gates
5 Gate #1
-- Equipment breakdown
[ Structural breakdown
- Gate H2
-- Equipment breakdown
[ Structural breakdown
- Gate H3
-- Equipment breakdown
[ Structural breakdown
- Gate H4
-- Equipment breakdown
[ Structural breakdown

Figure 5-4: Tree view showing the four redundant gates of the vertical spillway
system under the load rejection scenario

Figure 5-5 shows the unavailability of the spillway gate system to operate during load

rejection using the software application.
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Figure 5-5: unavailaflity of the vertical spillway system with independent lifti
mechanismthe load rejection scenario

The average unavailability of this spillway gate system during its 50 year service life and
load rejection scenario B.28E07 which is extremely smalwhen compared to average
unavailability value of a single gate whichO£17 from the previous section. This is due

to the redundancy of the four vertical gates of the spillway system. This example shows
that redundancy plays a very important part inriowpng the availability of the system.
Therefore, it is essential for dam owners to make sure that more than one gate is available
to operate at any point in time, particularly for spillways which havehsated and
manually operated gates which are npemble at all times. The load rejection scenario

is usually accompanied by problems with the distribution and transmission line which can
also increase the likelihood of loss of central power. This event, although not considered

in this example, can affethe failure probability of the power source.

5.5.2.2. COMMON LIFTING MECHANISM

As discussed earlier in secti@b, the common lifting mechanism consists of a gantry
crane with all lifting elements mounted on the mobile structure. The crane moves on
carying tracks from one gate to another with the use of a translation motor lifting the
gates one at a time. Failure of the lifting mechanism is a common mode failure.

Assuming that opening one gate is adequate to release all excess water due to load

rejecton, a general policy from dam owners is to attach the gantry crane to one gate that
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is operated during load rejection. Under this assumption, the unavailability of the
spillway gate system can be modeled as the unavailability of a single gate with an

independent lifting mechanism.

5.5.3 FLOOD

Flooding may occur due to river ice jam breakup or extreme precipitation. In order to
avoid dam overtopping during a flood, one or multiple gates need to be opened
depending on the discharge required. Accordingam dafety regulations of Quebec,
dams classified in the high consequence category must be able to withstand a probable
maximum flood (PMF) with a probability of exceedance of {2013)

Flood frequency analysis is used to support the design and operation of dams and
spillways systems. It is generally outperformed by fitting peak flow observations to
suitable probability distributions. Two of the main approaches include using an annual
maxmum series (AM) which considers the largest event in each year and a partial
duration series (peatwverthreshold methodPOT) which considers all flows above a
given thresholdBaratti, et al., 2012)Seasonal flood frequenclystributions can be used

by dam owners for planning of inspections and tests prior to periods of the year with
higher probabilities of flood flows. Analyses of seasonality of flood frequency are
strongly related to seasonal variability of rainfall andvemelt (Kochanek, et al., 2012)

(Tao, et al., 2002)

For this case study, it is assumed that two seasons exist in a hydrological year: a wet
season and a dry season. It is also assumed that tleealtmad Extreme Value Type |
(Gumbel) distribution is appropriate for the seasonal flood frequency distribEtgure

5-6(a) and (b) show the PDFnad CDF of the assumed seasonal flood frequency

distribution for the dry and wet season.
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Assuming that each of the four gates have a discharge capac;ity[mlé'rr i, Figure

5-6 also shows the number of gates required to control increasing levels of discharges
during each season. This distribution is used to determine the availability of the vertical
spillway gate gstem for flood scenarios of increasing severity with both independent and

common lifting mechanisms.
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5.5.3.1 INDEPENDENT LIFTING MECHANISM

As mentioned in sectiob.5.2.1, for this scenario, it is assumed that all four gates of the
spillway system are he=d (can be operated throughout the year), remote controlled, and
have individual lifting mechanisms. The number of gates required at any moment is a

function of the flow which affects the availability of the spillway. For example, for a

roodWithadiscIargerateofuptmnné'r[i(“) any two out of four ga

Figure5-7 shows the average and the maximum point unavailability ofpghisvay gate
system as a function of the flood discharge ranging from minor flooding to the PMF (here
assumed If). The maximum point availability value corresponds to the worst case

scenario throughout the service life of the spillway.

# of gates
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M Average unavailability value Highest unavailability value

Figure5-7: Average and maximum point unavailability of vertical spillway gate system
with independent lifting mechanisrfiood scenario

As illustrated in this figure, the unavailability of the spillway gate system to pass a flood

of up tog 1 1% i which requires one gate to open is very low as only one out of four

gates need to operate to pass the flood. For the PMF however, the Unil#tyaiareases

significantly as all four gates need to function to pass the design flood.
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Given the unavailability of the spillway gate system as a function of flood level, the
probability of exceedance of the flood levels can be combined with avayatuli
determine the annual probability of failure due to a flood event. Equétibns the
probability of failure of spillway system for a flood scenario:

Ngates
P[failure]= & P[failure | fl, , ¢ FL ¢ fI,]QF (fI,)- Fo (fl,.,)) [5-4]

i=1
where "Qdis the flow capacity of number of gates ani®s the flow capacity at a given
level. Figure5-8 shows thespillway system unavailability as a function of flood intensity
for the wet and dry seasonghis figure shows that the probability of spillway gate

system unavailability is very low in the dry season for floods which require the operation
of more than one gate due to the low probability of occurrence of high intensity floods.

For the wet seasothe probability of floods of up t@ Tt 1% i (requiring three gates)

are quite high and when combined with spillway gate system unavailability create a high

probability of system failure during flood. For floods of more tipan 1 { and close

to the MF the occurrence probability of floods is reduced significantly causing a decline

in the joint probability.
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Figure 5-8: Joint probability of spillway gate failure and floddr the wet and dry
seasongindependent lifting mechanism)

This information can assist dam owners in determining strategic inspection and testing
schedules. The results show that the probability of flooding during the dry season is very
small, therefore it is more advantageouplan yearly inspections and tests at the start of

the wet season to ensure all potential issues are resolved and gates are operable on
demand. Application of efficient inspection and tests at the start of the wet season can
greatly reduce the unavailabylibf the spillway gate system and the risk associated with

its failure.

5.5.3.2 COMMON LIFTING MECHANISM

The spillway gate system with a common lifting mechanism is only capable of opening
each of the four gates one at a time and failure of the gantmg erad common lifting
elements will lead to the failure of the remaining unopened gaitgste 5-9 shows the
average and the highest unavailability values of a spillway gate system with four vertical
gates and a common lifting mechanism. As illustrated in this figure, since the lifting

mechanism is usually installed on one of the gates (designategdmtion during load
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rejection) the average unavailability of opening one gate to pass the flood is the same as
the unavailability associated with the load rejection scenario with one gate. However, for
operating more than one gate, the lifting mechansm common mode of failure and
there is an increase in the average unavailability relative to gates with independent lifting
mechanisms. The relatively small increase in average unavailability between two and
three gates is due to the fact that the comliifiamy mechanism and the power supply are

the controlling elements in spillway system unavailability and their unavailability
dominates over the effects of adding one gate. Overall results show a significant increase
in the unavailability relative to thepillway system with independent lifting mechanisms

for each gate.

# of gates

1
o.l 1 I I I

0.01

Unavailability

W Average unavailability value Highest unavailahility value

Figure 5-9: Average and highest point unavailability values of a spillway gate sy
with a common lifting mechanism

Next, the effecof adding the flood frequency CDF to the unavailability of the spillway
gate system is investigatdeéigure5-10 shows the joint probability of flood and spillway

gate unavailability for both wet and dry seasons.
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Figure5-10: Joint probability of spillway gate system failure and flood for the wet
dry seasongcommon lifting mechanism)

This figure shows that ghunavailability is muclnigher relative to the independent lift

for spillway system with common lifting mechanism in both wet and dry seakothe

dry season the probability stabilizes for dischargequiring more than one gate the

wet seasoralso, the unavailability remainstable up to floods relatively close to the
PMF. The increase in the joint probability between common and independent lifting
mechanisms shows the criticality of spillwaystems with common lifts. Therefore, it is
essential for dam owners to conduct effective inspections and tests on the gantry crane
and the lifting equipment on both wet and dry seasons. Inspections/tests on other gate
components is best conducted at thetsdf the wet season to reduce unavailability for
that period where there is probability of larger floods requiring operation of more than

one gate.

5.6 OPTIMIZATION OF INSPECTION AND TESTING STRATEGIES

Inspections/tests may have different effects on components of the spillway gate system
and very high efficiency tests are not always economically feasible to perform. Therefore,

an optimum inspection/testing strategy is required to determine the optireguercy of
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inspections/tests using parameters such as efficiency, cost of inspection/test and
consequence of failure. Many studies have been conducted in this area; Kancev and
Cepin (2011) investigate how costs and component aging affect the testing and
maintenance optimization in terms of minimal system risk. Barroeta and Modarres (2005)

studied the optimal inspection policy for periodically tested, repairable components

undergoing an aging process and Hontelez et al. (1996) have developed optimum
condition-based maintenance policies for deteriorating systems to develop the optimum

inspection/testing plan. Most methods minimize a cost function in order to obtain the

optimum frequency of inspections/tests. In this approach it is important to take into

accoun all costs such as costs of performing inspections/testing, cost of repair and

consequences of failu(@hmadi, et al., 2011and(Vaurio, 1995)

In this application, the optimum inspection/testingervals is determined for a given

spillway gate system by minimizing the following cost function:

oY Yo ©

v 67Y0 [5-5]

where n is the number of inspections/tests being optimiaes, the cost associated with

the inspection/test of type"iYis the time interval between inspection/test of typ¥ iis

the service life of the spillway gate systdin,is the cost of failure antv6 is the
average unavailability of thep#lway gate system during the service life. This cost
function is minimized with the constraint that the average unavailability of the spillway
gate system remains below the unavailability limit defined by dam owners based on

existing standards and clafgsations:

Yo Yo [5-6]
Combining Equation®-5 and 5-6 creates a constrained nonlinear optimization problem
in which neither the objective nor the constraint functions are necessarily twice
differentiable. Therefore, this problem cannot be solved using conventional optimization
techniques such as the Goldeacttion approach. Methods such as genetic algorithm

(GA), simulated annealing (SA) and random search (RS) are generally used to selve non
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differentiable, discontinuous optimization problems with highly nonlinear objective and

constraint functiongYeniay, 2005)

The optimization procedure adopted to determine the optimum frequency of
inspection/testing for a combination of inspection/test types is genetic algorithm. The

following section gives a brief overview of the genetigorithm technique.

5.6.1 GENETIC ALGORITHM

Genetic algorithm is an optimization procedure based on principles of evolution observed
in nature. This approach imitates the evolution of living beings described by Darwin as
survival of the fittest. The algithm uses three main principles of the natural evolution:
reproduction, natural selection and diversity of the spgéeppov, 2005) The flow

chart of a typical genetic algorithm is showrFigure5-11.

Initial population generation

!

Initialize generation counter (i=1)

|

Fitness calculation and
Generation evaluation

!
Generation counter, t = (+] No

. —

Reproduction

! chs

Crossover

Print result

Mutation

Figure5-11: Flow chart of a typical genetic algorithm techniqliewari, et al., 2012)

The genetic algorithmapproach can be summarized by the following steps:
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1) The program starts by generating an initial population of possible solutions
(chromosomes) randomly. Each chromosome consists of the intervals of the
inspections/tests being optimized transformed imary form using Equatiob-7 and5-

8.

Y OYOEQ YD [5-7]
Y 0 "y [5-8]

where "Yis the interval of th& test,”"Y @ & Qis the random number generator function

and “YUis the service lift of the system. After each test interval has been created
randomly, it is then transformed into its binary form.

2) The solutions are assessed using a fitness function and the fittest solutions are
identified. The fitness function uség the program is the cost function of Equatioh

3) A sample of solutions is then selected from the initial population for crossover
(mating). The program uses the roulette wheel concept to select the sample which gives
more weight to fittest solutionsThe roulette wheel selection method is conceptually
equivalent to giving each individual a slice of a circular roulette wheel equal in area to
the individual's fitness. The roulette wheel is spun, the ball comes to rest on one
wedgeTl s hap e dcorsebpondirg,indiadual is gelectdditchel, 1999)

4) Selected solutions are placed in the gene pool for-oressto create new offspring
solutions. In the crossver process the two test intervals (one from each solutidghgir

binary form are placed over each other and a cutting point is selected randomly along the
length of the binary strings. After the cut, the remaining fragments on the right of the
cutting point are interchanged creating two new chromosomes as smake following
example inFigure5-12.

c=j

i 00010101 h: 00001010
—_

i Iz
j 11101010 k: 11110101

Figure5-12: Example of crossover (matin@Ylitchel, 1999)
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5) From the offspring solutions, a small percentage is selected for mutationg Bhe
mutation process, a randomly selected digit of the binary string of a new test interval is
selected. If the value of the digit is one it is switch to zero and vice versa.

6) This sample is now formed of the new generation of solutions, stepS artothen
repeated until a predefined condition is satisfied. In this case, the algorithm terminates
when the rate of change of the cost function is less than a predefined value for three
consecutive generations.

The result of the optimization is shows optimum intervals for each of the selected tests

in days and the minimum cost associated with these intervals.

a5l Optimization = & 2

Optimization Parameters:
Test Type and Interval
Iv Partial Lift Test

[v Stoplog Test
¥ Full Lift Test

Test Costs

Partial Lift Test < (2000
Stoplog Test ¢ (5000
Full Lift Test & (50000

Cost of Failure £ 5000000
System Unavailability Limit |1

Service Life 50 year(s)
Time Step 0.1 year(s)

Cancel Run

A

Figure5-13: optimization dialog box of the software application

The optimization procedure is demonstrated for the vertical spillway gate system cases
study. Figure 5-13 shows the optimization dialog box of the software application. It is

assumed that all three types of tests are applied to the system. Also it is assumed that the
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cost associated with the partial lift, stoplog and full lift tests are $2,000, $5,000 and
$50000 respectively. Similarly, the cost of spillway gate failure is assumed to be

$5,000,000. For this example, no unavailability limit has been assigned to the spillway
gate system that is why it is set ombr nlo

a service life of 50 years is shown below:

Y 0 0QOugtl per year)

. p X XXX oft 1 per 4.8 years)
6 T p CQpd gt 1 per 11.3 years)
6ei APpuwgwe

where, T is the interval between the partial lift tests, i$ the interval between the
stoplog tests andsTrepresents the intervals between the full gate lift tests. As illustrated
the optimum test strategy would be to conduct the partial test approximately every year,
the stoplog every 5 years and the full géteevery 11 years. With the optimum testing
intervals defined, the average annual cost of testing is approximately $7000.

In order to validate the results of the Genetic algorithm approach, the same scenario is
optimized using the Creeping Random SeafCiRS) method. TheRandom Search
method consists of measuring the cost function at N random points selected from a
probability distribution uniform over the entire parameter space and taking the smallest
value as the minimur(Brooks, 1958) This requires a large number of trials which may

be time consuming. The Creeping Random Search method generates random points in the
first trial and starting from these base points the cost function is measured at a predefined
step size at eandom direction. If the cost function at the new point is less than the base
point, the base point is moved to the new point. This is continued until moving a step size
in any direction will not yield a smaller cost val@@/hite, 190). The results of the same

model optimized using this approach is shown below:

Y ot wWi

Nt p @ UL Wi
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The similarity of results between the two approaches confirms that the selected test
intervals are optimum values in terms of cost which also maintain the unavailability of
the system below the defined limit.

To better demonstrate the shape of the opttion function,Figure5-14(a) shows the

cost function in thousand dollars by assuming that partial lift test are fixed at one year
intervals throughout the life of the system. As illustrated, the ttiraensional surface of

the cost function is the sum of the maintenance cbgjare5-14(b), and cost of failure,
Figure5-14(c).

Optimum point: =5 years, 1=11 years
Coshin=%$1,041,774
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Figure5-14: (a) Cost function surface,¥1 year (b) Cost of failure (second term of
Equation5-5), (c) Costof testing (fir$ term of Equation )

High capacity spillway gate systems such as the example in this article have catastrophic
failure consequences; therefore, in order to minimize the cost function the second term of
Equation5-5 has to be kept as sthas possible requiring the average unavailability of

the system to be very small. Hence for large dams, the optimization function itself
promotes the selection of test strategies that reduce the average unavailability as much as
possible. For smaller da&s with low consequences of failure however, the first term of

Equation 55 takes over and consequently, the scenario with the least amount of tests and
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therefore test costs will be selected as optimum. This effect is shoWwigune 5-15

which illustrates the trend of optimum test intervals as a function of dam classification
(consequence of dam failure). Failure consequence values associated withreastass

have been obtained from the Dam Failure Consequence Classification Conversion
Guideline for Dams in British Columb{C Reg. 163/2011, 2011)
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Figure5-15: Optimumtesting intervals as a function of dam classifications

To avoid high unavailability values it is best to designate an unavailability limit beyond
which the unavailability of the system in unacceptable. By adding this constraint to the
optimization prokem, the optimum test intervals are determined such that the average
unavailability of the system remains under the defined limit. To demonstrate the effect of
unavailability limit for low consequence dams, the above case study has been repeated by
reducirg the failure consequence of the system to $500,000 and for an unavailability limit
of 10%. The results from the Genetic Algorithm approach are shown below:

Y T T ROt per year)
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5.7 SUMMARY OF RESULTS AND DISCUSSIONS

This paper demonstrates the abilities of a software application developed in the Civil
Engineering department d¥icGill University for spillway reliability analysis. The
purpose of this study was to evaluate the effect of inspection/test type and frequency on
the availability of spillways gate components and system as a whole. The first objective
of this paper was tdetermine the effect of type afi@quency of inspection/test dhe
availability of the electrical and mechanical components of the gate. The largest intervals
between inspections/tests were also determined using the maximum allowable
unavailability vale of a component based on dam classifications or standards defined by
dam owners. The results highlight the importance of performing inspections/tests which
have high failure detection efficiencies for each component type. Inspections/tests with
higher effciencies contribute more to reducing component unavailability and therefore,
require fewer inspections/tests to remain within acceptable unavailability limits. If
inspections/tests are inefficient, more tests are required to maintain component
unavailabiity within the same limits.

The second objective of this article was to investigate the availability of a spillway gate
system comprised of a combination of gates under load rejection and flood scenarios.
These two scenarios were investigated for systeitts both individual and common
lifting mechanisms. The case study determined the average and point unavailability of the
system for a given inspection/testing strategy for each scenario. Using the software
application, dam owners will be able to deterntime unavailability of their spillway gate
system during flood and load rejection and establish whether or not the strategy
adequately maintains thenavailability values under the limit defined by the dam
classifications. In the load rejection scenaridegavith independent lifting mechanisms

act as parallel systems. In other words, while some gates have priority of opening over
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others, opening any gate will pass the excess water due to load rejection. For common
lifting mechanisms, as demonstrated in tdase study, the lifting mechanism is usually
locked to one of the gates designated for load rejection; therefore, only one gate can
function during this scenatrio.

During the flood scenario, depending on the flood discharge one or a nhumber of gates
need toopen to pass the required amount of water. The spillway gate system will have
higher unavailability values for larger floods which require more than one gate to operate
at the same time; therefore it is essential to identify seasonal and annual floethéieg

in the area andb ensure the system is inspected/tested efficiently and has the required
availability prior to the flood season.

The last part of this article determines the optimum inspection/testing strategy for
spillway gate systems. This idone by minimizing a cost function comprised of
inspection/test costs and costs related to failure consequences. In this section,
optimization is done using the software application incorporating both the Genetic
Algorithm and the Creeping Random Searcprapch as two comparative methods to
ensure the accuracy of results. The results show that for high consequence dams, the
optimum test strategy is one which minimizes the average unavailability of the system
while in lower consequence dams, the optimumtsty would be one with fewer number

of tests and therefore lower test costs, therefore, introducing an unavailability limit for
such systems would ensure that the unavailability of the spillway gate system remains

within an acceptable range even if lowests are achievable.

5.8 CONCLUSION

The first objective of this study was to demonstrate the abilities of the software
application developed at McGill University to investigate the effects of type and
frequency of inspection and testing on components of a spillway gate system as well as
thesystem as a whole. Spillway gates are usually dormant and are located in remote areas
and subjected to severe environmental conditions. This study finds that both the
efficiency and the frequency of inspection/testing can significantly affect the reyiadfili

the gates. It is important to recognize that the efficiency of a given test to detect failure

may be different from one component to another. The second objective was to determine
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the unavailability of the spillway gate system during failure scesaridlood and load
rejection. The results show that gates with common lifting mechanisms have a higher
unavailability and therefore require more rigorous inspection/testing and monitoring
particularly prior to flood/wet seasons. Finally, the paper al$¢ernines the optimum
inspection/test strategy both in terms of cost and unavailability. The optimization
problem solved by both Genetic Algorithm and Creeping Random Search approach
illustrates how the optimization approach varies for different dam ctzghs.

This article has introduced the newly developed softwapplication and the
methodology to determine component and system unavailability and to evaluate the
effects of type and frequency of inspections and tests on the availability of spiihteay
systems. This is essential to dam owners in developing an optimum inspection and testing
strategy based on dam classifications. For a specific dam classification an optimum
inspection and testing strategy will ensure that spillways gate systenilitgliaeets the
classification requirementsaand at the same time reduces or eliminates costly

inspections/tests which contribute littletbee performance of the system.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

Dams are essentiahfrastructures forsociety. The ma purposes of dam construction
include water supply, hydropower, flood contratyigation, and navigation. d3sible
events that could initiate a dam failurensist of external event such as excessive static

or dynamic reservoir loads,oftds, upstream dam failure andrtaquakesand internal
events such as structural deterioration, foundation weakening, seepage and erosion,
mechanical or electrical failure of spillway angevator errarOut of these only a few
initiating failures aredominant contributors to riskThese dominant modes of failsre

vary depending on type of dame(, earth dam, concrete dam), storage type (reservoir or
run of the river dams), dam capacity, etc.

Maintaining the safety of aging infrastructares a major coocern of owners and
operators. Dams are no exception to this dilenfBpélways arecritical component of a

dam which, ly controlling releases, prevent overtopping and redengacts associated

with excessive downstream flows and upstream water level, foastiuctures, the
population and the environmer8pillway gate systems are among the nuwatial for
maintaining the safety of a dam and require assessments of both equigmdent
operational failure modesStatistics and the aging state of current danwcate that
spillways are becoming more prone to failure. As the consequences of dam failure can be
catastrophic and could involve loss of life, it is critical to develop procedures to evaluate
the reliability and risk associated with spillways and teeflp mitigation procedures

that may also include warning systems in the event of a possible flood inundation due to a
dam breachAlso, enpirical evidence demonstrates that the perceived level of reliability

of gates overestimates the actual reliabilégpecially for gates that are operated very
infrequently.

Components of most spillway gate systems spend the majority of their service life in a
dormant state and are activated randomly (i.e. for high flows or load rejection) or on a
regular basis for ingection and testing. Also, most spillways are located in remote areas
and are subjected to severe environmental conditions which can cause early degradation
of componentsFurthermore, components of old spillway gate systems are often custom
made with no eadily available spare parts and little information on the reliability of the
existing componentThese characteristiosiake it difficult for traditional methods to
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deliver accurate estimates on the reliability of such systems. Therefore, a new method is
required to take into account all the unique characteristics of the spillway systems as well
as the effect of type and frequency of inspections and tests to accurately determine
system availability on demand and considering different failure scenarios.

In this study, a novel methodology as well as the relatefiware applicationis
developedo accurately determine ttevailability of spillway gate systemdnitially, an
updating mechanism is developed to determine the real time availability of components
based on their condition after each inspection. The dormant condition indexing approach
accommodates degrading and aging of the system as well as component dormancy. This
approach provides a tool for dam owners to detect real time changes in the ayadfbili
spillway gate systems.

Next, Markov/semiMarkov analysis is used to model electrical, mechanical and
structural components and latent failures during dormanefactérs and duty cycle
factors are also used to incorporate environmental conditiahthareffect of dormancy
respectively. Fault tree analysis is then used to model the spillway gate system and
component interactions. The effect of inspections and tests on the availability of spillway
gate system is determined in order to identify thetneffective inspection and testing

plan both in terms of cost and increase in system availab@ier time, even with
regular inspection and maintenance, the dormant nature of the system along with the
severe environmental conditions to which spillways axposed, may result in the
degradation of performance of components. Therefore, testing the functionality of the
gate is an important aspect in ensuring continuous safe operation.

Finally, the optimum inspection and testing plan is determined for phlevay gate
system which minimizes system costs including costs related to inspection and testing as
well the consequences of failure while at the same time maintaining the availability of the
spillway gate system above a predefined limit. The main approaed to solve this
optimization problem is Genetic Algorithm through which the cost function is minimized
with the availability limit as a constraint. The results from this approach are then
validated using the Creeping Random Search Method.

A software application is then developed using Visual Studio® 2012 and the

methodology is integrated into a user friendly program with a strongniseiace With
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this software application, users will be able to model a spillway gate system comprised of
electrical,mechanical and structural components, add dormancy, environmental effects
and inspection and test options to each component and determine the availability of each
component as well as the entire system as a function of time. Also the software
applicationhas a built in optimization option and the optimum inspection/testing plan for
the modeled spillway and minimum system costs can be determined by adding
inspection/testing costs and failure consequences.

Using the software application dam owners will beedao determine the unavailability of
spillway gate systemfor potential failure modes such #sod and load rejection and
establish whether or not thexisting maintenance, inspection and testsitategy
adequately maintains thenavailability valuesbelow the limit defined by the dam
classifications.

Case studies have been conducted for a spillway with four vertical lift gates both with
independent and common lifting mechanisms. The unavailability of each component and
the gate assembly has been deteed as a function of time based on specific inspection
and testing strategies. The unavailability of the entire spillway (all four gates) has also
been investigated for the two most common failure modes of load rejection and flooding.
For the load regction scenarioresults from the software application indicate thates

with independent lifting mechanisntsave lower unavailability values since the four
gatesact asa parallel systemin other words, while some gates have priority of opening
over ohers, opening any gate will pass the excess water due to load rejection. For
common lifting mechanisms, the lifting mechanism is usually locked to one of the gates
designated for load rejection; therefore, only one gate can function during this scenario
leading to higher system unavailability

During the flood scenario, depending on the flood discharge one or a nhumber of gates
need to open to pass the required amount of whlere, the spillway system with a
common lifting mechanism also has higher unamlity since the lifting mechanism

acts as a common mode of failure as its failure will cause failure of all four gates to
operate. Alsospillway gate systemwill have higher unavailability values for larger
floods which require more than one gate terape at the same time; therefore it is

essential to identify seasonal and annual flood frequencies in the area and the ensure the
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system is inspected/tested efficiently and has the required availability prior to the flood
season.

Case studies also inda optimization of inspection/testing strategies spillway gate
systems. This is done by minimizing a cost function comprised of inspection/test costs
and costs related to failureonsequences. Hereptomization is conductedusing the
software applicaton incorporating bothGenetic Algorithm and the Creeping Random
Search approach as two comparative methods to ensure the accuracy of results. The
results show that for high consequence dams, the optimum test strategy is one which
minimizes the average wmilability of the system while in lower consequence dams, the
optimum strategy would be one with fewer number of taststherefore lower test costs.
Therefore, introducing an unavailability limit for such systems would ensure that the
unavailability ofthe spillway gate system remains within an acceptable range even if
lower costs are achievable.

The novel approach dnsoftware applicatiogan contribute greatly to the dam industry

by accurately determining the availability of the spillway gate systehitaitomponents

as a function of time and for potential failure modes, evaluating the effects of different
inspection and testing strategies on system availability and determining the optimum

inspection/testing plan for a given spillway.

6.1 STATEMENT OF ORIGINALITY

The original contributions of this research project are summarized as follows:

1 A novel dormant condition indexing approach combining Condition Indexing
method and dormant availability analysis. In this approach a quantitative index is
derivedfrom qualitative and descriptive inspection results as a mean to determine
the current state of the system and to project the condition of the system in the
future. This method provides information on the current state of the system after
each inspectionakes place allowing dam owners to obtain real time updates on
the availability of the system and to project its future conditions and to verify
whether or not the behavior of the system is as expected.

1 A novel approach in spillway reliability analysis by incorporating the effects of

both type (efficiency) and frequency of inspections and tests in the availability

140



model. As he efficiency of a givennspection ortest to detect failure may be
different fom one component to another, accounting for type and frequency of
inspections/tests ensures more accurate availability results.

1 A novel approach in the availability analysis of structural components. In this
study, multistate, semMarkov analysis has beeused for the first time for
determining the availability of structural components of spillway gate systems.
This model accounts for various aging and degrading states of a structural
component as well as the effects of dormancy and environmental coaditio

1 A novel system availability analysis program developed in Visual Studio
specifically for the availability analysis of spillway gate systems incorporating,
time-dependent failure probability distributions, Markov, séfa@rkov and fault
tree analysis, c@uoponent environmental and dormancy conditions and

optimization algorithms.

6.2 LIMITATIONS AND RECOMMENDATIONS FOR FUTURE WORK

The dormant condition indexing method can be beneficial to the dam industry and at
present, if conducted regularly throughdbe lifetime of a system, as a comparative
measure to identify changes in the condition of the system as it deteriorates; however, in
order to use this approach independently to determine the availability of the system, more
Cl data is required to devgloa connection between failure rates and the Cis as a
calibration scheme. Therefore, the method needs to be added to the inspection procedure
of spillway gate systems to be conducted regularly for a substantial period of time to
acquire a comprehensive dbase of Cls relative to failure rates.

Other limitations in component and system modeling include limited sources of failure
data for structural components, simplification of component interactions, correlations and
the effect of cascading failures anat mccounting for operational failures in the fault tree
model.

For future work it is recommended to update inspection and testing procedures to collect
data on Cls and structural failure rates in order to create a database for future references.
It is alo recommended to incorporate component interactions and correlations in the

availability model. Furthermore, studying the operational aspect of spillway gate failure
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such as operator error, access to site and operational equipment and qualifications and
training of operators may lead to a better understanding of gate operation and related
failures. Finally, in the optimization approach, the consequences of failure are simplified
and estimated as dollar value of damage to the dam, downstream populatidre and t

environment using an approach showi able6-1.

Table6-1: Consequence severity matrix (Developed with the feedback of loss prevention
group of a major oil and gas company)

Severity | Asset . Confidence or
Human Loss Environmental Loss :
Class Loss Reputation Loss
One o two iniuries Get attention in the
100K - Ul Within plant, Short | industrial complex.
requiring hospital L )
2 tol ) term remediation Information shared
L attention however . ) )
million . effort with neighboring
no threat to life :
units
Multiple major
11010 injuries, _p_qtentlal Minor o_ffs_lte |mpact_, Local media
3 million disabilities, Remediation cost will coverage
potential threat to| be less than 1 million
life
10- One fatalityand/or (;ommumty ad_wspry Regional med_la
A issued Remediation coverage a brief
4 100 multiple injuries : .
o . . . cost remain below 10 note on national
million with disabilities - X
million media
Community National media
>100 . » eva_cuat|on for I_on_ger coverage, Brief note
5 o Multiple fatalities | period, Remediation , e
million ) on international
cost in excesef 10 )
e media
million

A more detailed investigation into human injury and loss of life, damage or destruction of
downstream infrastructas and environmental and reputation loss can lead to a more

accurate modeling of overall failure consequences.
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APPENDIX A: CONDITION IDEX TABLES

Table A-1: River flow measurement (manual or electronic)
River Flow

Function Provide measurement of flow upstream from the spillway.

Excellent Providing data accurately and reliably including under extreme conditions and at required fre¥lemate
number ( for flow monitoring) for dam safety purposes. Instrument regularly checked and calibrate
Failed Not providing accurate datt functioning.

0-9 |10-[ 25-39 | 40--54|55-69|70--84| 85-100]| Score Comments
Indicator 1 2 3 4 5 6 7 S
Water Level Indicator and other
measurementlevices

Providing data accurately,
andreliably under extreme conditions
and at required frequency. Adequate X
number

(for flow monitoring) for dam saféystrument
regularly checked and

Inadequate frequency of X X
measurement

Poorly located or calibrated andfadequate
number for dam X X

safety purposes.
Cannot be checked manually or

visually.
Not functioning. X

Data acquisition device
Recording data at requireequency, X
accurately and reliably.

Low recording frequendyut still
adequate X X X
Unreliable with frequent X X
breakdowns reported.
Not accurate, not functioning X
Data transmission
Transmitting data at requiréequency, X
accurately and reliably.
Transmitting data at less tvaquired X X
frequency
Unreliable with frequent X X X
breakdowns reported.

Not accurate, not functioning X
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Table A-2: Reservoir level indicator

Reservoir level indicator

Function

Measure reservoir level

Excellent

Providing accurate data, redundancy and no evidence of malfunction (water level in the reservosifetydaamposes.

Instrument regularly checked and calibrated.

Failed

Not providing accurate data, fiahctioning.

0-9 | 10-24 | 25-39 | 40-54 | 550 69 | 70-84 | 85-100 | Score Comments

Indicator

1 2 3 4 5 6 7 S

Water level indicators

Measuring level accurately
and continuously

and adequate

number for dam safety purposes

Inadequate water level indicattms
determine the influence @find on pool
level

Poorly located (influenced lgate
opening or difficult to read)

Inadequate frequency of

measurement

No redundancy (only one gaugearthe
dam or spillway)
Cannotbe checked visualy or manualy

Not providing accurate datmt
functioning

Data acquisition device

Recording data continuously
accurately and reliably.

Low recording frequendyutstill
adequate

Unreliable with frequent
breakdowns reported.

Not accurate, not functioning

Data transmission

Transmitting data at requiréequency,
accurately and reliably.

Transmitting data at less thexquired
frequency

Unreliable with frequent
breakdowns reported.

Not accurate, not functioning
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Table A-3: Precipitation and temperature gauge network

Precipitation and Temperature Gauge Network

(For awatershec _ including data acquisition and storage)
Function Measure rainfall on watershed
Excellent Providing data accurately, continuously and reliably. Adequate number according to the sizteithed for darsefety
purposes. Instrument regularly checked and calibrated.
Failed Not providing accurate data, not functioning, no gauge in the entire watershed
0-9 | 10-24 25-39 | 40-54 | 550 69 | 70-84 | 85-100 | Score Comments
Indicator 1 2 3 4 5 6 7 S
Precipitation and Temperature gauges
Measuring rainfall accurately
continuously and reliabldequate
number according the size of the
watershed fodam safety purposes. X
Not accurate data or inadequmtmber of X X X
rain gauges
Not providng accurate data, |
functioning, no gauge in seNde the| X
entire watershed
Data acquisition device
Recording data continuously X
accurately and reliably.
Low recording frequendyut still
adequate X X X
Unreliable with frequent X X
breakdowns reported.
Not accurate, not functioning X
Data transmission
Transmitting data at requiréequency, X
accurately and reliably.
Transmitting data at less thvquired X X X
frequency
Unreliable with frequent X X
breakdowns reported.
Not accurate, not functioning X
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Table A-4: Snow measuring stations

Snow Measuring Stations

Function

Measure snow cover on watershed

Excellent

Measurement of snogover depth at an adequate number of locations with sufficient frequedayfaafety purposes.

Failed

Not measuring snow depth cover in the watershed where applicable.

0-9 | 10-24 | 25-39 | 40-54 | 550 69| 70--84 | 85-100| Score Comments

Indicator

1 2 3 4 5 6 7 S

Measurement of snow cowvdepth at an
adequate numberlotations with
sufficientfrequency for dam safety
purposes

Inadequate number of snomeasuremel
locations and/ansufficient frequency of
readings

Not measuring snow depthver in
the watershed whespplicable

Table A-5: Weather forecasting

Weather Forecasting

Function Forecsat precipitation in the watershed
Excellent Weather forecasting system can predict major precipitetients for dam safety purposes.
Failed Unavailability of weather forecasting data.
0--9 | 10--24 | 25--39 | 40--54 | 55--69 [ 70-84 | 85-100| Score Comments
Indicator 1 2 3 4 5 6 7 S
Weather forecasting system gaedict
major precipitationAccurate for dam X
safetypurposes
Unavailability of weather X
forecasting data
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Table A-6: Ice and debris

Ice and debris

Function

Provide information to the operator on debris and ice conditions upstream from the apiiwiagnage ice and debris

accumulation

Excellent

Ice and debris monitoring in place.

Failed

No ice and debris monitoring in place.

Indicator

0- 9 10-24 [ 25-39 | 40-54

55 8 69

70- 84

85-100

Score

1 2 3 4

Comments

Ice and debris monitoring

Ice and debris monitoririg
place

No ice and debris monitoririg place

Ice and debris management

Ice and debris management
procedures

are detailed, vp-dateavailable
to operators,

used, and effectilm.

Ice and debris management
procedures
are documented but

haw not been used

Outtdated or difficult to
implementDM

NolDM

Ice and debris control equipment

Ice and debris contrisl
effective

Ice and debris control

in place but partially effective

Ice and debris control not effecti%

Table A-7: Third party data

Third Party Data

Function

Obtain data from other rilier users.

Excellent

Provide reliable data on schedule

Failed

Unreliable data and/or with unacceptable delays. Data not prmided.

Indicator

0-9 | 10-24 | 25-39 | 40-54

70-84

85-100

Score

1 2 3 4

6

7

Comments

Provide reliable data on
schedule

X

Unreliable data and/or with
unacceptable delays

Data not provided

157



Table A-8: Gate position indicator

Gate Position Indicator

Function

Indicate the position of a spillway gate

Excellent

Provides a true reading relative to the opened or closed position of theig jularly checked
and calibrated.

Failed

Not providing accurate data, not functioning. Gate position indicator provides a false(relatingo the opened or closed
position of the gate).

0-9 | 10-24 | 25-39 [ 40-54 | 550 69 | 70-84 [ 85-100 [ Score Comments

Indicator

1 2 3 4 5 6 7 S

Gate position indicator

Provides a true reading relatite the
opened or closed positiofithe gate
Device regularly checked and

calibrated.

Gate position indicator out of
adjustment

Not providing accurate datayt

functioning

Gate position indicator provides false
reading (relative to tepened or closed
position ofthe gate)

Data acquisition device

Recording data continuously
accurately and reliably.

Recording data intermittenthyit still
adequate

Unreliable with frequent
breakdowns reported.

Not accurate, not functioning

Data transmission

Transmitting data continuousigcurately
and reliably.

Transmitting data at less trequired
frequency

Unreliable with frequent
breakdowns reported.

Not accurate, not functioning
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Table A-9: Flow prediction model

Flow prediction model

Function

Models thenflows and outflows of the watershed

Excellent

Properly utilizes input data to generate accurate and timely flow predictions under normal ane\exiteme

Failed

Inaccurate non dependable or untimely predictions

Indicator

0-9 | 10-24 | 25-39 | 40-54 | 5506 69 | 70-84 | 85-100 [ Score Comments

1 2 3 4 5 6 7 S

Property utilizes input data tgenerate
accurate and timely flow predictions
under normaind extreme events

Dependable under normal
conditions, untested undextreme
events

Dependable under normeahditions,
undependable antimely under
extreme

events

Inaccurate, undependable or untimely

Table A-10Decision process

Decision process

Function

Clearly defined roles, responsibilitiesdetermining the need to open a gate.

Excellent

Process is documented and is tested on a regular basis.

Clear and current decision process that promotes appropriate and timely decisions as events warrant.

Failed

Not clearly defined process

Indicator

0-9 | 10-24 | 25-39 | 40-54 | 550 69 | 70-84 [ 85-100 [ Score Comments

1 2 3 4 5 6 7 S

Clear and current decision process
promotesappropriate and timely
decisionss events warrant. Process is
documented and is

tested on a regular basis.

Clear and current decisigmocess.
Process islocumented; however it has
been tested on a regular basis

Decision process in place but is not
documented.

Roles and responsabilities
not defined in decision process
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Table A-11: Telecommunication system

Telecommunication system

Function

Provide communication between decision makers and local operators

Excellent

Dedicated system designed to operate under extreme conditions, has been testetivaitaiityat all times.

Failed

No communication

10-24 | 25-39 | 40-54

558 69

70--84

85-100

Score

Indicator

1 2 3 4

Comments

Dedicated system designedfzerate
under extremeonditions, has been
testedrecently. Availableat all times

Expected to be reliable undezxtrem)
conditions, has not bemrsted recently.
Available at all times

Expected to be reliable undextreme
conditions. Systemhas not been
tested recently.

Vulnerable under extreme
conditions.

No Communication

Table A-12: Public protection and warning system

Public Protection and WamingS_ystem

Function

System to warn and protect the public against consequences of gate opesyilinarychazards (includes horns, strobe lights,

warning signs, fencing, safety booms, video cameras, site checks, etc.).

Excellent

Warning system including opening sequence protocol is effective and comprehensive.

Failed

No public protection and warnirgystem

0-9 | 10-24 | 25-39 | 40-54

550 69

70--84

85-100

Score

Indicator

1 2 3 4

Comments

Warning system includingpening
sequence protocoléffective and
comprehensive.

Systemiis effective but publiesponse
is doubtful

System is inadequate to wasmd
protect against spillway hazards an
rapid water rise.

No public protection and
warning system
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Table A-13: Availability and mobilization (design flood)

Availability and Mobilization

(Design flood)

Function

Provide key personnel and resources required for operation of the spillway during the design flood.

Excellent

Key personnel and resources can always be reached and can get to gate controls in a
timely fashion.

Failed

Key personnel or resources cannot reach gate in required time.

0-9

10-24 | 25-39 | 40-54 | 550 69 | 70-84 | 85-100 | Score Comments

Indicator

1

2 3 4 5 6 7 S

Availability

Key personnel always availablétat site of
at thegate controls

Key personnel available on call
continuously

Onrcall plan activated as needed

Extensive ugto-date list okey
personnel

Short list of key personnel

No or outdated list of availaliey
personnel

X

Mobilization (Time required to contact

personnel,

get the required equipement and reach the site)

Mobilization not require@Personnel
and resourcealways available at the s
or atthe gate remote controls)

Mobilization can be achievebefore
reaching the critical polalvel

Mobilization can be achievetlefore
reaching the maximurrpool level
(above the criticgbool level)

Mohilization cannot be achieviedfore
reaching the maximugool level
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Table A-14: Availability and mobilization (load rejection)

Availability and Mobilization

(Load rejection)

Function

Provide key personnel and resources required for operation of the spillway during the design flood.

Excellent

Key personnel and resources can always be reached and can get to gate controls in a
timely fashion.

Failed

Key personnel or resources cannot reach gate in required time.

0-9 | 10-24 | 25-39 | 40-54 | 550 69 | 70-84 | 85-100 | Score Comments

Indicator

1 2 3 4 5 6 7 S

Availability

Key personnel always availablétat site of
at the gate controls

Key personnel available on call
continuously

Oncall plan activated as needed

Extensive ugo-date list okey
personnel

Short list of key personnel

No or outdated list of availaitey
personnel

Mobilization

Mobilization not required@Personnel
and resourcealways available at the s
or atthe gate remote controls)

Mobilization can be achievebefore
reaching the critical potaivel

Mobilization can be achievebefore
reaching the maximunpool level
(above the criticabool level)

Mobilization cannot be achieviedfore
reaching the maximugool level
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Table A-15: Operating procedures

Operatingprocedures

Function

Provide detailed instructions for the proper operation of the gates.

Excellent

Operatingorocedures are detailed;tapate and available to operators

Failed

No operating procedures

Indicator

0-9

10-24

25-39

40-54

55-69

70-84

85-100

Score

1

2

3

4

Comments

Standard operating procedures (covers normal andmergenc

situations

(SOP)

Standard operating procedusge
detailed, ugo-date,available to
operators and tested

Standard operating procedunese not
been fully tested.

Outdated or difficult tamplement
standard operatifocedures

SOP do not cover emergersityiations
(fire, dam break,earthquake, flood
exceedingpillway capacity)

No standard operating
procedures

X

Autonomous operating procedures (covers normal

and emerg

lency situat

ons)(AOP)

AOP
are detailed, vip-date andvailable to
operators.

AOP
have not been tested

Outtdated or difficult to
implement AOP

AOP do not cover emergensijuations
(fire, dam break, earthquake, flood
exceedingpillway capacity)

No AOP
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Table A-16: Qualification and training of operator

Qualification and training of operator

Function To insure that operators are qualified to operate the gates
Excellent Personnel are trained and practiced in the operation of the gates and are familiar with the site anpestaiiniyutocedures.
Failed Personnel are untrained, unpracticed and unfamiliar with the site and the standard operating procedures.
0-9 | 10-24 25-39 | 40-54 | 550 69 | 70-84 | 85-100 Score Comments
Indicator 1 2 3 4 5 6 7 S
Personnel are trained gorcticed inthe
operation of thgates and are familiar with
thesite and the standard operating X
procedures.
Personnel are trained hurpracticed
with the operation of the gates. X X
Personnel are unfamiliar wittandard X X
operating procedures.
Personnel are unfamiliar with tiee X X
Personnel are untrained and
unpracticed with theperation of the X X
gates.
Personnel are untraineshpracticed and
unfamiliar withsite and the standard X
operatingrrocedures.
Table A-17: Portable equipment for lifting gates
Portable equipment for lifting gates
Function Portableequipment that is required for operating the gates
Excellent Portable equipment is kept in good working order and is readily available
Failed Portable equipment can not be prolAded within the required time for operating the gate
0-9 10-24 | 25-39 | 40-54 | 550 69 | 70-84 | 85-100 Score Comments
Indicator 1 2 3 4 5 6 7 S
Portable equipment is kepgnod
working order and is readily available X
Portable equipment is readityailable
but condition isinknown X X
Portable equipment mustieated X X
Portable equipment can not peovided
within the required timéor operating th X
gate
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Table A-1:8 Road

Road

Function

To provide access to the site.

Excellent

Travel by road is possiblender adverse conditions without significant delay

Failed

Road not available under atherse conditions or seasonally.

0-9 | 10-24 | 25-39 | 40-54 | 550 69 | 70-84 | 85-100 | Score

Indicator

1 2 3 4 5 6 7 S

Comments

Travel by road is possible undéherse
conditions
without significant delays

Travel by road is possible undathersg
conditions but distanceo site is ¢
hindrance

Roadways or bridges knowntie
vulnerable to slides,

erosionflooding, etc.
but alternate road available

Roadways or bridges knowntie
vulnerable to slidegrosion, flooding,
etc.

with no alternate road

Road not available under athersaditions
or seasonally
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Table A-19: Alternate means of access

Alternate means of access

Function

To provide access to the site in lieu of road access if required.

Excellent

Alternate means of travel allowing access within required time under adverse conditions and recently tested

Failed

Alternate means of access frequently not available

0-9

10-24 | 25-39 | 40-54 | 550 69 | 70-84 | 85-100 | Score Comments

Indicator

1

2 3 4 5 6 7 S

Alternate means of travalowing
access within requirdithe under adverse|
conditionsandrecently tested

Helicopter or plane

Company owned/leaséelicopter or
plane dedicated @perational staff and
adequaté&anding area at site

Helicopter or plane on call @hared
and adequate landiagea at site

Landing site for helicopter ptane but
no current usagreement

No landing site

Boat access

Accessible by company boat dhe
waterway and dedicated toperationg|
staff

Accessible with boats availafiteally

Accessible by company owned boat n
near site

No safe docking area availableder
flood conditions

Ground access by specializegehicles
(ATV, snowmobile, etc.)

Ground route  accessble  with
specialized company vehicleand
dedicated to operatiorshff

Ground route accessible with specialized
vehicles availablecally

Alternate means of access

frequently not available.
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Table A-20: Local access

Local access

Function

Provide access to gate controls

Excellent

Access is possible during adverse conditions.

Failed

Access impracticable during adverse conditions. Access is not structurally sound.

Indicator

0-9 | 10-24 | 25-39 | 40-54

550 69| 70--84 | 85-100| Score

1 2 3 4

5 6 7 S

Comments

Pedestrian access

Access is possible durilaglverse
conditions

X

Access is possible duriregiverse
conditions but minarepairs are
required.

Excessive debris present.

Access is possible during adverse
conditions but ifiazardous

Access impracticable during adverse|
conditions.Access is not structurally
sound

Keys and locks

Operators have the requirkelys to
access all secureateas and
equipment and loclare well
maintained andlentified

Locks are not well maintained

Operator does not have acaesa full
set of wellidentifiedkeys.

Table A-21: Remote and on site controls

Remote and onsite controls

Function

Operate gate and equipment

Excellent

Clearly labeled and properly maintained.

Properly located and lighted.

Failed

Improperly labeled controls.

Improperly located or lighted.

Indicator

00 9 | 100 24 | 250 39

40--54

55--69 | 700 84 | 85-100 | Score

1 2 3 4

5 6 7 S

Comments

Clearly labeled and properly
maintained. Properly locatecind
lighted.

Correctly labeled but impropettycated
controls

Controls or devices requiexcessive
effort to be activated

Gate or gate position indicatonfetated in
the line

of sight of the operator (visuallamote
camera)

Improperly labeled controls.
Improperly located or lighted
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Table A-22: Medium voltage overhead lines

Medium Voltage Overhead Lines

Function

Supply power to the spillway.

Excellent

Built to current codes and standards, and maintained to provide continuous service and psspes ttlaarances are

maintained.

Failed

Loss of power.

Indicator

0-9

10-24

25-39

40-54

550 69

70--84

85-100

Score

1

2

Comments

Vegetation control

Line is free of vegetation

Some vegetation encroachnier feet)

Poor vegetation contrst3
feet)

Lightning protection

Protection according to codasd
standards

Inadequate lightningrotection
but not exposed

Damaged or inadequate lightnprgtection

and exposed

Poles supports and
accessories

(insulators conductors)

No visual damage

Damaged poles, supports, and
accessories
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Table A-23: Local or emergency generator

Local or Emergency Generator

Function

Supply power directly to the spillway

Excellent

Provides nominal power at the correct frequency and voltage. Able to assume required load withirisyeepéiesineters and provide

continuous service.

Failed

Wil not start.

Rejects load.
Unable to obtain nominal frequency and/or voltage to lift theldiagble to heat gate if

required

Indicator

0-9| 10-24| 25-39 550 69 70-84| 85-100

Score

1 2 3 4 5 6 7

Comments

Functional tests for altematorand
engine(Tests performepleriodically
under loactonditions and to be
verified during inspections)

Frequency and voltage

Frequency and voltage witimiominal
values

Frequency or voltage do not meet
nominal values but castill operate
the gates

Frequency or voltage do airmit
gate operation

Eng. Temp. and oil pressure

Engine temperature and pitssure
within nominal lalues

Engine temperature or qitessure
outside nominafalues

Extreme temperature
(low or high) or no pressure

Starting sequence

Starting sequence successfifirst
trial

Starting sequence successfttin
three trials

Does not start within thresials

Noise and vibration

Engine runs without excessiibrations
or noise

Engine runs with increasing
vibrations or noise over time

Functional test

Functional test performed
according to standards

No periodic functional test

Fuel

Fuel according to specifications

No fuel registry on site

Contaminated or old fuel

No fuel

Batteries

Sized and maintained for
specified load

Battery in service longer tharritged
service life

Improper electrolyte

Battery discharged or faulty cells
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Battery charger

Maintains battery charge specified

level

Does not maintain batterhiarge at
specified level

Alternator

Insulation resistance within
specifications

Decreasing trend in insulaticesistance
with  time but stil within
specifications

Insulation resistance outside
specifications

Lubrication system

Oil is within specificationgquality
and level)

Contaminated or oil outside of
specifications but at correct level

Clogged filter

Low oil level due to leaks or
excessive consumption

No oil or excessive viscosity

Cooling system

Fluid is within specification&uality
and level)

Contaminated fluid or significaletak

No fluid, or no fiuid (or air)
circulation

Intake and exhaust system

Unobstructed air intake arekhaust
system with fiter iplace

Inadequate filter or no filter

Partly clogged air filter areduced
circulation or exhaustefect

Blocked air intake or exhaststem
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Table A-24: Underground and encased cables (medium voltage)

Underground and Encased Cables (medium voltage'

Function

Supply power to the spillway

Excellent

Built to current codes and standards, and maintained to provide continuous service.

Failed

Loss of power

Indicator

0-9

10-24

40-54

558 69

70-84

85-100

Score

1

2

Comments

Insulation

Performs the function andfoasses the
standard testingrocedures

Does not perform the functigwr
passes the Standard TedBngcedures

Terminations

Adequate connection

Loose connection

Discoloration

Cannot supply power

Table A-25: Power feeder cables (low voltage)

Power feeder cables (low voltage'

Function

Supply power to gate operating equipment

Excellent

Built to current codes and standards, and maintaingvide continuous service.

Failed

Loss of power.

Indicator

0-9

10-24

40-54

5508 69

70-84

85-100

Score

1

2

Comments

Insulation

Performs the function andjoasses the
Standard Testingrocedures

Does not perform the functiawr
passes the Standard Ted@ingcedures

Terminations

Adequate connection

Loose connection

Discoloration

Cannot supply power
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Table A-26: Transformer

Transformer

Function

Supply power at correct xoltage level

Excellent

Built to current codes and standards, and maintained to provide continuous service at correct xoltage level.

Failed

Cannot supply correct voltage level.

Indicator

0-9 10-24 | 25-39

40--54

5508 69

70-84

85--100

Score

1 2 3

4

Comments

Dielectric (oil)

Oil according to specifications

Contaminated oil (presence of
foreign matter, e.g.; moisture)

Degraded oil (by arcing, agirag;idity)

Dissolved gases

Insulation

Performs the function andfmsses the
standard testingrocedures
(insulationresistance and power
factoretc.)

Does not perform the functiomor
passes the standard tespinocedures

Windings

Performs the function andfoasses the
standard testing procedures
(resistance animstratio)

Does not perform the functiowr
passes the standard teginocedures

Cannot supply power

Tank

No leaks

Inadequate oil lewl or oil leak

SeNce life (based on utiligtandard
practices)
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Table A-27: Power source transfer system

Power source transfer system

Function To transfer from normal source to altemate source and retum
Excellent Built to applicable codes and standards, and maintained to provide the expected service.
Failed Cannot providexpected service.
0-9 10-24 | 25-39| 40-54| 558 69| 70-84| 85-100| Score| Comments
Indicator 1 2 3 4 5 6 7 S
Functional test
(transfer switch)
Successful X
Failed X
Functional test (Manualtransfer
device)
Successful X
Failed X
Table A-28: Ice prevention system (air bubbler)
Ice prevention system
lair bubbler'
Function To keep gates ice free
Excellent Built to applicable codes and standards, and maintained to proviekpteed service.
Failed Cannot provide expected service.
0-9 10-24 | 25-39| 40-54| 558 69| 70-84| 85-100| Score| Comments
Indicator 1 2 3 4 5 6 7 S
Functional test
Upstream gate surfaces X
maintained ice free
Upstream ice accumulatignevents X
operation of the gate
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Table A-29: Lighting system (nhormal and emergency)

Liohtina system (normal and emeraencv)

Function Provide appropriate illumination to assure safe spillway operation
Excellent Built to applicable codes and standards, and maintained to provide the expected service.
Failed Cannot provide expected service.
0-9 10-24 | 25-39( 40-54| 550 69| 70-84| 85-100 Score Comments
Indicator 1 2 3 4 5 6 7 g
Functional test
Safe level of lighting is provided X
Insufficient or impaired lightinfgirty,
burned out or missirigulbs) X X X X
Lighting system inoperable X

Table A-30: Limit switches

Limit switches

Function To permit operation only within specified range
Excellent Built to applicable codes and standards, and maintained to provide the expected service.
Failed Cannot provide expected service.
0-9 10-24 | 25-39| 40-54| 558 69| 70-84| 85-100( Score | Comments
Indicator 1 2 3 4 5 6 7 Q
Functional test
Operated successfullyjpassed X
simulated test
Failed X
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Table A-31: Ice prevention system (heating)

jheating elements

Ice prevention system

fans,thermostats, gain heaters'

Function

To keep gates and gains ice free and/or prevent corrosion

Excellent

Built to applicable codes and standards, and maintained to provide the expected service.

Failed

Cannot provide expected service.

0-9

10-24

25-39| 40-54| 5506 69| 70-84| 85-100| Score Comments

Indicator

1

2

3 4 5 6 7 S

Functional test

Heat is maintained within
specifications

Some heating systeromponents do not
function bugate can still be operated in
winter conditions

Does not prevent icacumulation or gatey
cannot beperated

Table A-32: Distribution panel

Distribution panel

Function To provide power to lighting, heaters, fans, monitoring instrumentation, etc.
Excellent Built to applicablecodes and standards, and maintained to provide the expected service.
Failed Cannot provide expected service.
0-9 10-24 | 25-39| 40-54| 558 69| 70-84| 85-100| Score | Comments
Indicator 1 2 3 4 5 6 7 S
Functional test
Successful X
Failed X
Visual inspection
No visible problems X
Loose connections X X
Presence of moisture or X X X
corrosion
Damaged seals X X X
Damaged or missing locks X X X
General condition X X X X X
Carbinet heating
Operational X
Non operational X X X
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Table A-33: Translation motor (electric)

Translation Motor (electric)

Function

Transforms electric power into mechanical power

Excellent

Built to applicablecodes and standards, and maintained to provide the expected service.

Failed

Cannot provide expected service

0-9 10-24| 25-39

40-54

550 69

70-84

85-100

Score

Indicator

1 2 3

Comments

Insulation

Performs the function andfmrsses the
standard testingrocedures
(insulationresistance)

Does not perform the functiowr passes
the standard testipgocedures

Apparent Temperature

Normal temperature range

Overheating

Overloading

Current and voltage within naipiate

specifications

Excessim curent at rafecltage

Fault trip

Impaired ventiiaion (open
motor)

Impaired ventiatiofopen
motor)

Bearings and bushings

Adequate, and appropriate
lubrication

Inadequate lubrication

No rotation due to seizing

Noise and vibrations

Motor runs without excessilnoise or
vibrations

Motor runs with increasing noise
vibrations over time
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Table A-34: Lifting motor (electric)

Lifting Motor (electric)

Function

Transforms electric power into mechanical power

Excellent

Built to applicable codes astandards, and maintained to provide the expected service.

Failed

Cannot provide expected service

0-9 10-24| 25-39

40-54

550 69

70-84

85-100

Score

Indicator

1 2 3

Comments

Insulation

Performs the function andfmrsses the
standard testingrocedures
(insulationresistance)

Does not perform the functiowr passes
the standard testipgocedures

Apparent Temperature

Normal temperature range

Overheating

Overloading

Current and voltage within naipiate

specifications

Excessim curent at rafecltage

Fault trip

Impaired ventiiaion (open
motor)

Impaired ventiatiofopen
motor)

Bearingsand bushings

Adequate, appropriate
lubrication

Inadequate lubrication

No rotation due to seizing

Noise and vibrations

Motor runs without excessilnoise or
vibrations

Motor runs with increasing noise
vibrations over time

177



Table A-35: Motor control center or individual control panel

Motor Control Center or Individual Control Panel

Function Provide power to the motor
Excellent Built to applicable codes and standards, and maintained to provide the expected service.
Failed Cannot provide expected service
0-9 10-24 | 25-39| 40-54| 558 69| 70-84| 85-100| Score| Comments

Indicator 1 2 3 4 5 6 7 S
Functional test
(transfer switch)
Successful X
Failed X
Visual inspection
Discolored or pitted contacts X X X
Loose connections X X
Audible noise X X
Presence of moisture or X X X
corrosion
Damaged seals X X X
Damaged or missing locks X X X
Cabinet heating
Operational X
Not operational X X X

Table A-36: Cam switches

Cam switches
Function To commutate the resistances in the rotor circuit of wootied motor
Excellent Built to applicable codes and standards, and maintained to provide the expected service.
Failed Cannot provide expected service.
0-9 10-24 | 25-39| 40--54| 558 69| 70-84| 85-100| Score | Comments

Indicator 1 2 3 4 5 6 7 S
Functional test
Controls the speed and torqokthe
motor and permits rewidéection X
Does not control the motorexspected X X
Fails to control the motor X
Overheating or arcing
Improperty adjusted contacts
(Misalignment and/or X X X
inadequate pressure)
Dirty or burned contacts X
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Table A-37: External resistors

External resistors

Function Add or remove resistance in the circuit of the rotor (weatm motor)
Excellent Built to applicable codes amsthndards, and maintained to provide the expected service.
Failed Cannot provide expected service.
0-9 10-24 | 25-39| 40--54| 558 69| 70-84| 85-100| Score | Comments
Indicator 1 2 3 4 5 6 7 Q
Functional test
Permits full control ofhe speed and X
torque of the motor
Fail to adequately control tieotor X
(missing or faulty resistor)
No response from the motor X

Table A-38: Inverter control system

Inverter control system

{includes the rectifier system)
Function Permits variable frequency control of the translation or liting motor
Excellent Built to applicable codes and standards, and maintained to provide the expected service.
Failed Cannot provide expected service.

0-9 10-24 | 25-39( 40-54| 556 69| 70--84| 85-100( Score Comments

Indicator 1 2 3 4 5 6 7 S
Functional test
Provide controlled variable spesuti X
torque of the motor
Fails to operate the motor X
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Table A-39: Screwand nut (screwtype hoist)

Screw and Nut (Screwtype hoist)

Function

Transfer shaft rotation into gate movement

Excellent

No warping, no wear, geometry according to specifications, uncontaminated grease.

Failed

Warped enough to jam the mechanism, broken, split, missing threads, enough surface damagedamarssarxcessive friction

10-24

550 69

70-84

85-100

Score

Indicator

Comments

No warping, no wear, geomeaigcording to
specificationgncontaminated grease.

Surface Contaminants on grease or slig
warping on screw witiome damage or
wear to

threads of nut

Inappropriate lubrication

Excessive friction/noisejbration and
jumping, presenaaf metal shavings

Warped enough to jam theechanism;
broken, splitmissing threads; enough
surfacalamage/corrosion to cause
excessive friction

Table A-40: Bearings

Bearings (Radial, thrust, power screw assembly)

Function

Provide low friction support to rotating parts

Excellent

Well lubricated and without abnormal noise or vibration, no excessive play

Failed

movement.

Does not provide support to the moving partssandssories (wheels or gears). Does not allow free

Indicator

0-9

10-24

25-39

550 69

70-84

85-100

Score

1

Comments

Normal noise or vibration, runs well

Abnormal noise or vibratidout
still runs

Abnormal noise or vibration witio
lubrication or blockage @frease lines
but still runs

Abnormal noise or vibratiowith no
lubrication or blockagef grease lines
and cracketiousing but still runs

Seizing between pin/shaft dmeshing.
Rotation of pinin
yoke/lug.
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Table A-41: Split bushing or journal bearing

Split Bushing or journal bearing

Function

Provide low friction support to rotating parts

Excellent

Well lubricated anduns without noise, no excessive play

Failed

Moving parts seized or excessive friction.

Indicator

0-9

10-24

25-39

40-54

558 69

70-84

85-100

Score

1

2

3

4

Comments

Welllubricated and runs withaupise, no
excessive play

Noise with lubricatiomvith
some wear

Noise without lubricationvibration
or cracked housingt still running

Moving parts seized or
excessive friction.

Table A-42: Rotating shafts, supports, bearings and couplings

Rotatina Shafts, Support Bearinas and Couplinas

Function

Transfer torque

Excellent

No corrosion, minor surface rust, no dent, straight, no crack

Failed

Broken or severely bent or misaligned so therinot rotate

Indicator

0-9

10-24

25-39

40-54

5508 69

70-84

85-100

Score

1

2

3

4

5

6

Comments

Corrosion

No corrosion

Corrosion but no section loss

Measurable section loss

Severeitting

Warping or Misalignment

No warping

Slight warping or misalignmetitat does
not affect the motdoad

Warping or misalignment thiacreases
the motor load / lockout order

Warping or misalignment thatevents
movement

Cracking

No cracks

Crack known to be non critiq@fter
evaluation)

New crack or growth in existirigack

Split or broken shaft/couplings

Missing bolts or components

No missing bolts, distortionr gap

Missing bolts or distortionr
gap
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Table A-43: Gear assembly (hoist)

Gear assembly (exposed or encased) including

associated bushina antiearina (hoist)

Function

Provide speed reduction for hoist mechanism

Excellent

Shafts and Gears well aligned, well lubricated (no contamination, correct type of lubricant, stabie lpaefy, missing, no
surface defects, no pitting. No excessieise, jump or vibration.

Failed

Gear can not transmit torque or motion

Indicator

0-9 10-24 [ 25--39

40-54

558 69

70-84

85-100

Score

1 2 3 4

Comments

Noise, jump and vibration

No excessive noise, jung,
vibration

Any one of excessive noigemp,
or vibration

Tooth wear, contact, and
breakage

No wear with full contact anatoperly
meshed

Minor wear

Significant part of contasurface of
teeth missing due liveakage or wear,
or misalignment

Teeth missing preventingtation

Anchor (fastener to shaftkey or pin)
movement ordeterioration

Fastener in place and
undamaged

Key or pin is cracked

Gearslipping on shaft

Bearing or bushing wear

Normal noise, runs smoothly

Excessive noise or crackedusing,
but still running

Jammed

Lubricant

Well lubricated, naontamination,
correct type diibricant, correct level
or complete coverage of grease

Presence of contaminants, lewel of
ail, or change in oil condition or color
(encased)

Inadequate coverage of lubricant

Presence of contaminants tbatild jam
the gear (includes ifermation)

Presence of contaminants faahs the
gear
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Table A-44: Dedicated lifting connectors

Dedicated lifting connectors

(Pins. lugs. devises, and charonnectors

Function Connect gate to lifting mechanism
Excellent No cracks, no deformation, no corrosion, pin in place
Failed Cracked or cannot sustain load

0-9 Comments
Indicator 1 N/A
No cracks, no deformation, corrosion
Bent, distorted or severalprroded
elements
Cracked elements X
Missing parts X

Table A-45: Non-dedicated lifting connectors
Non-dedicated lifting connectors
(Pins and dogging pins. lugs to the gate)

Function Connect gate to liting mechanism
Excellent No cracks, no irregularity, no bending, pin well set with uniform bearing
Failed Broken or not in place or unable to insert

0-9 Comments
Indicator 1 S
Undamaged and correcijigned
Misalignment, damage X X X X
Misalignment, crackediamaged,
bent, or severely corroded and pin X
cannot bénserted or missing pin

Table A-46: Clutch
Clutch

Function To engage or disengage shaft at will
Excellent No slipping while engaged and can be disengaged at will
Failed Impossible tdransmit torque, cannot be engaged or disengaged.

0-9 10-24 | 25-39| 40-54| 550 69| 70-84| 85-100| Score | Comments
Indicator 1 2 3 4 5 6 7 S
No slipping while engaged acdn be X
disengaged at will
Minor slippage that still permitse X X X
power to be transmitted
Major slippage that still permite power
to be transmitted bgipeed is reduced g X X
merheatingf plates
Impossible to transmit torgagnnot be
engaged atisengaged. X
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Table A-47: Drum, sheaves and pulleys

Drum, sheaves and pulleys

Function

To transfer load to wire ropes

Excellent

No visible wear, no abnormal noise, freely rotating

Failed

Broken flange that cannot retain wire rdpeized pulley

Indicator

0-9 10-24 | 25-39| 40-54| 556 69

70-84

85-100

Score

1 2 3 4 5

Comments

Visible or measurable wear

No visible wear, no abnommabise,
freely rotating

Localized indentations,
scratches

Damage or wear that may caassip or
misalignment, oabnormal noise, or
vibration ofwire rope

Broken flange that cannot retaiire rope,
or seized pulley

Corrosion

Failure of paint system, spaif
surface rust, no section loss

Surface scale present,significant
or measurablgection loss

Significant or measuraldection
loss

Holes, complete section loss

Groove wear (sheaves argrums)

Nowear

Uneven groove

Metal missing at the bottom thie
groove

Wire rope clamps or anchors

Proper contact and solidstened

Loose connection or damagdsmp

Missing clamp or anchor

Table A-48: Hoist brake

Hoist Brake

Function

To arrest motion of gate and hold gate in any position

Excellent

Can arrest motion at any position, not seized

Failed

Cannot arrest motion at any position, seizing of brake

Indicator

0-9 10-24 | 25-39| 40-54| 558 69

70-84

85-100

Score

1 2 3 4 5

Comments

Can arrest motion at gpgsition,

not seized

Limited slippage withoutmpacting
operation; no slip butbration

Limited slippage that impaatperation

Continuous slippage, seiziofjrake
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Table A-49: Carriage brake

Carriage Brake

Function To arrest motion of carriage at will
Excellent Can arrest motion at any position, not seized
Failed Cannot arrest moticat any position, seizing of brake

0-9 Comments
Indicator 1
Can arrest motion at any
position, not seized
Limited slippage withouimpacting
operation; no slip butbration

X X X

Limited slippage that impacperation
Continuous slippage, seizio§ X
brake

Table A-50: Fan brake

Fan Brake

Function To limit the speed of descent of a gate in abserpeveér supply
Excellent Clean, unobstructed airways, louvers veditined and secured, gate closes at the specified speed.
Failed Exceeds the specified closing speed of the gate
0-9 Comments
Indicator 1
Clean, unobstructed ainvayguvers
well-aligned andsecured, gate X
closes at the specified speed
Obstructed airways, unseculedvers or
damaged impeller
Gate closes too fast X

185



Table A-51: Wire rope and connectors

Wire rope and connectors

Function

Transmit lifting force to the gate

Excellent

No broken wires, can bend easily on a sheave or drum, well lubricated, no corrosion

Failed

Six or more broken wires, birdcagimegiuction in wire diameter > 10%

0-9

10-24 | 25-39| 40-54| 556 69| 70-84| 85-100| Score

Indicator

1

2 3 4 5 6 7 S

Comments

Kinking

No kinking

Minor, kinking of a wire

Major, kinking of one or morgtrand

Corrosion

No corrosion, well lubricated

No surface grease

Carbon steel wire rope connectors
below the water lingnd not inspected, g
corrosion

Reduction in wire diameter>10%

Outer wire wear, or breakage

No outer wire wear, or breakage

Nicks or surface gouges (round
ropes)

Nicks or surface gougéfat
ropes)

Six or more broken wires withalay

Birdcaging

Corrosion

Even tension

Uneven tension not preventinpening

Uneven tension presentingening
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Table A-52: Trunnion assembly

Trunnion Assembly

Function Allow rotation of the radial gate
Excellent Well lubricated and without abnormal noise or vibration, no excessive play or friction
Failed Does not rotate or excessive friction during gate operation

0-9 10-24| 25-39| 40-54| 550 69 70-84| 85-100| Score Comments
Indicator 1 2 3 4 5 6 7 S

Functional Test

Runs well with head. Frequengind

uniformly lubricated, freeotation betweer
pin and joumaknd/or thrust bearing. X
Well-aligned pins.

Normal noise or vibration, Rungell in

dry conditions withouhead. Free rotatiol
between piand journal and/or thrust X
bearing. Welkligned pins

Abnormal noise or vibration or no
lubrication or blockage ajrease lines d X X X
cracked housinigut still running

Seizing between pin/shaft and
bushing.Rotation of pin iyoke/lug. X X X

Pin lateral displacementtiminnion X X

Lubrication
Well lubricated X

No lubrication or lubricationondition X X X
unknown

Corrosion
Extemal corrosion on tiassembly

Corrosion preventing the removal of the| X X
cover plate

Table A-53: Trunnion beam and anchorage

Trunnion beam and anchorage

Function To provide structural support of trunnion assembly

Excellent No cracks, no discoloring, no corrosion, no displacement, no deformation, no loose or missitmpkschoiconcrete spalling

Failed Loss of support

0-9 10-24| 25-39| 40-54 | 550 69| 70-84| 85-100 Score Comments
Indicator 1 2 3 4 5 6 7 S

No cracks, no discoloring,

no corrosion, no displacemam,
deformation, no loose anissing X
anchor bolts, no concrete spalling

Corrosion of the anchorage and bolts X X
Excessive displacement of the X X X
anchorage (if data is available)

Excessive deflection of anctimam (if X X X

data is available)

External postension rodsorrosion X X X

Diagonal shear cracksdoncrete X X X

trunnion beam

Loss of support X
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Table A-54: Chain and sprocket assembly

Chain and sprocket assembly

Function To transmit lifting force to gate
Excellent No wear/play, well aligned, no corrosion, free movement of the pins, well lubricated, no deforméiiefislaf or sprocket, no
missingretention clips, no missing chain guides
Failed Missing pin, link, or cracked link or severely damaged sprocket
0-9 10-24 [ 25-39| 40-54| 558 69 70-84| 85-100( Score Comments
Indicator 1 2 3 4 5 6 7 S
No wear/play, well aligned, remrrosion,
free movement of theins, well lubricated,
no deformations of the links or sprocke] X
no missing retentioclips, no missing
chain guides
Corrosion visible on surfacedfain X X X
Operates but not well lubricated X X X
Noise, jumping, or vibration X X X X
Kinking, not impacting operation X X
Links do not lay flat on the chaiack X
under sefiveight
Links must be forced to rotatger the X X
sprocket
Corrosion limiting rotation dinks X X
Kinking limiting operation X X
Improper meshing of chain asprocket X X
Missing pin, link, or cracked linkr X
severely damaged sprocket.
Table A-55: Hydraulic cylinder assembly
Hydraulic cylinder assembly
Function To provide lifting force to gate
Excellent No leak in the hydraulic system. Operates properly along full stroke within specifications.
Failed No pressure buildup or no movement at release pressure
0--9 10-24 | 25-39| 40-54| 550 69 70-84| 85-100| Score | Comments
Indicator 1 2 3 4 5 6 7 S
No leak in the hydraulic syste@perates
properly along fulktroke within X
specifications.
Loss of pressure controllable togptor X X X
Corrosion/pitting of rod X X
Oil leakage X X X
Insufficient pressure buildup no
movement at releageessure X
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Table A-56: Fixed wheels for vertical lift gates

Fixed wheels for vertical lift aates

Function

Reduce friction when operating gates

Excellent

Roundneswiithin tolerances, minimal rusting, freely rotating, no cracks, well aligned, correctly lubricated.

Failed

Enough wheels do not rotate preventing lifting of gate.

Enough friction to prevent lifting or closing

Indicator

0-9 10-24| 25-39

40-54

550 69

70-84

85-100

Score Comments

1 2 3 4

5

7

S

Roundness within tolerancesnimal
rusting and pittingreely rotating, no
cracks, welhligned, correctly
lubricated.

X

Vibrations, jerkiness, unevenotion not
preventing lifing oclosing of gate

Seized or damaged wheebearing not
preventing fiing oclosing of gate

Enough friction to prevent liftingr
closing of the gate.

Table A-57: Roller trains

Roller trains

Function

Reduce friction when operating gates

Excellent

follow gate movement.

Roundness within tolerances, minimal rusting, freely rotating, no cracks, well ligaied)s undamaged and

Failed

Jammed rollers prevent lifing of gate.

Brokencable.

Debris block rollers. Casing severely damaged or missing rollers

Indicator

0-9 10-24 | 25-39

40-54

550 69

70-84

85-100

Score Comments

1 2 3 4

5

6

7

Roundness within tolerancesinimal
rusting, freely rotatingyo cracks, well
aligned.Casings undamaged and
follow gate movement.

X

Vibrations, jerkiness.

Uneven motion not preventiiging or
closing of gate

Jammed or damaged rolet
preventing liting orclosing of
gate

Jammed rollers prevent liftire gate.
Broken cable.

Debris block rollers. Casing sevedgymaged o
missing rollers.
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Table A-58: Carrying tracks

Carrying Tracks

Function

Provides support for, and the means to displadétthe structure to access all the gates of the spillway.

Excellent

Alignment according to specsification, no missing parts or sections.

Failed

Visible or measured misalignment, section missing that presents the carriage from moving or lifting.

0-9

10-24

25--39

40-54

558 69

70-84

85-100

Score

Indicator

1

2

3

4

5

6

7

S

Comments

Alignment, elevation, spacindgauge)

According to specifications

Out of specification but naoticeable
wear of track, cranean still lift gate
and trave(without noise and sibration)

Out of specification but naoticeable
wear of track, cranean still lift gate
and travelwith noise and sibration)

Out of specification witmoticeable weg
of track carstill lift gate and move freel

Enough misalignment, so tleatine may
not/cannot lift gate or move freely

Anchor

Present

1-2 consecutive missindamaged
or loose anchor

More than 2 missing, damagedJoose
consecutive anchor

Missing sections

None

At least one gate cannotdyeened
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Table A-59: Lifting device structure

Liftin ADevice Structure (concreteL

Function

To provide support for hoisting deice (and carrying tracks for mobile hoisting device)

Excellent

Comprehensixe structural inspection has been performed. All critical structural members fully accessible for inspection.
No member deformations, no cracks, no exposed rebars, no concrete spalling oNerdsssnof bearing
support. No misalignment according to specifications.

Failed

Inability to correctly position or operate the lifting deice or the lifing strudfixtensixe deterioration,
visible member deformations. Loss of concrete section.

0-9

10-24

25--39

40--54

558 69

70-84

85-100

Score

Indicator

1

2

3

4

5

6

Comments

Support for lifing structure or hoisting
mechanism

No misalignment in a dedicatedisting
mechanism

Displacement and deterioratiofithe
structure causingisalignment in a
hoisting mechanism with rfect on
lifting

Displacement and deterioratiohthe
structure causingisalignment in a
hoisting mechanism withbnormal
noise and vibration

Displacement and deterioratiohthe
structure causingiisalignment in a
hoisting mechanism with motoverload

Displacement and deterioratiohthe
structure causingiisalignment in a
hoisting mechanism that cannot be liftq

X
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Table A-60: Mobile structure to support a shared lifting device

Mobile structure to support a shared liting device

(including gantry crane)

Function

Providestructural support for the hoisting device

Excellent

Comprehensive structural inspection has been performed. All critical structural members fully aftweissipietion. No visible
cracks, no visible member deformation, no corrosion, no missing bolenaers, no visible misalignment.

Failed

Visible deformations, missing parts, or cracks of a-t@a/ing member.

Corrosion resulting in the loss of mdnen 20% of the crosection of critical structural membifissing bolts or cracked welds on
a fracturecritical member or connection (a ratiundant tensilmember or connection whose loss would result in the collapse of

the structure)

0-9

108 24

25-39

55-69

70-84

850 100

Score

Indicator

1

2

Comments

Displacement and
deterioration

No misalignment in theoisting
mechanism

Displacement and deteriorati@f the
structure causing visible or measurablg
misalignment ira shared lifting device
with no effect on lifting

Displacement and deteriorati@f the
structure causing visible or measurablg
misalignment ira shared lifting device
with excessiveoise and

vibration

Displacement and deterioratiaif the
structure causing visible or measurablg

misalignment ira shared lifting device
with motor overload

Displacement and deterioratiaf the
structure causing visible or measural
misalignment ina dedicated hoisting
mechanisrthat cannot be lifted

Anchor bolts

Corrosion on nuts and bolts

Cracks in the concrete arouti@é bolt
and or missing concreteound the bolt

At least one missing bolt or nut

Cracks

No cracks

Crack in compression member

Crack in tension members, welate, or
tension or compressionconnections
(missing or

cracked weld, splices, batiad rivet
heads)

Crack in afracture criticalember

Distortion

No distorsion

Distorion in tension members
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Compression members drdces,
web, and bolts

Conasion (Compression andension
members and

flanges)

Intact coating

Loss of coating, surface scaling

Visible loss of section (< 20%)

Loss of section > 20%

Missing or loose parts

No missing of loose parts

Missing bolts or rivet heads in a
connection < 10%

Missing bot or rivet head instiffener
or a brace of main

Missing bolts or rivet heads itannection
>10%

Missing welds
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Table A-61: Approach and exit channel

Approach and exit channel

(Upstream anc downstream apron including base of pier/

stilling basin/exit channel)

Function Protect the downstream and upstream portion of the spillway channel from erosion associated with the flow of watetdungeg di
ProvAde unobstructed passage to the flow of water.

Excellent No cavitation damage or erosion. No sedimentation upstiéawbstructions downstream.

Failed Major erosion at foot of spillway at the foundation level compromising the stability of th@lisinuctions to the flow of
water from sedimentation or downstream blockage.

0-9 |10-24 25--39| 40-54| 550 69| 70--84| 85-100| Score Comments

Indicator 1 2 3 4 5 6 7 S

Loss of concrete due taracking,

erosion, cavitation(Apron and stilling

basin)

No loss X

Depth <4" X X

4" to 6" or exposure of rebar X

>6" up to 30% of abuilt cross X X

section

> 30% of ashuilt crosssectiordesign

load and no structuralaluation X

Loss of concrete due taracking,

erosion, cavitation (in pier and/or base)

No loss X

Minor (<2") X X

Exposure of rebar X X

Undermine rebar X X

Scour of foundation material(caused by

full opening of gates), scours and

potential scour of sidewalls and bottom

of spillway channel

No loss of foundation material X

Loss or potential loss of matewgthout

undermining of dam (including never X X X

used)

Loss or potential loss of matereith

undermining of dan@including never X X X

used)

Upstream sedimentation

None X

Minor X

Important X X X X X

Downstream blockage

None X

Minor X

Important X X X X X
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Table A-62: Lifting device structure (steel)

Liftin Adevice structure (steel)

Function

Provide structural support for the hoistitgjce (and carrying tracks for mobile hoisting deice)

Excellent

Comprehensilnstructural inspection has been performed. Al critical structural members fully accessible for inspection. No vi

cracks, no visible member deformation, no corrosion, no missing bolts
or members, no x.isible misalignment.

Failed

Visible deformationanissing parts, or cracks of a leearying member.

Corrosion resulting in the loss of more than 20% of the-sextion of critical structural member.

Missing bolts or cracked welds on a facture critical member or connectior@dumaant tensile méyer or connection whose los

would result in the collapse of the structure).

0-9 10-24 | 25-39| 40-54| 558 69| 70-84| 85-100

Score

Indicator

1 2 3 4 5 6 7

Comments

Displacement and
deterioration

No misalignment in a dedicatedisting
mechanism

Displacement and deterioratiaf the
structure causing IAsible or measural]
misalignment ira hoisting mechanism
with no effect on lifting

Displacement and deterioratiaf the
structure causing lAsibler measurable|
misalignment ira hoisting mechanism
with excessive noise and

vibration

Displacement and deterioratiaf the
structure causing IAsible or measural]
misalignment ira hoisting mechanism
with motor overload

Displacement and deterioratiaf the
structure causing IAsible or measural]
misalignment in a  hoisting
mechanism

that cannot be lifted

Anchor bolts

No corrosion

Corrosion on nuts and bolts

Cracks in the concrete arouti@ bol
and or missing concreteound the bolt

At least one missing bolt or nut

Cracks

No cracks

Crack in compression member

Crack in tension members, wete, or
tension or compressioonnections
(missing orcracked weld, splices,
bolts

and rivet heads)

Crack in a fracture critical
member

Distortion

No distortion

Distortion in tension membessd
braces
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Distortion ~ in  compression X X X
members and braces, watil bolts

Coosion (Compression andension
members and
flanges)

Intact coating X
Loss of coating, surface scaling X X

Visible loss of section (< 20%) X X

Loss of section > 20% X X

Missing or loose parts
No missing or loose parts X

Missing bolts or rivet heads in a X X
connection < 10%
Stiffener of brace of main X X X X
member

Missing bolts or rivet heads irtannection X X
>10%

Missing welds X
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Table A-63: Embedded parts

Embedded Parts (including sill)

Function To provide external support and bearing surfaces to the gate and seals.
i. Embedded sill plate
ii. Roller path and sealing surfaces
iii. Lateral guides
Note: Add a list of possible actions for further investigations.
Excellent Gate has been dewatered for inspection or obsenetions in accordance with specified-sdbedigalignment,
warping or distortion
- Working heating elements
- No |Asible surface defects (pitting, cracking, wearing, punctures, dents, missing seEtidirgtjuctural
support
- No surface contaminants (crustaceans)
- Gate has been tested under load and lifts with appropriate load and velocity
Failed - Warpingthat could bind the gate in place
- Heating elements not working
- Loss of structural support under the roller pads
- Enough displacement of the structural support that could bind the gate in place
- Enough displacement of the structural support undengeloading that could damage the gatecalized pitting or
puncturing under the roller path (1/8" or greater)
- Puncturing of the embedded part outside of the roller path
0-9 10-24 | 25-39| 40--54| 5586 69| 70-84| 85-100| Score | Comments
Indicator 1 2 3 4 5 6 7 S
Gate lifting effort
Gate lifts under load without X
overloading hoist at rated speed
Gate lifts under load withoist X X X
overload
Gate does not lift X
Geometrical alignmentof
roller path
With measurement meeting X
specifications
No Visual wamping or no knowr
displacement of supports in tilesence of! X X X
measurements
Measurements that do not meet X X X X X
specifications
Visual warping or known
displacement of supportsabsence X X X
of measurements
Corrasion (confined to rollertrack path)
Light surface scaling X X
Pitting < 1/8" deep X X
Pitting > 1/8" deep X X
Roller track wear
No wear X
< 10% of thickness X X X
> 10% of thickness X X X
Corrosion (Rest of embeddegart -
excluding roller track)
Failure of paint system, spats X X
surface rust, no section loss
<30% loss of crossectiorflocally] X X
>30% loss of crossectior{locally] X X X
Puncture or holes X X
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Table A-64: Gate structure

Gate Structure

Function Supporting structure

Tohadihesk in in plact and transfer water load to wheels or trunnion.

plate retain water, water tightness

Provide leteral support to girders,
Excellent Gate has been dewatered for inspection or obsemtions in accordance with specified schedule.

Gate has been tested under design load and lifts and closes acceiagitations.

- No x.sual warping or member deformation

- No loss of paint

- No |Asible surface defects on membersaannections (pitting, cracking, wearing, puncture,

missing sections)
- No fractured or missing welds
- No missing bolts or members

Failed Warping or member deformation that could bind or overload the gate.

Corrosion resulting in the loss of more than 20% of the-semion.

Missing bolts or cracked welds on a facture critical member or connectiorréainndant tensilmember oconnection whose loss

would result in the collapse of the structure).

0-9 10-24 25-39 40-54 550 69| 70-84| 85-100| Score Comments

Indicator 1 2 3 4 5 6 7 S
Loading history
Operated under design load poitim X
structural evaluation
Operated under design load bot X X X X
structural evaluation
Operated under design loadiegative X X X
structural evaluation
Never been operated urdiesign
load but positilm structural X X
elaluation
Never been operated undesign load
and no structuralvaluation X X X
Never been operated undiesign
load and negative structural X X
elaluation
Cracks
No Cracks X
Cracks in skin plate if dueitopact X X
(tear)
Cracks in compression memfagigue X X X X
crack in skin plate
Cracks in tension members, web
plate, or tension @ompression
connectiongmissing or cracked X X
weld, splices, bolts and rivet heads)
Crackin afracture criticahember X
Distortion
No Distortion X
Distortion in tension membexad X X
braces, skin plate
Distortion in compressiomembers X X X
and braces, welplts, and pins
Corrosion (skin plate)
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Failure of coating and/or surfasealing
present

Visible loss of section (< 30%)

Holes, > 30% section loss

Corrosion (Compression andension
members and
flanges)

Intact coating

Loss of coating, surface scaling

Visible loss of section (< 20%)

Loss of section >20%

Missing or loose parts

No missing or loose parts

Missing bolts or rivet heads ircannection
<10%

Missing or lose part in a plattiffener
(bracing behind skiplate, skin plate
stiffeners)

Stiffener or brace of main
member

Missing bolts or rivet heads icannection
>10%

Missing welds

199



Table A-65: Stoplogs, bulkheads (steel)

Stoplogs. bulkheads (steel)

Function

Provide closure for dewatering inspection, maintenance, and rehabilitation of gates ane:pasgjblecy closure.
Used as a gate.

Excellent

Comprehensive structural inspection has been performed. All critical structural membexscésiible for inspection. No

visible cracks, no visible member deformation, no corrosion, no missing bolts or members, no lAsible misalignment.No loss of
paint.

Adequate sealing for safe working conditions downstream

Failed

Visible deformations, missing part, or crack of a foadying member.

Warping/member deformation that could bind the bulkhead in place.

Corrosion resulting in the loss of more than 20% ettiosssection.

Missing bolts or cracked weld on a fracture critical member or connectiorrednodant tensilmember or connection whose
loss would result in the collapse of the structure).

Cannot be lowered or raised into position. Does not previffieient water tightness.

0-9 10-24 | 25-39| 40-54| 558 69| 70--84( 85-100| Score| Comments

Indicator

1 2 3 4 5 7

S

Previously installed successfuiipd a
positive structuradvaluation

X

Previously installed successfully amal
structural evaluation

Cracks

No cracks

Crackin skin plate if due to impéietar)

Crack in compression membeatigue
crack in skin plate

Crack in tension members, welate, of
tension or compressionconnection;
(missing or crackeaveld, splices, bolf
and rivet

heads)

Crack in a fracture critical
member

Distortion

No distortion

Distortion in tension membexad
braces, skiplate

Distortion in compression
members and braces, wdiplts,
and pins

Corrosion (skin plate)

No corrosion

Failure of coating and/or surfasealing
present

Visible loss of section (< 30%)

Holes, > 30% section loss

Corrasion (Compression andension
members andflanges)

Intact coating

Loss of coating, surface scaling

Visible loss of section (< 20%)

Loss of section > 20%

Missing or loose parts

No missing or loose parts

Missing bolts or rivet heads ircannectior]
<10%

Plate stiffener (bracing behind skin
plate, skin plate stiffeners)

Stiffener or brace of main
member

Missing bolts or rivet heads ircannectior]
>10%

Missing welds
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APPENDIX B: CONDITION INDEX VALUES OF SPILLWAY GATE
COMPONENTS

Probability of accurately classifying the component 0.975
Failure Mean Standard deviation
25 12.5
Indicators Condition State
Observed Max Min
Gathering Information 0 0
River Flow Measurement 0 0
Water level indicator 7 100 85
Data acquisition device 7 100 85
Data Transmission 6 84 70
Reservoir level indicator 0 0
Water level indicator 7 100 85
Data acquisition device 6 84 70
Data Transmission 7 100 85

Precipitation and temperature gauge 0 0

Precipitation and temperaturgauges 6 84 70
Data acquisition device 7 100 85
Data Transmission 7 100 85
Snow measuring model 6 84 70
Flow prediction model 6 84 70
Weather foecasting 6 84 70
Ice and debris management 7 100 85
Monitoring 7 100 85
Management 7 100 85
Control Equipment 7 100 85
Gate positionndicator 0 0
Position indicator 7 100 85
Data acquisition device 7 100 85
Data Transmission 7 100 85
Third party flow data 7 100 85
Decision Process 0 0
Data processing 7 100 85
Analysis 6 84 70
Decision process 6 84 70
Public Protection and Warning System 6 84 70
Operation procedure 6 84 70
Standard operating procedure 6 84 70
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Autonomous operating procedures
Access and Operations
Availability and mobilization (load rejection)
Availability
Mobilization
Availability and mobilization (design flood)
Availability
Mobilization
Quialification/training of operators
Load access
Pedestrian access
Keys and locks
Lighting system
Power Supply
Local or emergency generators
Frequency and voltage
Engine temperature/oil pressure
Starting sequence
Noise and vibrations
Functional test
Fuel
Batteries
Battery charger
Alternator
Lubrication
Cooling system
Intake and exhaust system
Cables and Controls
Underground aneéncased cables
Insulation
Terminators
Power feeder cables
Insulation
Terminators
Transformer
Dielectric
Insulation
Windings
Tank
Powersource transfer system
Test (transfer switch)
Test (manual transfer device)
Supporting Structure

~N ~

NN NN NN NN NN NN

\‘

N/A

N/A

N/A

84
100

100
100

100
100
100

100
100
100

100
100
100
100
100
100
100
100
100
100
100
100

100
100

100
100

100
100

100

70
85

85
85

85
85
85

85
85
85

o

85
85
85
85
85
85
85
85
85
85
85
85

85
85

85
85

85
85

85
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Lifting device structure (steel)
Displacement/deterioration
Anchor bolts
Cracks

Distortion
Corrosion
Missing or loose parts
Lifting device structure (Concrete)
Displacement/deterioration
Anchor bolts
Cracks
Distortion
Corrosion
Missing or loose parts
Gate #1
Gate Structure and Support
Approach and exit channel
Loss of concrete apron
Loss of concrete pier/base
Scour of foundation
Upstreamsedimentation
Downstream blockage
Embedded parts
Gate lifting effort
Geometrical alignment roller
Roller path corrosion
Roller tooth wear
Corrosion remainder
Gatestructure
Loading history
Cracks
Distortion
Skin plate corrosion
Tension/compression corrosion
Missing or loose parts
Closure stucture (stoplog, bulkheads)
Structural evaluation
Cracks
Distortion
Skin plate corrosion
Tension/compression corrosion

~N ~

NN NN NN N~ ga N ENEENEENEENEEN ENEENEENEENEENEEN

ENEENEENEENEEN

\l

100
100
100

100
100
100

100
100
100
100
100
100

o

100
100
100
100
100

100
69
69

100

100

100
100
100
100
100
100

100
100
100
100
100

85
85
85

85
85
85

85
85
85
85
85
85

85
85
85
85
85

85
55
55
85
85

85
85
85
85
85
85

85
85
85
85
85
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Missing or loose parts
Bottom and side seals
Ice prevention
Access an€ontrol
Remote and onsite controls
Hoist #1
Power Supply and Controls
Limit switch
Motor control center
Functional test
Visual inspection
Cabinet heating
Cam switches
Functional test
Overheating or arcing
Force Transmission
Split bushing/journal bearing
Rotating shaft
Corrosion
Warping or misalignment
Cracking
Missing bolts ocomponents
Gear assembly
Noise, vibration and jump
Toothwear and contact
Anchor
Bearing/bushing wear
Lubricant
Wheel, axle and bearings
Lifting connectorgnon-dedicated)
Lifting connectors (dedicated)
Drum sheaves and pulleys
Variable and measurable wear
Corrosion
Groove wear
Wire rope clamps/anchors
Brake (hoist)
Fan brake
Wire rope and connectors
Kinking
Corrosion
Outer wire wear/breakage
Tension

\‘

N/A

N/A

NN NN NN NN ENEENEENEEN

ENEENEENEENEENEEN

ENEENEENEEN

100
100
100

100

100

100
100

100

100

100
100
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Lifting motor (electric)
Insulators
Apparent temperature
Overloading
Impaired ventilation
Bearings and bushings
Noise and vibrations
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APPENDIX C: FAILURE RATES OF SPILLWAY GATE

COMPONENTS

Mechanical Components:
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Lock Components B ¢ 1 ke K3 (@) yrs) (<) (yrs) _(F)
Hydraulic Control Valves
Ball Valve 50 5 1 1 1.0 50 50.00 2 0.632
Check Valve 50 4 1 1 1.1 45 40.91 1.5 0.741
Manual 50 3 1 1 1.2 60 50.00 1.5 0.632
Proportional/Throttle Valve
(Solenoid) 50 2 1 1 13 40 30.77 1.5 0.874
Pressure Relief Valve 50 1 1.1 1.1 1.4 40 23.61 1.5 0.954
Hydraulic Cylinders
Hydraulic Cylinder 50 5 1 1 1.0 60 60.00 1.5 0.533
Piston Rod (Ceramic Coated) 50 5 1 1 1.0 10 10.00 1.5 1.000
Piston Rod (Chromed) 50 5 1 1 1.0 60 60.00 3 0.439
Piston Rod (Stainless) 50 5 1 1 1.0 60 60.00 3 0.439
Hydraulic Piping
Flexible Hose & Connections 50 5 1 1 1.0 20 20.00 1 0.918
Pipe (Carbon Steel) 50 5 1 1 1.0 40 40.00 2 0.790
Pipe (Slainless Sieel) 50 5 1 1 10 75 75.00 2 0.359
Hydraulic Pumps and Motors
Hydraulic Pump (Fixed) 50 5 1 1 1.0 50 50.00 3 0.632
Hydraulic Pump (Variable) 50 5 1 1 1.0 30 30.00 3 0990
Hydraulic Maotor (Fixed) 50 5 1 1 1.0 50 50.00 3 0632
Hydraulic Motor (Variable) 50 5 1 1 10 30 30.00 3 0.990
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50 5 1 1 1.0 40 40.00 3 0.B58
50 5 1 1 1.0 40 4000 3 0.858
50 5 1 1 1.0 23 2500 3 1.000
I'Ehalns
Roller Chain 50 5 1 1 1.0 40 40.00 2 0790
f=hackle & Fin 50 5 1 1 1.0 35 35.00 2 0.870
f=procket 50 5 1 1 1.0 &0 50.00 3 0.439
I'Clut-:h
Eio 50 5 1 I B 30 30.00 2 0.928
oupings
Flexible Coupling 50 5 1 1 1.0 35 35.00 1 0.760
gid Coupling 50 5 1 1 1.0 a0 50.00 1 0.632
50 5 1 1 1.0 40 40.00 3 0.B58
50 5 1 1 1.0 35 35.00 3 0.898
50 5 1 1 1.0 25 25.00 3 1.000
pen Eearlng
Beveled Gears 50 5 1 1 1.0 40 40.00 3 0.B58
Helical Gears 50 5 1 1 1.0 35 35.00 3 0.898
Rack Gear 50 5 1 1 1.0 60 65000 3 0435
f=ector’Spur Gear 50 5 1 1 1.0 60 650.00 3 0.439
I'Shafts. Ping Rollers
(ate Lifting Stems 50 5 1 1 1.0 &0 50.00 1 0465
Fing 50 5 1 1 1.0 35 35.00 3 0.946
Pintles/Bushings 50 = 1 1 1.0 30 30.00 3 0.990
Rack Support Roller 50 5 1 1 1.0 43 43.00 3 0792
IRotating Shafts 50 5 1 1 1.0 80 B0.00 11 0.449
K5tem Nut 50 5 1 1 1.0 35 35.00 2 0.870
ITrunnion Pin/Bushings =0 = 1 1 1.0 38 35.00 3 0.898
Verical gate (Wheel Assemibly
Rollers) 50 5 1 1 1.0 40 40.00 3 0.858
i-\/ater Valves
Butterfly Vahe 50 5 1 1 1.0 50 50.00 15 0.632
[/Erical Lift (Rcller gate] 50 5 1 1 1.0 50 | sooo | 15 0.532
IWire ﬁc-p-e
Rwire rope drums 50 = 1 1 1.0 75 75.00 3 D.256
Wire Rope (Round Carbon ' '
ISt eel) 50 5 1 1 1.0 a0 20.00 3 1.000
Wire Rope (Round Stainless ' '
Stesl) 50 1 1 1.0 20 20.00 1.000
Wire rope Sheaves 50 1 1 1.0 33 33.00 D969
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Wire Rope (Single/Multiple

Sheave's) 50 5 1 1 1.0 20 20.00 3 1.000
Wire Rope (Spiral Plate) 50 5 1 1 1.0 5 5.00 1.000
WWire Rope (Gafe

Connection)(Pins, Cable) 30 5 1 1 1.0 50 50.00 0.632
Miter Gates

Sector arms 50 5 1 1 1.0 73 73.00 1 0496
Strut arms - buffered 50 5 1 1 1.0 35 35.00 1 0.760
Strut arms - rigid 50 5 1 1 1.0 50 50.00 1 0632
Gudgeon Pin/Bushings 50 5 1 1 1.0 43 43.00 3 0.792
Rack support beam 50 5 1 1 1.0 60 50.00 1 0.565
Culvert Valve

Bell cranks 50 5 1 1 1.0 78 78.00 1 0473
Crosshead/Guide 50 5 1 1 1.0 73 73.00 1 0496
Strut 50 5 1 1 1.0 43 43.00 1 0.687
Strut Spindle Pin 50 5 1 1 1.0 25 25.00 3 1.000
Misc. Components

Brake (Electromechanical) 50 5 1 1 1.0 45 45.00 3 0.746
Grease/Lube System 50 5 1 1 1.0 30 30.00 1.5 0.884
Bridge Crane Hoist Machinery 50 5 1 1 1.0 40 40.00 3 0.858
Screw Type Actuators 50 5 1 1 1.0 30 30.00 3 0.990
Tow Haulage Unit (Hydraulic) 50 5 1 1 1.0 30 30.00 3 0.990
Tow Haulage Unit

(Mechanical) 50 5 1 1 1.0 48 48.00 3 0677
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Electric Components:
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Lock Components — Ki__ K2 (@rs)@ors) B
Cables
Buried/Submerged Cable 50 1 1 &0 0.00 1 0565
Portable/Flexible Cable 50 1 1 28 28.00 1 0.832
Duct/Cable Tray a0 1 1 I 80 80.00 1 0.465
Controls
PLC systems | s0 | 1 1 . 18 18.00 | 1 0.838
ElectroMechanical Drives
DC Rectifier (brakes) 50 1 1 15 35.00 1 0.760
[Electric Motors (new and rehuilf 50 1 1 68 G8.00 1 0521
Standby Generator a0 1 1 50 50.00 1 0632
Motor Control
Motor Control Centers (MCC) 50 1 1 a3 83.00 1 0.453
Motor Starter (Full Voltage) 50 1 1 63 63.00 1 0548
Motor Starter (Reduced™ ariabl 50 1 1 50 50.00 1 0.632
Motor starter (WVFD) 50 1 1 i 35 35.00 1 0.760
Power Distribution
Bus Duct (Electonic) 50 1 1 a5 G5.00 1
Circuit Breakers 50 1 1 63 63.00 1
Power Panelboard 50 1 1 78 78.00 1
Power Recepticle 50 1 1 50 50.00 1
Power LHility 50 1 1 4 4.00 1
Service Transformer 50 1 1 55 55.00 1
Switchboards 50 1 1 a3 83.00 1
Switchgear 50 1 1 78 76.00 1
Transfer Swich (Automatic) a0 1 1 30 30.00 1
Transfer Switch (Manual) 50 1 1 65 £5.00 1
Sensors
Selysn Motor | 50 | 1 1 . 43 4300 | 1 . 0.687
Switches
Travellng nut limit switch | 50 ] 1 1 . 65 £5.00 | 1 . 0.537
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