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Most contemporary risk assessment techniques, asithilure modes and effect analysis
(FMEA), fault tree analysis (FTA), and probabilestisk analysis (PRA) rely on a chain-
of-event paradigm of accident causation. Eventdbasehniques have some limitations
for the study of modern engineering systems; sppatly hydropower dams. They are not
suited to handle complex computer-intensive systermmmplex human-machine
interactions, and systems-of-systems with distalutlecision-making that cut across
both physical and organizational boundaries. Thergmg paradigm today, however, is
not to analyze dam systems separately by breakmgngjor disciplines into stand-alone
vertical analyses; but to explore the possibilitrggerent in taking a systems approach to
modeling the reliability of flow-control functionsithin the entire system.

This dissertation reports on the development aptiGgtion of systems reliability models
to operational aspects of a hydropower cascade onthBrn Ontario: The Lower
Mattagami River (LMR) Project operated by Ontariower Generation (OPG). The
reliability of flow-control systems is a broad topihat covers structural, mechanical,

electrical, control systems and subsystems religbids well as human interactions,



organization issues, policies and procedures. Athese occur in a broad spectrum of
environmental conditions. A systems simulation apph is presented for grappling with
these varied influences on flow-control systemiyidropower installations.

The Mattagami River cascade operated by OntarioeP@eneration is a series of four
power stations along the Mattagami River and themsl Creek bypass channel from
Little Long GS at the top to the cascade to thetdmmi River below Kipling GS at the
bottom. The number of riparians in the river flopthin is few and there is no
commercial riverine navigation, so potential lodslite is small or negligible and
operational safety dominates. The problem facirg pphoject was to conceptualize a
systems engineering model for the operation of tleens, spillways, and other
components; then to employ the model through sgichaimulation to investigate
protocols for the safe operation of the spillwayl dlow control system. Details of the

modeling, analysis, and results for safe operatfcdhe cascade are presented.
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INTRODUCTION: ON THE SYSTEMSRLIABILITY MODELING APPROACH
TO RISK ANALYSISIN DAM SAFTY

Each dam is unique. The site, purpose of the daatenmals available for construction,
state-of-practice when the dam was constructedneadgs experience and knowledge,
and many other factors combine to create structinasare as individual as people. The
consequence of failure of each dam is also uniguene end of the spectrum are large
dams upstream of major population centers with$bhads of people at risk. At the other
end are the many small dams that have little tcorsequences if they were to fail. The
combination of site, design, project-specific opieral requirements, and consequences
makes the risk associated with each dam uniquénamadst cases very complex.

Since the beginning of the industrial revolutiontire late 18th century, the cause of
many serious accidents in hydropower plants hasedhirom natural causes to human
and technology-related causes as these systemsogeicomplex. While natural disasters
still account for a significant amount of human andterial losses, man-made disasters
are responsible for an increasingly large portibthe toll, especially in a safety critical
domain such as hydropower generation. The relipbléormance of a hydraulic flow-
control system such as dams, reservoirs, etc. dspen the time-varying demands
placed upon it by hydrology, operating rules, tinéetiactions among a cascade of
reservoirs, the vagaries of operator interventiansl natural disturbances (Baecher,
2014). In the past, engineers have concerned theesswith understanding how the
component parts of dam systems operate individuatig not how the components
interact with one another. Dams and their assatifitev control are highly complex

systems of engineered structures, natural processd$iuman operation. They behave in



complex ways that are not amenable to such simgterdpositional analysis, and thus
need to be understood in a systems engineeringxiont

Contemporary engineering practices do not addressyrsommon causes of accidents
and failures, which are unforeseen combinationgsofal conditions. In recent decades,
the most likely causes of fatalities associatedh widms have more often had to do with
sensor and control systems, human agency, and goatde maintenance than with
extreme loads such as floods and earthquakes. iRRsea dam failures and safety
related incidents has shown that most dam failwese not caused by a single, easily
analyzed, component failure but rather by intecaxtibetween various components and
subsystems. To throw more light on this, Accidearid failures usually occur due to the
un-foreseen confluence of more common and indiVigulaenign events, which in
combination can be catastrophic(Baecher, 2014).

A “new approach” was proposed which combines sitraria engineering reliability
modeling, and systems engineering. This new appreaeks to explore the possibilities
inherent in taking a systems approach to modelimg feliability of flow-control
functions and dam systems. The approach takes dotmunt interconnections and
dependences between different components of thersyshanges over time in their
state as well as the influence upon the systemgsrozational limitations, human errors
and external disturbances. The method attemptsirig bogether the systems aspects of
engineering and operational concerns in a waydhmghasizes their interactions.
On-going research by the Spillway Systems ReligbRiroject (SSRP) on this proposed
systems engineering approach has been a completymal effort entirely coded in

matlab. However, with the recent proliferation bird party Simulation engines better



optimized for engineering reliability modeling suat GoldSirm and RENQ®, there was

a need to test these platforms to investigate vendthoffers an overall better program
interface and customizability than the Mat lab fiolanh.

The research centers on the use of GoldSBimulation engine and its extensions to
model at component and subcomponent level, thableliperformance of the entire dam
system. The modeling approach holistically integgaiver basin hydrology, the routing
of reservoir inflows through the reservoir systaperating rules and human factors of
operating the spillway and other waterways, outvfgystems, the hydraulics of outflow,
the discharge to the downstream river channel dma ftagility of the structural,
mechanical and electrical components of the danesysEmphasis is placed on the
interactions of this set of components and how masieen combinations of varying
conditions may lead to failure of dam system. Toeé& Mattagami River Hydroelectric
complex is used as a case study for this resediwh.present goal of this study is to
understand how the interactions of systems compsrarmd subcomponents, control and
combine to affect performance, and the potentialaicidents and failures; thus, how
simple but unforeseen chains of events might coentanaffect the ability to control
flows.

The final objective of this dissertation is to ingorate all the different aspects of dams
operations into a single systems model which cabrbken down and analyzed at the
component and subcomponent level. In order to aehiais objective, it is necessary to
identify and model the dynamic feedback procedsasrhay cause risk to increase over
time into the overall model. This dissertation acluces a systems framework to model

some critical aspects of safety and power generatiodlam systems.



CHAPTER 1: RISK AND UNCERTAINTY IN DAM SAFETY-LITERATURE

REVIEW

1.1 UNDERSTANDING HOW DAMS FAIL

A dam is a barrier that impounds water or undengdostreams. Dams generally serve
the primary purpose of retaining wat&ams are built for many purposes including
power supply, transportation, water supply, floaohteol, recreation, industrial and
agricultural uses, fire protection, low flow augrtegion, storage of slurries, storage of
tailings and storage of industrial wastes. Dams lmarmade of concrete, timber cribs
filled with rocks, stone blocks, steel sheet pilingr they can be formed from
embankments of earth, rock fill or solid waste prtd such as tailings. While other
structures such as floodgates or levees (also krasvdikes) are used to manage or
prevent water flow into specific land regions. Hydower and pumped-storage
hydroelectricity are often used in conjunction willims to generate electricity. Types of
dams include water storage reservoirs, locks, wainse tailings dams, and levees.

Dam failure is the uncontrolled release of impouhaeater or other stored material
resulting in downstream flooding, which can affifet and property. Dams can fail with
little warning. Intense storms may produce a flaodh few hours or even minutes for
upstream locations. Flash floods can occur witlknh®urs of the beginning of heavy
rainfall, and dam failure may occur within hourstbé first signs of breaching. Other
failures and breaches can take much longer to pémm days to weeks, as a result of
debris jams, the accumulation of melting snow, dupl of water pressure on a dam with
(unknown) deficiencies after days of heavy rain, Etooding can also occur when a dam

operator releases excess water downstream to eepesssure from the dam. Proper



attention to dam safety is vital to protect dowesin life, property and habitat. Safety
concerns include sinkholes, seepage, internal@@sid seismic issues.

The consequences of a dam failure can vary frone tormajor. For example a minor
overtopping that is remedied quickly has low comseges. Without immediate
attention, the dam may further erode, leading tacaanplete breach and major
consequences in many ways. Some potential conseggérclude the following:

Loss of life;

Damage to homes, businesses, transportation netwaiflelines, utilities, schools
industrial facilities and other improvements;

Damage to the environment;

Threat to other dams located downstream that caultri@ cascade failures;

Loss of stored materials;

Loss of use of the dam;

Loss of economic benefit from the dam;

Loss of the capital investment to the dam’s owner;

Fines to the owner;

Criminal charges to owner or designer;

Lawsuits and other litigation;

Destruction of the owner’s business; and

Damage to reputation of owner, design engineeragadlator.



1.2 OTHER FACTORS INFLUENCING POTENTIAL FAILURENIDAMS
An examination of dam failures and safety relateddents shows that most were not

caused by a single, easily analyzed, componentréailut rather by interactions between
various components, operational considerations, lackl of appropriate organizational

response (Paul C. Rizzo Associates, Inc., 2007)s limperative to reduce the risk
associated with a dam to a level that is as loweasonably practicable. The optimum
must done within the associated operating consgsraind within the limits of current

knowledge and understanding, to recognize potefaikire modes before they begin to
develop and to monitor those failure modes oveetiffo achieve this goal, dam owners
must find an effective way to integrate operatioesgineering, and dam safety
performance monitoring into a comprehensive dametgaprogram. Performance

monitoring and record keeping are essential to ntakiell-informed decisions regarding
the condition of the dam. As the systems that cblams get more complex and more
automated, and more are remotely operated, oppoesinincrease for undetected
incidents that can lead to dam failure. Understagdiactors relating to dam safety, such
as owner risk awareness, management responsilpétgonnel training, and system and

sub-system interactions, are become increasingbpitant.

1.1.1 DEFINITION OFHAZARD
Dam failures and incidents of most concern invalméntended or uncontrolled releases
or surges of impounded water. It may also involuetal collapse of the dam but that is

not always the case (Paul C. Rizzo Associates,, 12013). Damaged spillways,



overtopping of a dam or other problems may resu#t hazardous situation being created.
In some cases, it is an unintended consequende afam’s operations.

During the last 40 to 50 years, the general undedstg of how dams fail has progressed
sufficiently to provide guidance for dam enginearsl builders to help prevent similar
failures. Lessons learned were codified and degigctices standardized. However,
dams continue to fail. Forensic examinations ofen¢éadam failures often reveal that
failures were not due to a single flaw but ratherevdue to a complex linking of dam
condition, operational circumstances, flaws or rtbat combined to result in failure, or
unknowns that were not detected until after thiufei This linkage of “conditions” and
“other factors” is one possible description of aiftire mode.”

Various regulatory agencies have established arthgratential rating system based on
the consequences of a dam failure. As an examplaleTl presents the hazard potential
classification system for dams, which was developgdthe U. S. Army Corps of
Engineers National Inventory of Dams (2011). Theerdagency Committee on Dam

Safety (2004) provides background materials, wkigbports these designations.

Hazard Potential | Lossof Human Life Economic, Environmental,

Classification Lifeline L osses

Low and Generally limited tp
Low None Expected
owner

Significant No probable loss of life Yes

Probable that one or moreres (But not necessary for this
High
lives lost classification)

Table 1. Dam Safety Hazard Potential Classification



Loss of human life potential is based upon inurmathapping of the area downstream of
the project. Analysis of loss of life potential sili take into account the population at
risk, time of flood wave travel and wave heightdavarning time. Indirect threats to life
caused by the interruption of lifeline services doe@lam failure or operation, i.e. direct
loss of critical medical facilities, should also bensidered. Economic, environmental,
and lifeline impacts should be evaluated basedhenrtcremental flood wave produced
by dam failure, beyond which would normally be extpd for the magnitude of the flood
event which the failure occurs.

Typical dam hazard potential classifications cary weth regulatory jurisdiction; Hazard
potential classification can be described more galyeas follows.

Low Hazard Potential dams are located in areas where failure will damagthing
more than isolated buildings, undeveloped landstoam or county roads and/or will
cause no substantial economic loss or substamialommental damage. Loss of human
life is not expected.

Economic, environmental, and lifeline impacts aomsidered to be low and generally
limited to the owner.

Significant Hazard Potential dams are located in areas where failure may damage
isolated homes, main highways and minor railroadtgrrupt the use of relatively
important public utilities and/or will cause subgtal economic loss or substantial
environmental damage.

High Hazard Potential dams are located in areas where failure may dagseof human

life, substantial damage to homes, industrial anwercial buildings, important public



utilities, main highways or railroads and/or willause extensive economic or
environmental losses.

In addition to its hazard potential, a dam may texiglifferent performance states. Many
dams operate in very safe and well defined conati®thers may have problems that
require more attention and response. Three perfwcenatates are used in this document
to help define the scope of a dam safety monitopiogjram.

Normal — performance is within the design parameters wittanomalous behavior and
no indicators of undesirable performance and ietqa to remain in this state for the
near future.

Caution — performance is outside the range expected indés@gn, or anomalous
behavior not anticipated in the design is occutring an indicator of undesirable
performance is occurring at an increasing rate.

Alert — performance is in a range where safety of tlme @an question, or performance

is deteriorating and not controllable (Paul C. Ri2ssociates, Inc., 2013).

1.1.2 POTENTIAL FAILURE MODES

A potential failure mode is any means by which aoyponent of a dam may fail to
perform its intended function. Understanding patdriailure modes for dams is the basis
of a good dam safety program (Regan et al., 20&8 L) 2002).

Dam failures may be caused by structural deficesnai the dam itself. These may come
from poor initial design or construction, lack ofamtenance and repair, the gradual
weakening of the dam through the normal aging meeg or the development of an

unanticipated or undetected failure condition. Heevethey can also be caused by other



factors including, but not limited to, debris blaw the spillway, flooding, earthquakes,
volcanic lava flows, landslides, improper operatioandalism, or terrorism (Paul C.
Rizzo Associates, Inc., 2013).

Dam failures can result from any one or a combamatif the following conditions:

* Prolonged periods of rainfall and flooding, whitduse most failures;

* Inadequate spillway capacity, resulting in ovppimg of the embankment;

* Internal erosion caused by loss of soil from iterior of the dam or its foundation;
animal burrow impacts on earthen dams;

* External erosion due to lack of maintenance,;

* Improper maintenance, including failure to remavees, repair internal seepage
problems, or maintain gates, valves, and otheratiperal components;

* Improper design or use of construction materials;

* Failure of upstream dams in the same drainage;bas

» Landslides into reservoirs, which cause surged thsult in substantial erosion or
overtopping;

* Destructive acts of terrorists; and,

» Earthquakes, which typically cause longitudinac&s at the tops of the embankments,

leading to structural failure.

1.1.3DAM LIFE PHASES
USSD (2008) describes the life of a dam as havawgmal distinct phases. Performance
monitoring needs vary depending on which phasealém is in. Dam life phases can be

categorized as:
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1. Design phase; Field investigation work typically provides the amfation for basic
characterizing of the geology and materials at amdind the dam site. Instrumentation
used in the design phase helps establish baselmditions for design and may also is
used during construction and first filling to manitand evaluate changes in baseline
conditions. Typical monitoring during this phaseghti include monitoring to establish
existing ground water conditions and movement of aotentially unstable areas.
Instrumentation may be used in the design phaseréwide information on key
performance parameters for the dam. For exampbpes| with weak zones might be
instrumented to verify design strength for the weasterials. This instrumentation might
be incorporated into the long-term monitoring phasevell.

2. Construction phase; Issues that come up dunegaonstruction phase of a new dam,
or during the modification of an existing dam, itweconfirmation of design parameters,
changes in groundwater and stability conditionssda and at adjacent sites, worker
safety, and construction quality control. This mh@ation can become especially
important if design modifications are required assult of unexpected performance.
This is the phase where most of the instrumentatised is dams is installed. These
instruments may be used to monitor performancenguwronstruction, first filling, steady
state operation of the dam, and extreme loading.

3. First reservoir filling phase; the first fillinghase is one time in the life of the dam
when visual surveillance and instrumentation mamtpare imperative. As the reservoir
is filled, the seepage resistance of the dam, fatiow, abutments, and reservoir rim is
being tested for the first time. Full reservoirdoalso tests the structural strength and

integrity of the dam. During this time, instrumerda typically is used to:
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* provide an early indication of unusual or unexpdgerformance,

* provide confirmation of satisfactory performarmfehe design and construction,

* provide information and data so that actual pentmce of the dam under reservoir load
is better understood,

* identify elements that need further examination.

4. Long-term (or normal operations) phase; Perfoiceanonitoring during the long-term
(normal operations) phase has a similar role tditkefilling phase. At this point in the
life of the dam, a significant body of informatityas most likely been developed. This
can be used to identify the dam safety issues oEoticoncern. These issues may be
significantly different that those existing prioo tinitial filling. Therefore, a new
assessment of the areas of concern and the informiiat should be provided by the
monitoring program may be appropriate. Additionatiumentation may be warranted
for areas with unexpected performance. Some ingntation may be retired if it no
longer serves a purpose. This might be the cassldpe inclinometers used to monitor
horizontal movements of the dam’s slopes and itndation for stability during

construction.

1.1.40THER FACTORSINFLUENCING POTENTIAL FAILURE IN DAMS

An examination of dam failures and safety relateddents shows that most were not
caused by a single, easily analyzed, componentréailut rather by interactions between
various components, operational considerations, lackl of appropriate organizational
response. In order to reduce the risk associatdd avdam to a level that is as low as

reasonably practicable, we must do our best, witienlimits of our current knowledge
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and understanding, to recognize potential failuceles before they begin to develop and
to monitor those failure modes over time. To achithis goal, dam owners must find an
effective way to integrate operations, engineerimgpd dam safety performance
monitoring into a comprehensive dam safety progr&®rformance monitoring and
record keeping are essential to making well-infatndecisions regarding the condition
of the dam. Ideally, dam information would be réadivailable and organized for a
straightforward and timely assessment of the candif the dam. Within the context of
dam safety, information collected from instrumemisysical observations, photographs,
design drawings, stability calculations, field exqaltions, and operational and
maintenance history should be combined into a singhdily accessible folder to allow
the engineer, policy maker, and dam safety offimaimake informed decisions relating
to the condition and/or operation of a dam. Coifgrtdata and filing it is not a
replacement for sound engineering judgment and reqpee. Performance monitoring
documentation is a tool to help track informationl ds change over time and to support
sound engineering judgment and informed decisiokimga As the systems that control
our dams get more complex and more automated, amd are remotely operated, the
opportunities increase for undetected incidentst tban lead to dam failure.
Understanding factors relating to dam safety, sasgcbwner risk awareness, management
responsibility, personnel training, and system au-system interactions, become

increasingly important.
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1.2 DAM SYSTEMS

Dam systems for flow control is made up of a breatlof components such as structures,
equipment, sensors, communication facilities, pame management arrangements and
policies that enable the handling of water flowsotilgh the reservoir and past the
relevant dam to the downstream reach of river (kewe 2011). Discharges from
upstream reservoirs and natural precipitation en(tbcal) catchment result in inflows to
the reservoir. The reservoir is ponded behind a tiaserve as a buffer for time-varying
upstream inflows to harmonize the availability ofter or electricity with the demand
(Baecher, 2014). Water may be drawn from a resethoough structures designed for
free surface flow or closed conduit flow. Most (Imait all) waterways built for discharge
of large flows, such as flood spillways, are of themer type. Low-level (bottom) outlets
and power intakes are on the other hand (usuaélg)gded for closed conduit flow in
some part. Discharge facilities are adapted teedfit operating requirements; some can
be regulated, others not; some are temporary, ©tbermanent; there are service and
auxiliary spillways, sediment outlets, fish passagavigation canals and locks, etc.

In many discharge facilities, gates and valvesngcas movable water barriers, may
actively control and regulate the amount of wateswsh from the reservoir. Gated
spillways generally permit the use of a larger Isterage than do un-gated spillways,
which is often economically favorable. On the othand, gates are critically sensitive
components of dam systems and gated waterways tcéenexpected always to be
available on demand. Modern dams usually are eqdippith automated supervisory
control and data acquisition (SCADA) equipment, stmes referred to as distributed
control systems. These com-bine sensors with indusbntrollers, computers, and data
storage capabilities, and together with commurocalinks typically facilitate remote or

14



even automatic control of components of the flowmtonl system. The consequences of
failure of SCADA systems can be dramatic. As a ltedhardware and software for
SCADA systems in dam and reservoir operations arelly ruggedized to withstand
temperature, vibration, and voltage extremes, ardeahanced by having redundant
hardware and communications capabilities. Progrargrerrors and component failures
may still incapacitate SCADA systems. SCADA systgmnsvide for human operator
control, both remote control from dispatch centated local on-site control. Operators are
always important in dam operations, including fleantrol. As a result, also human
operators may cause mistakes or introduce errorgoaimission or omission into
operation of dam systems, either without intentess commonly, out of malice. Human
operators may also take actions that may be, drthiegy believe to be, in concert with
operating policy, yet which may lead to mal-operati

The combination of electrical generators and hylraturbines allows hydropower
systems to convert the potential energy of dammediosving water into storable
electrical output. Although this conversion relies relatively simple mechanical
properties, the system employed to achieve it t&noftcomplex in its design and

capabilities.

1.3 CURRENT STATE OF THE PRACTICE

Contemporary dam safety decision-making generalis finto one or more of the
following categories:
. Standards-based decision making,

. Risk-informed decision making, or
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. Probabilistic risk analysis.

1.3.1 STANDARDS-BASED DECISION-MAKING

By definition, a standards-based system providepexific standard, factor of safety,
against which the result of an analysis is measuBtdndards-based decisions are
essentially decisions based on engineering priesiphd norms that employ a form of
design checking against stated criteria. Standaade been developed over many years
in an attempt to cover favorable performance andidawnfavorable performance.
Typical standards-based decision-making is welhgddied by many state and federal
dam safety guidelines where sections are devoteeétermining the Probable Maximum
Flood (PMF); selecting the Inflow Design Flood (IPnd analyzing concrete gravity,
embankment and arch dams against defined factawafefy for three loading conditions
(normal, flood and seismic), etc (Regan, 2010).

The factor of safety (FS) is the common design klagainst deterministic engineering
standards. The factor of safety measures the oétibe strength (capacity) of a dam to

the demands placed on it,

Capacity
FS = ——
Demand

Intuitively, a factor of safety less than 1.0 sugjgemeans that the dam will not be able to
perform its intended function under the demandefloads placed upon it. Alternatively,
a factor of safety of 1.0 or higher suggests tha dasufficiently strong to withstand the
specified demand. The typical rule in dam designoismake the factor of safety
sufficiently larger than one to account for uncietias in both the specified demand and

calculated capacity. The factor of safety, althoagtalculated construct is related to the
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physical properties of a dam, in that the largerfdctor of safety, the greater the capacity
of the dam to with-stand the applied loads.

Quantitative engineering standards are usually plgated by regulatory authorities,
even though they are typically taken from induspmactices, by standards-setting
professional organizations approved by governmienthe industry; or more indirectly
in terms of guidance provided by non-governmentghnizations such as the national
member bodies of ICOLD (Baecher, 2014). Currenn dsafety practice is usually
predicated on the rare occurrences of extreme Josuash as unlikely but possible
reservoir inflows or powerful seismic events.

Engineering standards based decision making haseslvover the years but it's focus
still remains on the physical structure, not onrapens, data collection, communications
or operations(Baecher, 2014). Loading scenariosaasessed separately: meaning the
capacity of spillways and other waterways is com®d to the extent that they are large
enough and stable enough to accommodate specifsethatiges; the mechanical and
electrical performance of gates and valves are iderexd to the extent of their
availability on demand. Analytical criteria for tih@ernal erosion of embankment dams
have improved somewhat since that era, but stidhyp operational factors, SCADA
system errors, and human factors have little placesngineering-standards based

assessment of dam safety(Baecher, 2014).

1.3.2 RISK-INFORMED DECISION MAKING
Risk-informed dam safety programs provide many beneHowever, according to

Baecher et al, “Risk-informed decision making iffeitent from engineering standards-
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based decision making in that the focus is onekellof protection to the public from the
hazardous dam and reservoir.” In contrast, in statsibased decision making the
hazards are the natural and other conditions tinaaten the dam. What generally passes
for a risk-informed approach might more accurabsydescribed as traditional standards-
based rational with a probabilistic outlook.

Risk-informed decision-making implies taking intconsideration a probabilistic
description of the natural and other hazards imgpas®e and the fragility of, the dam
system, as well as the quantitative consequencescatlents or failures, in making
decisions about dam safety, in a way that is fotuse the totality of the level of
protection to the public (Baecher, 2014). Withinstleontext, risk is taken to be the
expected consequences of accidents or failuresjghthe product of the probability of
an accident or failure, and the resultant consetpgenf that accident or failure. Risk-
informed decision making involves balancing the estpd economic, social, and
environmental costs of a dam safety risk againstcthsts of risk reduction, at least in a
gualitative way.

The shortcomings of this approach is its inabildyassess non-linear failure modes and
interactions between apparently unrelated compsenami subsystems. This hinders the
identification of opportunities to prevent failurbefore they progress to the point where
a typical risk analysis would begin (Regan, 20Ihis linear nature of typical risk
assessment approaches, combined with the fact theatmajority of dam safety
professionals are civil engineers, results in Aeanarrow focus on failure modes that
affect the civil structures and a neglect of thatdbutions to those failure modes from

electrical, mechanical and control systems or hudeamsion-making.
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1.3.3 PROBABILISTIC RISK ANALYSIS (PRA)

Probabilistic risk assessment (PRA) provides peattiechniques for predicting and
managing risks (i.e., frequencies and severitiesadierse consequences) in many
complex engineered systems.

Risk-based decision making differs from risk-inf@undecision making in that it relies
on the quantitative evaluation of the probabilitedsaccidents and failures, and of their
corresponding consequences, in order to calculadetgative risk. In the literatures of
techno-logical risk management, risk-based decisiaking is often referred to as
probabilistic risk analysis (PRA). The principal tmedologies of PRA are fault-tree and
event-tree analysis. The former is more commonuadear and chemical plant safety.
The latter is more common in dam safety and anfilastructure risk analysis.

Fault tree analysis (FTA) is a technique whose erattical foundation is well-
developed and that has been applied extensivebliability and safety assessments for a
wide range of engineered systems such as missilectasystems, chemical process
facilities, nuclear power plants, dams, controlteys and computers. In addition, the
software and the databases available for conductiffA are sophisticated and add
significantly to the efficiency of performing a kignalysis. The fault tree is a graphical
construct that shows the logical interaction amthregelements of a system whose failure
individually or in combination could contribute tee occurrence of a defined undesired
event such as a system failure. Fault trees ofiferanalyst the capability to construct a
logic model of a system that is visual and therefgreasy to view and read, and that

provides a qualitative and quantitative insightite system’s operations and reliability.
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It is important to note at the outset that FTA e ®f many tools available to the risk
analysis team. In a risk analysis for a dam systamous methods will generally be used
to build a logic structure to analyze the expedtedre performance. As such, FTA will
simply be one of the methods used. In the coursbeofisk assessment it is important to
co-ordinate how a FTA for a system fits into thei@ll risk analysis model. This theme
is critical to the risk analysis in general andhe FTA in particular.

Event tree analysis (ETA) is one of the technigaeslable to the engineer conducting a
reliability or safety analysis for a dam. It is apparently straightforward endeavor that
finds widespread application in many industries basinesses. It is an inductive type of
analysis that, unlike fault tree analysis, is ngimorted by an extensive theoretical basis.
ETA is the most widely used form of analysis irkrenalysis for dam safety, although
the lack of theoretical basis means that the cbress of these constructs may be
difficult to determine.

An ETA is an analysis process whose essential capigas the event tree. The event
tree is a graphical construct that shows the légiegquence of the occurrence of events
that is visual and therefore is easy to view aratly@nd that provides a qualitative and
guantitative insight to the system’s operations i@tidbility.

Current dam safety practice, both in the traditiaheterministic form and in the more
modern probabilistic risk analysis (PRA) form usitagilt trees and event trees, is still
usually based on the rare occurrences of extremés)osuch as unlikely but possible
reservoir inflows or powerful seismic events. AmPRA to the evaluation changes this
situation not at all. As an example, the Canaflam Association (CDA) guidelines for

dam safety risk analysis presume extreme floodseanthquakes to be probabilistically
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independent events. Each has some probability @iraag in any given year, and each
has some probability of leading to an accidentaiufe. This is the same whether in
standards-based evaluation or in PRA. Indeed, faogeophysical view, these natural
phenomena likely are probabilistically independdifite occurrence of one does nothing
to change the probability of occurrence of the nthe

From an operational and safety view, however, gadkes and floods are not
independent. If an earthquake occurs and causesiselamage to a dam system, it may
take a year or more for repairs to be completed.

1.4 ALTERNATIVE APPROACHES

A dam is not a single independent entity but raitsesystem comprising of the dam body
and the waterways past the dam, usually with acamyipg mechanical and electrical
equipment for on-site operational control. A damyraéso be considered to include the
reservoir, communication links, and the organizatresponsible for operation of the
system, including on-site operators, dispatch cestel company policy makers. This
system is made up of several subsystems for instdrgcspillway subsystem will include
the gates and its complete hoist and control systeenspillway chute and the stilling
basin. Thus the dam system would include all tHesgstems that we normally associate
with a dam: i.e., the foundation, abutments, resenand reservoir rim, the operating
organization and may also include a powerhouseatinitd associated subsystems.

The state and nature of these components and sapocents will not remain constant
during the lifetime of a dam system for reasondhisagwear and aging and maintenance

activities as well as changes to the surroundifigaistructure and society. On a larger
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scale, a dam might be a subsystem within a larggtes that could be a watershed with

projects owned by one or more entities or an engiggonal electrical grid.

1.4.1INORMAL ACCIDENT THEORY

This concept was developed by Charles Perrow ithéik Normal Accidents (1984), in
which he uses the term normal accidents in paatggionym for “inevitable accidents.”
This categorization is based on a combination afuies of such systems: interactive
complexity and tight coupling. Normal accidentsaiparticular system may be common
or rare, but the system's characteristics makehieriently vulnerable to such accidents,
hence their description as “normal”.

NAT suggests that high risk systems have some @lpgtaracteristics including complex
interactions, dependencies and performance condititat make it essentially impossible
to foresee all possible failures, especially whea tminor” failure interacts with one or
more other “minor” failures in an unforeseen mani@nce the failure of some parts is
unavoidable, some failures must be expected anddlbe considered “Normal”. Perrow
advocates a focus on the overall system ratheritftividual components. Failure in just
one part (material, sub-system, human, or organizamay coincide with the failure of
an entirely different part, revealing hidden cortigats, neutralized redundancies, random
occurrences etc., for which no engineer or manegeid reasonably plan.

Historically dams were operated by dam operatosglig near the dam and working
almost exclusively to assure the safe and reliapkeration of the dam. Economic and
Socio-political pressures, brought about in larget oy deregulation of the electric

industry, have resulted in the conversion of damrafons from a local dam tender to a
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remote operations control center (Regan, 2010)sThuman operators on site have been
consequently replaced with SCADA (Supervision, Carand Data Acquisition) which

is composed of but not limited to river gauges tgash of the reservoir, gauges within
the reservoir and gauges at the spillway. At thetrob center one or more operators (no
longer dam tenders) make decisions on dam opesabased on information obtained
from SCADA systems without directly seeing the stuwe. In addition, an operator’s
principal responsibilities are often primarily reld to operation of one or more
powerhouses with dam safety as an additional resspitity (Regan, 2010).

Likewise, spillway gates are now rarely operatecaldam operator on site. Presently, a
remote operator may click a virtual button on a pater screen. In the first case, the dam
tender gets immediate visual feedback that thegsrgate is indeed moving or not. In the
second case, the remote operator gets a signahthgate is moving from some form of
position sensor. If the sensor is giving erronedats, the operator has no real knowledge
if the gate is moving or how far it is moving (Reg2010).

When we bring the causes of technological accidept$o closer scrutiny in a bid to
understand them the inherent causes, it's ofteg @éficult to pinpoint what exactly
went wrong. The reason for this is that technolegiee intrinsically complex and depend
on many things working closely together: Materiatgl components of different quality
are structured into tightly engineered sub-systemtsch are operated by error-prone
humans in not always optimal organizational strregu which in turn are subject to

production pressures and all kinds of managerialeungering.
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Normal Accidents was first published in 1984, priorthe deregulation of the electric
industry and prior to the large-scale introductadmemote operation of dams. These two
factors Dams as Systems have greatly increasedaimlexity of dam operation and
have introduced opportunities for unforeseen imtévas that did not previously exist.
Therefore, the author believes that dams today avodre properly be plotted between
power grids (as plotted by Perrow in 1984) and eaicbower plants in the upper right
guadrant.

Charles Perrow, the author of Normal Accident Tlge@ame to the conclusion that
“some technologies, such as nuclear power, shoulplyg be abandoned because they are
not worth the risk.” This political statement hamsde Normal Accident Theory highly
controversial, and the main body of research hasedhen concentrated on how to make
organizations and high-risk technologies more bé#iai.e. 'disaster proof, so that the
political and democratically important discussidnatiowing or not allowing specific

technologies not needs to be taken.

1.4.2HIGH RELIABILITY ORGANIZATIONS

Subsequent researchers challenged Perrow’s thaady,in particular his conclusions
regarding the inevitability of accidents. Anotherhsol of thought, High Reliability
Organizations (HRO), argues that four key orgaronal characteristics: 1) prioritization
of safety and performance and achieving a consensushe goals throughout the
organization; 2) promoting a culture of reliabiit$) organizational learning to learn
from accidents and safety related incidents; anasé)of redundancy. Advocates of HRO

suggest that by improving the reliability of compats, system safety can be improved.
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Critics of the HRO theory point out that simultaosly promoting safety and
performance, i.e. dam safety and powerhouse gemei@eates conflicting priorities.
HRO describes a subset of hazardous organizatiai®hjoy a high level of safety over
long periods of time. What distinguishes types ighkrisk systems is the source of risk,
whether it is the technical or social factors tthe system must control or whether the
environment, itself, constantly changes. Promotialigbility is often taken to mean
training all employees on exactly the steps to takea safety related incident.
Unfortunately, this can mean, at times, that th@legees do exactly what they've been
trained to do but the specific incident was outside understanding of those who
prepared the training and the response actualliehsighe incident due to unforeseen
interactions. Learning from our past clearly haspitace in any dam safety program but
this is due mainly to the fact that our industrg héstorically evolved at a relatively slow
rate. The recent development of SCADA systemsalhaiv remote operation of dams is
a radical departure from the historical developmentdam design and operation. We
have little to no history to help us understand risks inherent in remote operation of
dams. It is notable that many of our recent expesge with uncontrolled releases of
water are due to unintended operation of outleka/twy glitches in SCADA systems, an
area where the dam safety community has relativtlly history. The last concern with
HRO is its emphasis on redundancy, a fact that merease complexity and thereby
reduce safety, especially if operations become ¢arept because redundancy is

designed in.
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1.5 SYSTEMS ENGINEERING
Another school of thought that has gathered monmerdue to the advances made in

computing power over the last 3 decades is theeSysEngineering approach. Systems
theory dates back to the 1930’s and 1940’s andam&sponse to the limitations of the
classical analysis techniques in coping with insmegly complex systems starting to be
built at that time (Leveson, 2011). Bell Telepholaéoratories developed systems
engineering in the 1940s as a response to thetoemdhluate the properties of a system
as a whole, which in complex technologies, can &g different from the sum of the
properties of the individual component properttegstems engineering advocates a high
level, top-down, view of the system and the reladlups between technical,
organizational and social aspects. Systems engmgesr a multi-disciplinary approach
that enables the successful realization and dem@ayrof systems, however simple or
complex they may be. The systems approach to asgebke performance and safety of
dams is familiar from the perspective of dam designd yet unfamiliar from the

perspective of dam safety assessment (Baecher).2014

1.5.1 DAMS AS ENGINEERED SYSTEMS

Safety approaches based on systems theory conaabédents as arising from the
interactions among system components. This systeppsoach treats safety as an
emergent property that arises when the system coemp® interact within an

environment. Dams are engineered systems thatane a natural environment, as such,
the dam system comprising the dam and appurtemamiiges, reservoir, foundations,

abutments etc. is an engineering altered natusaésyBaecher & Hartford, 2004).
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A dam system is made up of mainly the dam body thedwaterways past the dam,
usually with accompanying mechanical and electrezplipment for on-site operational
control, but may also be considered to includerdservoir, communication links, and
the organization responsible for operation of tlgstesn, including on-site operators,
dispatch center and company policy makers. The stad nature of these components
will not remain constant during the lifetime of and system for reasons such as wear and
aging and maintenance activities as well as chatog®e surrounding infra-structure and
society. If a dam is described as a dam systenm there could be the powerhouse
included, since this object belongs to the keycttmes when we think about dams as
systems (Baecher, 2014) .

As discussed earlier, criteria-based decision-ngplgrocesses analyze a few specific
components such as the dam body as a whole tadeteif it meets applicable criteria
under various loading conditions and the spillwaydétermine if it will safely pass the
inflow design flood. Risk-informed processes doeesially the same thing, except they
estimate a probability of occurrence for the faland, rather than just compare the
results of an analysis to a specific criterion,lude an evaluation of consequences in
assessing if the risk is tolerable. In either caeeare essentially trying to determine the
safety of a dam by examining a few components efdam, one at a time, in isolation
from other components. An examination of dam fatuand safety related incidents
shows that most were not caused by a single, easdyyzed, component failure but
rather by interactions between various componemtissabsystems. In order to drive the

risk associated with dams to a level that is asdeweasonably practicable, the best must
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be done, within the limits of current knowledge amtterstanding, to recognize these
systemic failure modes prior to an incident orfeel

The safety and reliability of flow control systemisdams relate not only to fields such as
hydrology and hydraulics, but also to geologicatucural, mechanical and electrical
engineering describing the current state of thetegys and to supervisory control
(SCADA), and human factors. Even though proballisisk analysis (PRA) usually
deals only with the rare occurrences of extremedp@ principle it can accommodate
less extreme events such as the blockage of spilbpanings by floating debris and the
unavailability of gates to open on demand. Nones®l PRA suffers the significant
limitation that only specifically identified and emerated chains of events, enter an
analysis. An unforeseen or unusual combinationatdyf usual conditions that is not
specifically identified and enumerated will noteadf the outcome of a PRA.

The consideration of accident or failure scenaresulting from chains of events not
specifically identified requires a new approachisTdpproach sees dams as systems and
includes the effects of successive or sudden clzanfestate due to operational and
maintenance activities, human and organizationabfa, laws, policies and procedures,
all of which occur in varying environmental condiis.

The key considerations in a systems engineeringoaph are:

. The capabilities of the system;
. How these capabilities are achieved; and
. The environment in which the system functions.

The capabilities of the system, specifically, dre products and services that the system

produces, for example, water for irrigation, hydveyer, or navigation.
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1.6 THESIS SCOPE AND BOUNDARIES

Just as solving an engineering or systenetgaproblem requires the definition of
system boundaries, writing a dissertation requinesdefinition of the problem scope, as
well as the boundaries of the systems and fattolbg included in the tentative problem
solution. The focus of this thesis is on demonsigatow the proposed systems modeling
approach can be applied to analyzing the relighdftdam Systems. The objective is to
demonstrate via a systems modeling framework, red\ahility of dams can be analyzed
holistically. Within the systems modeling framewptke salient aspects/components of
the entire system will be identified and modeledsdo enable the replication of real life
scenario factors that contribute to risk in the elegment and operation of complex

engineering systems.

Most of the techniques upon which this wask predicated are derived from
system safety engineering, system theoryalydiiy theory, and system dynamics.
The definition of safety used throughout this teesicludes not only risks associated
with human life, but also risks associated with d#&amlure, equipment loss and

environmental damage.

Based on this defined boundary, the study concstian:

a. The spillway gates;

b. The spillway gate controls, drives and hoists;

c. Spillway operations, both local and remote;

d. Power supplies;
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e. Power Generation;

f. Instrumentation;

The set boundaries will enable the river basin blgdyy, the routing of reservoir inflows
through the reservoir system, operating rules amdam factors of operating the spillway
and other waterways, out flow systems, the hydcaubf outflow, the discharge to the
downstream river channel and the fragility of theucural, mechanical and electrical
components of the dam system to be holisticallggrdated into the model. Emphasis is
placed on the interactions of this set of compaosisnb components and how unforeseen
combinations of varying conditions may lead to uel of dam system. The Lower

Mattagami cascade of four dams is the case studlisthis research is predicated.

1.6.1THESISOBJECTIVE

The purpose of this study is to report on the aurradvancements made on the
application of systems reliability modeling appream dam systems and also to

promulgate the use of a systems modeling framewotke analysis of the performance

of hydraulic flow control systems. The main objeetis to balance the main aspects of
dam operation, performance and reliability into iategrated whole. That integrated

whole comprises the natural siting of the dam snhiydrology and geology, the physics
of water containment and the control and the céwirdischarges and power generation,

and the monitoring and control of operations.

To achieve this goal, one needs to take a systéems an the analysis of function and

failure of flow control in dam systems. This is t@ny to recent decades’ separation of
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analysis according to different fields, that isalgsis being divided among the isolated
fiefdoms of different specialists (Baecher, 20I#)e specialties and methods of analysis
used today are still absolutely required, but neelle supplemented with an improved

overview of how things come together and influeeaeh other.

The philosophy of systems engineering as a whadwa essential attributes:

. Structural performance and resilience; and

. Functional performance and resilience.

Structural performance and resilience pertain @ ahility of the dam to withstand the
forces that are applied to it and to maintain thiecsural support and integrity required
for the functions of the dam and reservoir. Fun@igerformance and resilience pertain
to processes, products and services that the damersded to provide. Specifically, the
dam is intended to retain the stored volume amuhgs all flows through and around the

dam in a controlled manner.

The systems approach also gives considerationetinfluence of disturbances to one or
more functions for reasons that can be externaiternal to the system. The possibility
of one or more combinations of both external artérival disturbances, ranging from
those that occur essentially simultaneously to éhibt occur at different times but in

ways that the effects of the disturbances comlaireealso considered.

The present goal of this study is to understand lbes interactions of systems
components, control and combine to affect perfogeaand the potential for accidents
and failures; thus, how simple but unforeseen chainevents might combine to affect
the ability to control flows. Emphasis will is pkat on flow control components of the
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dam that will be modelled include the spillway gatow level turbine intake sluices,

gate hoists, SCADA system reliability and humanrafme influences.

1.6.2THESISOUTLINE

The dissertation goes through a natural progresdrmm background to high-level

dynamic Simulation model building and operation.eTBystems-based reliability

modeling concepts are reviewed, and the Lower Idatta River case study is used s to
demonstrate the model-building methodology and yamalusing a real system that

include dynamic risk modeling and reliability arsily

More specifically, Chapter 3-6 takes on the Systemosleling approach to dam safety
performance analysis by applying the systems mgldiiamework to Ontario Power
Generation’s cascade of four dams in the Lower &dmttni Basin (Northern Ontario,
Canada). The literature review talks about theesystapproach to dam safety modeling
from a more global perspective without delving itke technicalities of the systems
modeling approach from inception through completiGhapters 3-6 also delves more
into the details of the systems modeling frameweamkl concepts. Chapter 3 introduces
the Lower Mattagami case study. The first two padvides a review of the two major
theoretical foundations upon which this work buildemely: Systems Engineering
concepts and Reliability of Reliability analysithél'second part talks about the Project on
which this paper is predicated on; which is Ont&awer Generations Lower Mattagami

cascade of four dams.
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CHAPTER 2: SYSTEMSENGINEERING APPLICATION TO SPILLWAY
SYSTEMS
Systems engineering is a methodical, disciplinegra@gch for the design, realization,

technical management, operations, and retiremeatsystem (National Aeronautics and
Space Administration NASA, 2007). A “system” is @nstruct or collection of different
elements that together produce results not obtkindly the elements alone. The
elements, or parts, can include people, hardwavéiyare, facilities, policies, and

documents; that is, all things required to prodsystem-level results.

Dams are engineered systems that are set in aahatwironment, as such, the dam sys-
tem comprising the dam and appurtenant structweservoir, foundations, abutments
etc. is an engineering altered natural system. Téey not merely a collection of
components but complexes of interacting parts,estilip a variety of disturbances, and
operated by human agency(Baecher, 2014). This ehtaatkles the systems engineering
viewpoint of the analysis of risk and reliability hydropower dams. Hierarchical models
of the complex system and the key building block@amf which it is constituted are
analyzed using systems engineering approaches dblepn solving. Within this
framework, use case diagrams, requirements diagraorgext diagrams and activity
definition diagrams will be presented for the pregd analysis approach. Other higher

level diagrams such as block definition diagranes@uitside the scope of this thesis.

2.1 SYSTEM BOUNDARIES: THE CONTEXT DIAGRAM
An important communications tool available to thestems engineer is the context

diagram. This tool effectively displays the extéraatities and their interactions with the

system and instantly allows the reader to idertiyse external entities. This type of
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diagram is known as a black box diagram in thatsysem is represented by a single
geographic figure in the center, without any detailernal composition or functionality

is hidden. The diagram consists of three components

1. External Entities: These constitute all entitregrhich the system will interact.

Many of these entities can be considered as sodmemputs into the system and

destinations of outputs from the system.

2. Interactions: These represent the interacticgtsvden the external entities and the
system and are represented by arrows. Arrowheguiesent the direction or flow of a

particular interaction. While double - headed asawe allowed, single - headed arrows
communicate clearer information to the reader. Thhe engineer should be careful
when using two - directional interactions — makeesilne meanings of your interactions
are clear. Regardless, each interaction (arrowgbisled to identify what is being passed

across the interface.

3. The System. This is the single geographic fignemtioned already. Typically, this is
an oval, circle, or rectangle in the middle of flggire with only the name of the system
within. No other information should be present.

2.2 STAKEHOLDER IDENTIFICATION

The Spillway Systems Reliability Project (SSRPa iswulti-year effort to develop a “new

approach” to analyzing and understanding flow adritr dam systems operations by a
consortium of hydro-power operators. The consortisrmade up of British Columbia

Hydro, Ontario Power Generation, Vattenfall and aiot Power Generation. Ontario

Power generation is the main stakeholder for teenpifgation of the ‘new approach’ and
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are currently applying the systems simulation medthagy to their cascade of four dams
in the Lower Mattagami River Basin in Northern Qida Other stakeholders include

dam owners and general and risk analysts in thes#dety industry.

2.3 CONTEXT DIAGRAM: SPILLWAY SYSTEMS RELIABILITYANALYSIS

The context diagram of the proposed systems rétiabpproach shows at a higher level
of abstraction, the external entities interactinghwthe proposed system against a
backdrop of certain constraints. It explains tharimary inputs, outputs, constraints and

enablers for the spillway reliability analysis systat a higher level.

The clear definition of the boundary is importamcause those elements within the
boundary are presumably under the direct contrahef engineers and operators, and
become elements of a systems model. Modeling thesyg reliability of flow-control

functions in a modern dam involves (1) charactegzhe performance of a spectrum of
systems components, (2) following the dynamic axdtgon of these components through
time, and (3) tracking the possible occurrencextémal disturbances to the system that
may perturb component performance. The constraistade factors at the management

or policy level, government regulations and techhtonstraints of system components.

The inflows include a random time series of resenioflows from which the

performance of the flow-control system can be mledelreliability data for assessing
how certain components react to varying load demasthtistical data required for a
complete reliability analysis of components and figsical parameters of the dam
system. The outputs are the statistical data getefeom the simulation which can be

data mined and analysed to aid in decision makKirtey include outflow graphs,
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elevation graphs, reliability data plots etc. Rality Data comprises all system

performance related data that can be used to dstmalgability parameters such as Mean

Time to Failure (Mean Time to Failure), Failure &gtMean Down time, Mean time to

Repair etc.
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Figure 1: Context Diagram for Proposed analysis
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2.4 REQUIREMENTS ANALYSIS
Requirements engineering (RE) lies at the headystems development, bridging the

gap between stakeholder goals and constraints,tlaid realization in systems that
inevitably combine technology and human processaspedded in a changing
organizational context (Maté, 2005). RE is therefiowlti-disciplinary in both its outlook
and its deployment of techniques for elicitatigpedfication, analysis, and management

of requirements.

Requirements engineering (RE) provides the methodds, and techniques to build the
roadmaps that designers and developers of compléiwase/people systems should
follow, as it is the discipline concerned with treal-world goals for, functions of, and

constraints on those systems (Zave, 1997).

2.4.1SYSTEM LEVEL REQUIREMENTSFOR PROPOSEDANALYSIS FRAMEWORK
The system-level requirements are general in natunde requirements at low levels in

the hierarchy are very specific. The top-level sgstrequirements defined in the system
requirements at this level are the main input far tequirements allocation and flow-
down phase. Three categories were defined at thterag level i.e., the Functional,
Performance and User Requirements. The functioeguirements delineates the
computational and modeling aspects of what our ggeg system needs to achieve. The
Performance requirements delineate what is requatdhe analysis system being
designed. Basically, this centers on the capadslitf the software platform needed to
implement the proposed analysis concept. The esgrinements are generally at a higher

level than the technical requirements. They addrédss user-system interface
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requirements. Thus, they address at a higher tE#vabstraction what the user expects to
be able to do with the system. Contained in theiremqents overview snapshot in figure
2b are the user requirements of the proposed sgsémalysis framework as prescribed
by the stakeholders. Bearing in mind that the pseposystems approach must consider
all the physical and functional interrelationshipmong the parts of the dam and
reservoir, and to combine the analysis of the partgheir functional and spatial
interrelationships in a unified structure; the regoents were identified and broken

down to a level that captures all the salient aspefcthe system.

req [Modsl] Data [ inherantDisturbance

arequirements
SPILLWAY SYSTEMS

RELIABILITY ANALYSIS
lg=""
Text = "The system shall
use systems engneering
concepts to develop a new
frameswork for analyzing risk
and reliability in dam Safety.”

i)
i |
| USER REQUIREMENTS
I«requlrerrem;‘ e ggaTuis i
PERFORMANCE
|FUW3T£‘°"'%'-‘ REQUIREMENTS
N
wreguirements
Inherent disturbances

Id="1.4"

Text = "The system shall

incorporate the modeling of

P the effects Huf disturbances to <requiemEN
iy = the system Performance of system arequirements «requirements arequirements
Hydrological modeling and !
oW roliting . =21t incorporate data use data model
lig="11" L ReTe Text = "The system shall Id="3.3 Id="3.1" la="3.2"
: Operational aspects of the ov o o
Text = "the system shall dam system mest the performance Text = "The sysiem shall Text = "The system shall Text = "The system shall
caleulate the PR ions identified by allow the user to allow the user to data mine enable the uger to model
modeling of data, 5L the stakeholders" incorporate data inte the outputs." the physical aspects of the
g Text = "the system shall Sredyaia” i e
compute data on
operational aspects af
. dam"
wreguiraments
Failure modes a_nd impact

arequirements
Hydredynamics of flow

ld="12

Text ="The system shall

compute data for

hydradynamics of flow . ™

Id="15"

Text = "The system shall
perfarm computation on
fallure modes of the spill way

system.”

Figure 2: Snapshot of requirements diagram for proposed systems approach
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2.4.2 ALLOCATION AND FLOW-DOWN PROCESS
The requirements allocation and flow-down procgm&’pose is to make sure that all

system requirements are fulfilled by a subsysterbyoa set of subsystems collaborating
together. Top-level system requirements were orgahhierarchically, helping to view
and manage information at different levels of axtton. The requirements are
decomposed down to the level at which the requirdroan be designed and tested. The
systems approach attempts to consider all the pdlyand functional interrelation-ships
among the parts of the dam and reservoir, andrdooe the analysis of the parts in their
functional and spatial interrelationships in a iadf structure. Both performance
requirements and functional requirements are brakem to a third level of abstraction.
Table 2a shows the decomposition of the functiogpatformance and user requirements.

All other decomposition diagrams can be found mdppendix.

Requirements List

# Id Name Text
1 SPILLWAY SYSTEMS| SPILLWAY SYSTEMS RELIABILITY
ANALYSIS
RELIABILITY ANALYSIS
2 1 FUNCTIONAL
3 1.1 Hydrological modeling andhe system shall calculate the hydrological
modeling of data.
flow routing
4 1.1.1 | read data The system shall read data oer rbasin
hydrology
5 1.1.2 | read data The system shall read hydrabgidlow time
series data from a database
6 1.1.3 | calculate The system shall calculate thevndtream
outflow rate from the dam system
7 1.2 Hydrodynamics of flow The system shall cotepu data for
hydrodynamics of flow .
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8 1.2.1 | storage capacity data The system shall desal on storage capac
parameters of the reservoir from a database

9 1.2.2 | read data on turbine sluice The systent s#ad data on turbine sluice uf
rating tables for power generation demand

10 1.2.3 | read data The system shall read dataeservoir inflow
routing

11 1.2.4 | compute spillway flow The system shalmpate the spillway flow
profile

12 1.2.5 | height variation computation The systemlstompute the height variatior
of the reservoir

13 1.3 Operational aspects of the dathe system shall compute data on operati(
aspects of dam.

system

14 1.3.1 | operator failure rate The system shalil rdata on operator failur
rates from human error probability database

15 1.3.2 | human effects The system shall model hureiacts of
operational aspects of the dam

16 1.4 Inherent disturbances

17 1.4.1 | rare event simulation The system shall fopar "rare event'
simulations.

18 1.4.2 | disturbance effect The system shall comgigturbance effects g
the system components

19 1.4.3 | simulation type The system shall model inherent disturban
via a probabilistic framework.

20 144 The system shall model potential violadi

21 1.5 Failure modes and impacthe system shall perform computation
failure modes of the spill way system.

analysis

22 1.5.1 | evaluate failure of gates The system @valluate failure of the gates
the dam system

23 1.5.2 | time of failure The system shall identifge of failures

24 1.5.3 | Duration of down time The system shalhtdg duration of componen
down time.

25 1.5.4 | Compute MTTF The system shall compute Meare to Failure
(MTTF) of components

26 1.5.5 | compute MTBF The system shall compute Miare Between
Failure (MTBF) of components.

27 1.5.6 | compute failure rates The system shall peaen failure rates o
components.

28 1.5.7 | compute plots The system shall computerivalr function

f

plots of components.
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29 1.5.8 | read data on failure The system shall neadt data on component
failure statistics from a database

30 1.5.9 | inherent availability ofThe system shall calculate the inhergnt
availability of the spillway gates

spillway gates

31 1.5.10 The system shall read input data on repair times
for non-catastrophic failures.

32 2 PERFORMANCE

REQUIREMENTS

33 2.1 requirements

34 2.1.3 | interaction variables The system shall ehadteractions between
<TBD> variables

35 2.1.4 | The system shall run the time

series model in <TBD> time
units

36 2.1.5 | variable time steps The system shall kavieble time steps

37 2.1.6 | analysis time The system shall perform #ralysis in
<TBD> hours/minutes

38 2.1.7 computers The system shall run on patsoomputers.

39 2.1.8 | nesttime steps The system shall havealhlgy to nest the
time steps to set the duration for result
generation

40 3 USER REQUIREMENTS

41 3.1 use data The system shall allow the usetata mine
outputs.

42 3.2 model The system shall enable the user tdehibe
physical aspects of the dam system.

43 3.3 incorporate data The system shall allowuber to incorporate

data into the analysis.

2.5 USE CASE DIAGRAMS
Use case diagrams model the functionality of trstesy as perceived by outside users. A

use case is a coherent unit of functionality exgedsas a transaction between the user

41



and the system (Maté, 2005). Thus use case diagalovg us to elicit and describe
functional requirements. Use cases are alike inttiey all describe to some degree the
series of actions and events the system and uedsmp during operation; however, they
are different in their focus and usage. The subseigsections describe use cases for the

proposed approach to modeling risk and reliabifitgam safety.

2.5.1 SYSTEMSLEVEL USECASE
The use case describes what the risk analyst doashagher level of abstraction. As

illustrated in figure 2c, the user first builds tiedel, tunes it and then runs it. Once the
simulation run is complete, the Risk analyst cantbhoose to view the results and share
the outputs of the simulation study with the mamaget. Management also provides the

data required to accurately characterize the system

42



uc [Model Data[ High Level L|

Build !."Iodeld::f")

|’----

—_—

/ \.,_,-- Tune rnod-el
ﬁisk Anafysi\

Run !."Iodel =

r--View Report

.-’H.- B N
“-\.\_\_‘_\_\_

¢ ProvideData
b el ____—-Z-—__._,

-
-‘-_‘_‘-‘_‘_‘-‘_‘—n_._
o
P %,
ﬂanagement

Figure 3: System Level Use Case Diagram

2.5.2 BUILD MODEUSECASE

The model should keep track of the current statéhefsystem, including steady-state
water levels in the reservoir and hydrological omfs into the reservoir, the current
discharge and the state of all components in thierways. In addition limitations on
operation due to scheduled maintenance and unplarmgages, electrical and
mechanical equipment malfunction and human erratk also be incorporated. The
modeling will also have to take into account otbguipment malfunctions of mechanical
or electrical or structural origin and disturbandesn the power system itself. From a
mathematical view, the system that we attempt naukite has mathematical properties

that have to be incorporated in the model constmgbhase to accurately characterize
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them. The mathematical expressions which desctige system component contain
parameters, the realized values of which are thgesystates at any one moment in time.
All the data required to accurately characterizd amathematically model the system
components are made readily available in the DatseB These Data include
Hydrological inflow data, Human operator error (Hawm error probabilities) data,
spillway degradation data (Fragility curves), raexen probabilities, component
reliability data etc. Figure 2d displays the pragmbsbuild model” phase in the context of

a use case.
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Figure 4: Build Model Use Case Diagram

2.5.3 RuN MoDEL UsSeCASE
This use case displays what’s going on behind ¢kaes while the simulation is running.

All the numerous mathematically complex and noedin interactions are computed
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using the pre-defined mathematical functions, Vdeiand expressions. Each sub-system
component is abstracted in mathematical expresstmtsdescribe the behavior of the
component for a given input and given set of disnces, and specifies the output
interactions of the component with other componefts example, the model will
therefore compute the relevant hydraulic parametdath respect to the established
constraints and feed the results of these compuatato other components that reference
it in their functional expressions. Once the siaioh run ends, results are generated and

the user can view and export the results.

uc [Model] Data [ Run Model

generate reports

«include» ~
i

#
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«include» / - interact with sub
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- =
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iz _
Run Model
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/ ~ = update state of
Risk Analyst . components

N
&include»

capture
interactions

Figure 5: Run Model Use Case
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2.6 ACTIVITY DIAGRAMS
Activity diagrams are a type of behavioral diagramthe form of flowcharts of activities

within a portion of the system showing control flowetween activities (Kossiakoff,
2011). They represent any type of flow inherentainsystem, including processes,
operations, or control the sequence of activitied avents is regulated via various

control nodes.

2.6.1 ANALYST ACTIVITY DIAGRAM
The activity diagram in figure 2f shows the comeleset of activities happening in a

success scenario. The user inputs the data ardskihid model depending on the values
defined. The user then tunes the model dependingeanalysis required as mentioned
in the diagram. After selecting a value for eachtled parameters the user runs the
analysis model which performs different computadiand calculation depending on user
inputs. Once the system completes the intended/sisakequired results are obtained.
Once the results are ready they can be viewedtedete stored for further analysis. For

details about different types of analysis and oytygier backup slide.
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Figure 6: Risk Analyst Activity Diagram

2.6.3 SIMULATION ACTIVITY DIAGRAM
Within the simulation three process flows are teatk water (i.e., the physical flows),

communication (i.e., information flows), and comt(oe., human action flows). The
activity diagram in figure 2f shows how the simidatproceeds in a sequential manner
capturing the three processes described. Onceirtidasion run is started, flows are
generated and routed through the reservoir. Therves responds through changes in
elevation. The operators ad automated systems comate this changes in elevation to
the spillway gates if its demand is needed. Id#snand is needed the spillway gates are

opened either remotely, on site or by automatedeBys to route water out of the
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reservoir. This set of event happen iterativelytigh time and their performance ¢

reliabilities are computed bere and provided as outputs at the end of the stmualaun
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Figure 7: Simulation Activity Diagram
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CHAPTER 3: LOWER MATTAGAMI RIVER BASIN CASE STUDY

3.1 BACKGROUND

The Lower Mattagami River Hydroelectric (LMR) Corapl is comprised of four
hydroelectric generating plants, Smoky Falls GammraStation (GS), Little Long GS,
Harmon GS and Kipling GS. These facilities are tedan the Moose River Basin about
90 km north of the Town of Kapuskasing, Ontarion&a and are owned and operated
by Ontario Power Generation (OPG).Together, thesg &tations are known as the
Lower Mattagami River Hydroelectric Complex (LMR @plex). They are owned and
operated by Ontario Power Generation (OPG), thedtrent of the Project. Smoky Falls
GS is a base load station with four vertical Frarigpe units and a capacity of 52 MW.
Little Long GS, Harmon GS and Kipling GS each hawe fixed-blade propeller type
units and operate as peaking stations with statapacities of 136 MW, 140 MW and
156 MW respectively. Smoky Falls GS was the fir§ @ come in service in 1931 while
Little Long GS, Harmon GS and Kipling GS all canmetd service between 1963 and

1966.

3.1.1LOCATION

The Mattagami River is located in the Moose RivasiB (Shown in Figure 3) in

northeastern Ontario which encompasses a drainmagea® 109,000 km2. It flows in a

northerly direction from its headwaters at Mesomike Lake and is approximately 418
km long, covering a drainage basin area of 35,64f2.kThe Mattagami River is

generally a shallow and slow-flowing river with @asonal flow regime, characteristic of

rivers in the Moose River basin. The long-term agerriver flow for the Little Long GS
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as recorded by OPG is approximately 412 m3/s, basedperiod of record from 1926 to
2005. Since OPG’s hydroelectric stations along R are in close succession,
intermediate drainage areas are small and theilbotitm from inflows between the

stations is not important for planning purposes

The LMR Complex borders two physiographic regiotiee Canadian Shield which
extends from the south to just north of Kipling @&d, beyond this, the Hudson Bay
Lowlands. Vegetation communities in the region wy@cal of the Northern Clay Belt
and Hudson Bay Lowlands sections of the Boreal$tofidhe Mattagami River supports a

diverse fish community with a total of 28 knownident species.
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Figure 8: Map of Moose River Basin

3.1.2GENERATING STATIONS

The four GSs (Little Long, Smoky Falls, Harmon aKgpling) are located on the
Mattagami River between 60 and 100 km north of K&pasing (Figure 3). The stations
are accessible by road from either Kapuskasing orodh Rock Falls. From

Kapuskasing, access to the OPG GSs is via a 9®kgnderies of roads consisting of the

Fred Flatt Road, the Smoky Line Road and the Sni@lg Road. The Fred Flatt Road is
a 51 km long, two-lane gravel road leased by TentibecThe road is open to the public

and OPG currently contributes financially to theimenance of the road. The Smoky
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Line Road is a 42 km long, single-lane gravel roathed by OPG. The Smoky Falls

Road is an 18 km long, two-lane gravel road, alsned by OPG.

Highway 643 (formerly Highway 807) links Smooth Rdealls to Fraserdale via a 73 km
long two-lane paved road. The 46 km Little Long BRd¢Braserdale Road) is a two-lane
gravel road that extends from Fraserdale to Littteg GS where it crosses the Little
Long dam and links up with the Smoky Falls Roade Tiitle Long road is owned and

maintained by OPG.

3.1.3STATION CHARACTERISTICS

The area layout of the four GSs is shown in Figbwréhe Little Long, Harmon and

Kipling GSs were all constructed in the early 196@sl have similar operating heads,
hydraulic capacity and output. The GSs each haweunits of the fixed-blade propeller
type and are operated in a peaking mode. Statipacd#es at Little Long GS, Harmon

GS and Kipling GS are 136, 140 and 156 MW, respelsti In contrast, Smoky Falls GS

is a 4-unit baseload station operating effecti&ilyh/d with a station capacity of 52 MW.

Transmission of electrical energy from the fourtietes is provided by a 230 kV
transmission line from Kipling GS via Harmon GSLitile Long GS substation and from
there to the Pinard transformer station near Fdaser Generation from the existing
Smoky Falls GS is fed into a 115 kV transmissior lthat runs directly to the Tembec
paper mill in Kapuskasing. Relevant charactesstar each GS as well as the nearby

Adam Creek watershed are listed in Table 4a.
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Figure 9: Characteristics of LMR Complex Stations

Figure 10: Characteristics of LMR Complex Stations

Notes:Turbine capacity at maximum continuous rating (M@Raverage head (as provided by OPG).
Average annual energy divided by capacity.

Includes recent turbine upgrades.

Combined spill capacity is 6087 m3/s. Maximum dadgorded flow at Little Long GS is 5070 m3/s.

Only two sluices are presently operational.
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3.2 GENERATING STATIONS
Several hydroelectric generating stations weret liithe Moose River Basin during the

twentieth century. The four largest stations, kn@srthe Lower Mattagami River (LMR)
Complex are located on the Mattagami River aboutk@0 north of the Town of
Kapuskasing. Smoky Falls GS was approved in 192Bcanstructed between 1927 and
1931 by Spruce Falls Power and Paper Company (SHPBte 1989, Ontario Hydro
purchased the plant from SFPP and through its ssocPG, has operated the facility

to the between 1963 and 1966 and are owned andtepdry OPG.

3.2.1LITTLE LONGGS

Little Long GS has concrete and earth-fill watetam@ng structures that maintain the
integrity of the Little Long reservoir, which isdhmain storage facility for the four
generating stations. The reservoir extends aboltmaupstream, has a surface area of
about 76 km2 and provides a live storage volumel@ x 106 m3 at a maximum
drawdown of 3.02 m. The powerhouse originally pded a maximum power flow of
536 m3/s at a head of about 28 m, through two idaintertical fixed blade turbine units

each with nominal installed capacity of approxirhaél MW.

The runner blades for the units have been adjustgd/e a higher discharge of 583 m3/s

and output of approximately 68 MW.

When river flows exceed the 583 m3/s maximum padilesy of the Little Long GS, the
Adam Creek spillway structure, located approximab km east of the GS, is used to
pass excess water into Adam Creek. The Adam Calway structure consists of eight
sluices with a total capacity of approximately 488/s at reservoir elevation 198.12 m.

Waters bypassed into Adam Creek flow northward ma Creek and re-enter the
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Mattagami River about 17 km downstream of the KigliGS. A secondary spillway
structure constructed in the former Mattagami Reieainnel just west of the Little Long
GS powerhouse has a capacity of 1217 m3/s, andda®vor diversion flow to the

downstream GSs in case of shutdown of the Littled-&S units and to augment the

Adam Creek spilling capacity.

Figure 13: Little
Long Generating
Stations

Figure 12: Little Long GS Adam Creek Spillway Gates

3.2.2SMOKY FALLS GS
Smoky Falls GS has a concrete dam (west dam) titarporates the intakes for the
powerhouse, a spillway structure to bypass flowgha event of a sudden unit outage,

and an earth-fill retaining structure (east dantpated near the spillway. The headpond
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extends upstream for about 7 km, has a surfacechraiaout 5.3 km2 and a live storage

volume of 6.7 x 106 m3 at a maximum drawdown o631@ The powerhouse contains

four vertical Frncis type turbine units, with tbapacity to generate 52 MW at a rated
flow of approximately 190 m3/s and an operatingchefi34.5 m. The existing spillway
structure consists of 10 gated sluices, each b&iagn wide by 9.2 m high, plus an
approximately 230 m long overflow crest. The spalfistructure was originally designed
(prior to the construction of the Adam Creek Diven3 to convey what was then the full
design flood flow on the Mattagami River. With thenstruction of the Adam Creek
Diversion, the spillway only needs to maintain sctirge capacity of 1217 m3/s. Two of
the 10 gates are operational and the overflow @ees permanently sealed with timber

stop logs.
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Figure 14: Smokey Falls Spillway Gates

Figure 15: Smokey Falls Generating Stations

3.2.3HARMON GS
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Harmon GS has a single concrete dam that incogmtht intakes for the power station

and a spillway to bypass flows in the event of anploutage. The headpond extends

about 4 km upstream. Its surface area is approgindt km2 and live storage is about
6.9 X
106 m3
at a
maxim
um
drawdo
wn of

3.4 m.

The powerhouse contains two identical verticaldixéade turbine units with an installed
capacity of 70 MW each. The operating head is apprately 31 m and the rated flow is

525 m3/s.

Figure 16: Harmon Generating Stations Figure 17: Harmon Spillway Gates
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3.2.4KIPLING GS

Kipling GS has a single concrete dam incorporatimg intake structure and spillway.

The headpond at Kipling GS is about 5.6 km lonfpak a surface area of about 1.2 km2,

with a live storage of 3.2 x 106 m3 at a maximugeiiown of 3.02 m. The power plant
IS very

simila

the
Harm

on GS

but
operates at 0.5 m lower geneting ead. Eacheotvib tuine units generates at 78

MW. The two units had a runner upgrade in 2002 {88) and 2005 (Unit #1).

Figure 18: Kipling Spillway Gates

Figure 19: Kipling Generating Stations
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3.3 LOWER MATTAGAMI RIVER (LMR) COMPLEX SYSTEMS MOELING
Modeling of river systems for simulation purposes la very long tradition in the water

management and environmental management areas.té&sWwad or a catchment has
always been in the center of modeling attention wu#s complexity in responding to
external and internal inputs. The Mattagami Riweririver in the James Bay drainage
basin in Cochrane District, Timiskaming DistrictdaBudbury District in Northeastern
Ontario, Canada. The Mattagami flows 443 kilometg&@35 mi) from its source at
Mattagami Lake in geographic Gouin Township in tdeorganized North Part of
Sudbury District, on the Canadian Shield southvaésTimmins, to Portage Island in
geographic Gardiner Township in the UnorganizedtiNéart of Cochrane District, in

the Hudson Bay Lowlands.

The Lower Mattagami Hydroelectric Complex is magbeofi four generating stations on
the Mattagami River. The four stations are (fronutBoto north): Little Long, Smoky
Falls, Harmon, and Kipling. They are about 70 kikiers northeast of Kapuskasing and
about 150 kilometers upstream of Moose Factorytaed own of Moosonee. Little Long
dam is the first dam in the series of four cascadekintercepts about ninety per cent of
the run-off from the Mattagami River watershed, ethis them channeled to the Little

Long generating station.

The number of riparians in the river flood plainfev and there is no commercial
riverine navigation, so potential loss of life mall or negligible and operational safety
dominates. Upstream of Little Long dam is a sed$pmarying inflow and a reservoir.
The remaining three dams downstream (Smokey Fa#lsnon, and Kipling) have little

storage capacity. Each dam has two vertical liftegaand all four structures have



approximately the same spillway cicity. Far downstream, the rivedischarges into
Hudson’s Bay. Hydrological and climate frequencyadire available for a period of £

years.

The Mattagami power expansion project is a r-million dollar project and the financi
implications should anything go wrong at any of ¢hsites could not only be financia
burdensome but also catastrophic with respect toanusafety. Thence OPGII like to
use theproposed systems modeling mdng and development framework to bet

understand the systems interactions in their casobdams and how simulation can h

them.
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Figure 20: LMR Complex Drainage Basin

3.3.1 CURRENTSTATE OF EVENTS ATLOWERMATTAGAMI
The Lower Mattagami River (LMR) Hydrlectric Complex is comprised cfour

hydroelectric generating plants, incluc Smoky Falls Generating Stati((GS), Little

Long GS, Harmon GS, and KiplingS. These facilities are locategproximately 90 kn
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north of the Town of Kapuskasing, Ontario, and ewned and operated by Ontario

Power Generation Inc.(OPG).

Smoky Falls GS has a capacity of 52 MW. Little Lda§, Harmon GS and Kipling GS
operate as peaking stations with station capaacitiek36 MW, 140 MW and 156 MW
respectively. Smoky Falls GS was the first to camservice in 1931 while Little Long
GS, Harmon GS and Kipling GS all came into senbe¢éwveen 1963 and 1966. Little
Long GS, Harmon GS and Kipling Gs will get addiabigenerating unit, each. Smoky
Falls GS is primed to get an entirely new powerkowsth 3 units. Thus the whole
cascade will have 3 turbines at each station wippr@imately same discharge
capacities. Little long GS, Harmon GS and Kiplin§ @re also primed to have an extra

new unit each.

Anticipated times of new equipment going into segvare:

Generation Station Number of Units New Unit Ingtatin Date
Little Long 1 Mar-14

Smoky Falls 3 Sep-14

Harmon 1 2015

Kipling 1 2015

Table 6: Projected Power Generation Station Expansion for LMR Complex

New unit at Little Long GS - March 2014 Smoky F@&@IS - 1st unit September 2014,
other two units 2 and 4 months later Harmon GS W oeit — 2015 Kipling GS 1 new

unit - 2015
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Figure 22: LMR Complex Size Parameters

3.3.2 ExistingGENERATING STATIONS

Smoky Falls GS is smaller than the other threeostatand as a result is required to pass

water without generating electricity. OPG wouldelito replace the existing powerhouse

at Smoky Falls GS with a new one with a capacit2@t MW (270 MW installed turbine

capacity) that could use all of the available wag#iciently. New manmade structures

such as an approach channel, intake and tailracédveéso be constructed. The old dams

and spillways for the station would remain. OPGl& proposing to add a third unit to

Little Long GS, Harmon GS, and Kipling GS incregsinstalled capacity to 200, 235

and 235 MW respectively for a total of approxima##b0 MW of additional Power.
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3.4.1 CORE OBJECTIVES OF THE LOWER MATTAGAMI RN\NFEECASE STUDY
Applying the proposed systems modeling conceptR&® Lower Mattagami System to

better understand the systems interactions in ttescade of four dams; this involves

dams at Smoky Falls, Little Long, Harmon and KigliAll four dams are primed for

upgrades to their Power Generation capacities mitihie next 2 years. The core

objectives of the project are listed below:

Applying the systems modeling framework developedhe SSRP to OPG’s
Lower Mattagami System to better understand théesys interactions in their
cascade of four dams; this involves dams at Smaklg,FLittle Long, Harmon
and Kipling.

Formulating and constructing a model to accuratéigracterize the physics of
hydrodynamics including the dynamics of transpoBtorage and power
generation. Holistically integrating into the maodeler basin hydrology, the
routing of inflows through the reservoir systemergiing rules and human factors
of operating the spillway, and the dam componergifities (structural,
mechanical and electrical).

Generate stochastic time series by using the astiftow time series to forecast
inflows for several thousand years and multipldicagions to identify unforeseen
chain of events that could lead to dam systemrailu

Reviewing the current operating rules to determvitether further optimization
techniques can be adopted to improve the powerrgeéme capabilities of the

system.

66



e Modeling the inherent disturbances (Lightening,sBec¢, Floating Ice, Grid
disturbances and Debris) via a probabilistic frameuw

e Incorporating Human reliability analysis (HRA) intbe model by using expert
judgment and available data to estimate human gnmbpabilities on spillway

gate operations with regards to failure.

3.4.2 FEATURES

The modeling activities allow different conceptusbproaches to be analyzed and
compared. The level of modeling in this report éptkat the more general ‘logical’ level
and is a means of exploring how BC Hydro’s intesestn be met. It would be possible to
develop a more detailed ‘physical’ model referringspecific equipment selections but
such detail is not justified until the logical mdéidg has allowed the main system

configurations to be explored.

3.5 VIEWPOINTS

The main viewpoints of interest for the LMR compkystems modeling are:

a. Safety (a mandatory consideration for a safetessment);

b. Reliability (includes surveillance, the assugnt reliability by routine inspection and

testing);

c. Operability (the organization and decision mglsiructure to operate safely).
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3.6 MAJOR RISKS IDENTIFIED RISKS
The main risks to the safe operation of the dambsasummarized as:

a. The loss of remote control through communicationother failure;

b. Incorrect management decisions, for any reaa,fail to establish the appropriate

spill profile for the prevailing conditions;

c. The loss of power supplies or other supportinguxiliary services;

d. The loss of access to the dam in emergency;

e. Unpredictable and excessive weather;

f. Common cause disruption such as fire;

g. Failure of control or instrumentation;

h. A lack of qualified personnel to provide an egsrcy response;

i. Failure of the gates or supporting structures.

3.7 SYSTEMS AND STUDY BOUNDARIES

The full boundary of the Mattagami River Systempigsented in the appendix. A
snapshot of the system schematic is provided inrdigl9. This shows the Lower
Mattagami cascade of four dams from Little LongKipling with an overview of their
Power output capacities, discharge capacities itvsly gates and the power generating

turbines and operating ranges. Figure 21 showsysem boundary of this case study,

water head elevations from one dam to the othetladajor bypass Adam Creek.
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For the purpose of this study, this work only ceveower Mattagami cascade of four
dams as shown in the general arrangements drawifigure 21. Based on the defined

boundary, the case study concentrates on:

. The routing of water through the entire system filgttie Long to Kipling;
Power Supplies (The generation of power at all fyemeration stations);
The operation of the Spillway gates

. The spillway gate controls, drives and hoists drair inherent fragilities

. Spillway operations, both local and remote;

Power House
Reservoir Reservoir Downstream
Inflow! Pool Outflow |
j Spillway \ /

Figure 23: Dam System Schematic
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Smokey Falls GS - 4 units

Crutput KW Discharge cms KWicms
EFE: 43,540 153.5 283.7
Maoc: 50,8920 186.4 2732

Note: At normal head 33.8m

Discharge Capacities

Turbines {4): 1864 cms at 33.8 m head
Sluices (2): 1,161.8 cms at elevation 170,30 m
Totals: 1348 2 cmis

Forabay Limits: Operating:167.40 - 170.30 m
Storage Capacity: Opearating: 73_2 cms-days

Adam Creek Dam

After achieving 198.00 m
at Little Long forebay, amy
inflow greater than tha
amount of water required
for two—unii operation

{383 cms} should be

spilled down Adams Creak_

Discharge Capacity
4 B70.40 cms

Figure 24: Power and Discharge Outputs
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Kipling GS- 2 Units

Cuiput KW Discharge cms F\Wilcm:=
EfL. 141,280 530.2 2EE.5
Ma: 153 260 5358 2572

Mote: At normal head 30.3m

Discharge Capacities

Turbines {2): 585.8 cms at 30.3 m head
Sluices (2): 1217.2 cms at elevation 103.02 m
Tolals:1,813.0 cms

Forebay Limits
Operating: 100,00 - 10302 m
Absolute: 99 6T - 103,923 m

Storage Capacity
Operating: 36.5 cms-days
Absolute: 54 8 cms-days

Harmon GS - 2 Units

Output KW Discharge cms KwWicme:
Eff: 133,920 4873 2748
LETH 142,240 82T7.5 268.6

Mota: At normal head 31.3m

Discharge Capacities

Turbines (2} 526 8 cms at 31.3 m head
Sluices (2): 1,287 8 cms at elavation 13510 m
Totals: 18153 cms

Forsbay Limits
Oiperating: 131.70- 13510 m
Absolute: 131.37 - 13564 m

Storage Capacity
Dperating: 78.3 cms-days
Absoluta: 1033 crms-days
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Figure 25: Head Water Elevations LMR Complex
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3.8 GOLDSIM™ MODELING FRAMEWORK
3.8.1 BACKGROUND TO GOLDSIM™ AND THE RELIABILITY MULE

For many engineered systems, it is necessary aigbmnmeasures such as the system's
reliability (the probability that a component orsgym will perform its required function
over a specified time period) and availability (frebability that a component or system

is performing its required function at any giveme).

By combining the flexibility of a general-purpos@dahighly-graphical probabilistic
simulation framework that can directly model the vement of material through a
system, with specialized features to support rdligbanalysis and optimization,
GoldSin™ allows you to create quantitative and transparehability and throughput
models to allow you to ask "what if" questions melyag various designs and make
defensible risk management decisions. GoldSim most valuable when analyzing

complex systems with many subsystems.

GoldSin™ can be thought of as a high-level programming uagg, where the program
is the model. The analyst joins together objectieddelements” using “links” to create
the model of the system. Elements, which may remtegither physical or logical
components of the system, will often have a staah@®mponent, and the links carry

information between the elements.

Realistic analysis of such systems is best fatlitaby a “total system” model that
represents the interactions, interdependenciedestback between the various system
components (including humans). Without such a matielay not be possible to identify

potential bottlenecks, failure mechanisms, fatalvll or system incompatibilities.
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The modeler creates a representation of the systerts initial state, imbuing the
elements with the appropriate properties, behavangl relationships. Then, when the
simulation is started, the software takes over awdluates the entire history of the
system, saving selected results for subsequenysaasal

3.8.2 THE RELIABILITY MODULE

The reliability module is an add-on to the stand&wldSin™ simulation framework,
consisting of two new element types: the Functiement and the Action element. The
Function element is used to model components tadiomn their function over a period
of time (e.g., a battery or an environmental cdnggstem), while Action elements are
used to model components that perform their dusidg when triggered by a specific
condition or conditions (e.g., a relay, or an atdta The primary output of a reliability
element is its operating state at any given timenduthe simulation: whether it is
operating or not.

3.9 WHY GOLDSIM™?

GoldSin™ is a Monte Carlo simulation software solution fdynamically modeling
complex systems in business, engineering and sti€haldSim" supports decision and
risk analysis by simulating future performance whduantitatively representing the

uncertainty and risks inherent in all complex syste

The GoldSim software is highly graphical and extensible, abbe quantitatively

represent the uncertainty inherent in complex systeand allows users to create
compelling models that are easy to communicateeapthin to diverse audiences. Users
build a model in an intuitive manner by literallyagving a picture (an influence diagram)

of their system. In a sense, GoldSins like a “visual spreadsheet” that allows users t

72



graphically create and manipulate data and equatitinmoves beyond spreadsheets,
however, by making it much easier for users to watal how systems evolve over time

and predict their future behavior.

Water resources and hydrological modeling projggigally involve simulating systems
made up of many component parts that are inteeglatn most situations, the
hydrological system is driven by stochastic vaeabl(i.e., runoff, precipitation,
evaporation, demand) and involves uncertain presgsgarameters, and events. The
challenge when evaluating water supply and resasystems is to find an approach that
can incorporate all the knowledge available intquantitative framework that can be

used to simulate and predict the outcome of altetmapproaches and policies.

By combining the flexibility of a general-purpos@dahighly-graphical probabilistic
simulation framework with specialized modules tpmort mass transport modeling,
reliability analysis, and optimization, GoldStmsimulation software is optimized to
create realistic models of water supply, water wes® hydraulic and hydrological
systems in order to carry out risk analyses, evalpatential environmental impacts,

support strategic planning, and make better regomanagement decisions.
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4. HYDROLOGIC MODELING AND FLOW ROUTING

There is no single and unique definition of a riggstem and the definitions may change
depending on the purpose of the study of the sydiemg undertaken. According to
Dunne (2009), “River systems are complex systemsutgh which irregular fluxes of
water and mobile terrestrial materials derived frdahe lithosphere, atmosphere,

biosphere, and techno-sphere are focused.”

What is of interest in applications of systems apph to regulated river networks are the
models of river systems. A model is only a physaranathematical representation of the
system itself and of the interrelations and inteoas between the system elements. As
such the models are only simplified and idealizbstractions of reality and usually do
not describe the entire modelled reality. But ib@ld be noted that this should not
necessarily disqualify the model since the purpasihe modeling activity can be often
characterized as achieving only prescribed accukeitlyin the predefined time and

budget constraints (Baecher, 2014)

A definition of a river system model in this papan be developed along the following

general principles:

* A system can be defined as a collection of ietated elements purposely working

toward achieving some common objective;

» Most of the natural systems or systems that dehatural systems can be characterized

as dynamic systems because the collection of elsnecenstantly interacts over time;



* The elements of the system can be subdivided ih& following three groups:
components, attributes and relationships. Theseethdistinctive groups can be

characterized as:

» Components or subsystems are the operating paidssystem and consist of input,
process and output. Components can take the fomatofal or technological artefacts.

Each component may assume a variety of valuesidgfihe system state;

. Attributes are the properties or discernible nifestations of the system, its

components and the relationships between them;

» Relationships are the links between components atributes. The properties and
behavior of each component of the system influaheeproperties and behavior of the
system as a whole. At the same time, each compaleg@nds up-on the properties and
behavior of at least one other component in théesysBecause of this interdependence,
the components cannot be divided into independdrdets; the system is more than the
sum of its parts. Also, if a component is removeht a system or if its characteristics
change, the other artefacts in the system willr adtearacteristics accordingly, and the

relationships among them may also change (Carl2€)®).

* River networks whether in natural state or regpdgwith human-made structures) can

thus be understood as systems;

» Behavior of the river system can be charactertaeduantities that vary in time (water

levels, flows, velocities at different places witlihe system, etc.);

» The components of a river system are:
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Reservoirs providing storage behind the dams;

Natural and artificial channels;

Diversion and control structures (dams);

Confluence points;

Local sub-basins (sub-watersheds).

It is important to understand at this point thathsa definition of the model of a river

system is not universal and may be inadequateugrgses that differ from the purpose
of this paper. The Mattagami River System-on whtuk paper is predicated- includes
dams, and thus the system is a regulated riveersiyand the purpose of the regulation is
to satisfy the needs of various water uses. Thess include hydropower generation,

navigation support, flood control etc.

4.1 HISTORIC TIME SERIES DATA

50 year historic time series da': on reservoioind from the lower Mattagami to Little
Long will be used to generate Stochastic Reserloilows through time series
forecasting. The complexity of the time series ¢as#ing is not at the highest level since
the emphasis on this thesis is on promulgatingsirstems concept and not necessarily
achieving accurate time series models. The methtmgptad for forecasting the local

inflows coming into little long reservoir are listas follows.
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In this particular case study, as already explathedemphasis is not on the accuracy of
time series forecasting techniques and hence #tertu data (Inflow time series) was
used to populate a forward looking Time Series.

Having established that, the next step was to apyy historic data to the simulation
(which looks forward in time). In order to do ththerefore, there was the need to time
shift the data so that the historic data is apgheah appropriate and consistent manner.
How this works is, a random starting point is cliodeom the historic series to
incorporate some level of uncertainty in forwarditige historic series. This option
randomly samples a starting point in the data@e¢dch realization. This is useful since
we have 50 years of inflow data, and want GoldSita randomly sample a different
historic start year for each realization.

The Data periodicity is set as “annual”, which me&oldSim" ensures that the random
starting point for each realization is sampled st all starting points are a multiple of
1 (average) year apart. In particular, randomtisgapoints for successive realizations
are always multiples of 365.25 days apart (rourtddtie nearest day).

This option shifts the time series data forwardlackward) by a multiple of a year such
that the simulation begins by using data from tpecd#ied Data year to start in. For
instance, if the actual data set started on 311989 and ended on 31 December 2011,
the Simulation Start Date was 1 January 2013, la@dtata year to start in was entered as
1990, GoldSimr would treat the data set such that the data pmmesponding to 1
January 1990 would be used for 1 January 2013 @ssliming daily data was entered,

the data point for 2 January 1990 would be use@ ftanuary 2013, etc.).
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To account for uncertainty and randomness whiledstectly using the historic data, the
use of random starting point option with “annuatipéicity” suits the purpose of this
study.

The “Enable Time Shifting of Time Series Data” optiwas chosen in the advanced
settings in the GoldSim Time Series Element and GoldSimautomatically wraps
around to the start of the data set if the endhefdata set is reached during a simulation.
The manner in which this is done depends on thiegieity of the data.

By using a random starting point with annual peadig and aligning data years with
simulation dates, when the end of the data seeashed, the data set is effectively
replicated and shifted forward by N years, wheres fhe number of whole years in the
data set. For example, if there were 3.5 yeaidatd in the data set, the last data point
was on December 31, and the simulation extendednok$.5 years, the data set would
be shifted forward by 3 years, so that the firstusence of January 1 in the data set
would follow the last point in the data set.

4.2 THE MODELED SYSTEM SCHEMATIC

Figure 22 shows snapshot of the general modelfasershowcasing the salient aspects
of the physical system being modeled. It showsesgmtation of the system in its initial
state, imbuing the elements with the appropriatp@rties, behaviors, and relationships.
Then, when the simulation is started, the softwiakes over and evaluates the entire

history of the system, saving selected results@itassequent analysis.
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Figure 26: LMR System Simulation Model Interface

3.3 OPERATING PATTERNS AND FLOW ROUTING
Although the four GSs are in close proximity, Smdialls GS was constructed over 30

years earlier to serve a different purpose thatieLitong GS, Harmon GS and Kipling
GS. Smoky Falls GS is a 4-unit, baseload stati@raipg effectively 24 h/d with a rated
flow capacity of 188 m3/s. The other three statifinttle Long GS, Harmon GS and
Kipling GS) each has two units and are peakingisstatthat operate depending on

available inflows (Ontario Hydro 1990).

In contrast to the Smoky Falls GS, the other GS& litow capacities that range from
525 to 585 m3/s. As a result, their combined abiiit utilize available river flow for
energy production is not optimal. As such, SmokilsF@S is undersized and is a flow

“bottleneck” within the LMR Complex. The differenperating patterns under the current
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situation require that Smoky Falls GS, Harmon G8 Kipling GS head pond water

levels fluctuate daily. The Smoky Falls GS headpisndrawn down approximately 3 m

to receive the peak discharge from Little Long G#nilarly, both the Harmon GS and

Kipling GS headponds must be drawn down to acconateothe discharge from Smoky

Falls GS.
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Figure 27: Historic Daily Inflow Statistics, Little Long GS

Flows in the Mattagami River are highly regulateyl the presence
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of hydropower

generating facilities and water control structuttest provide electricity generation and

flood mitigation.

The existing four-station LMR Complex is locatedpegximately 80 km north of

Kapuskasing in the District of Cochrane. Three ted GSs (Little Long, Harmon and
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Kipling) each have two units and are peaking statiith flow capacities ranging from
525 to 585 m3/s while the fourth station, Smokyl=&S, is a 4-unit, baseload station
operating 24 h/d with a rated flow capacity of 188/s. In comparison, the existing

Smoky Falls GS has less flow capacity for energylpction.

During the spring freshet, flows in the MattagamiveR typically exceed the flow
capacities of the GSs and therefore must be divéni®ugh the Adam Creek Diversion.
Adam Creek then discharges this overflow into thatt®bami River at a point
approximately 17 km downstream of the Kipling G&c{gon 5.2.1.3 below). Figure 5.2-1
presents historic daily inflows to Little Long G®ddpond. When flows exceed 583
m3/s, excess water that cannot be utilized by tletddami River GSs is diverted to
Adam Creek. As shown in Figure 5.2-1, the averagpgkplaily flows during the spring
freshet are above 1,500 m3/s and can be quiteblaridppendix F provides the flow

duration curves for each month and for a total year

4.4 FLOW ROUTING AT LITTLE LONG
The current state of events requires Little Longyémerate electricity at full capacity

within its operating range. This means the turbinék be operated at maximum best
efficiency flow until the lower operating limit @f the Little Long Reservoir is reached,;
at which point the turbine flow becomes equal t® itiflow into the reservoir if inflows

fall below the flow required for best efficiencyod. On the other hand, if inflows are
greater than the requirements for best efficielow,fthe excess is used to fill up the
Reservoir until its peak operating limit. In thiase the excess Inflow is spilled through

the Adam creek bypass. There are 8 gates that iopenhe Adam creek and two that
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open into the Mattagami River. The two that opdo the Mattagami River are only to

be used in case the 8 gates at Adam creek ardiansaf. Below is a summary of the

operating notes from OPG for Little Long.

4.4.10PERATION(LITTLE LONG)
. The Adam Creek Diversion bypasses the MattagamerRplants from above Little

Long GS to below Kipling GS and is the primary fliweater route.

Dam Safety Response Water Levels have been esiadli;m accordance with the

requirements of Dam Safety Emergency Preparedneds Response Plan (EPRP)

standards to guide operators in case of hydraniergency (See Table 5).

Dam Safety EPRP Response Water Level

Dam Safet -
Y | Elevation Structural  and/or  Operational
Level EPRP .
Metres - CGD Equivalent

Response Level

Non-Failure Absolute Maximum Water Level with
1 198.12

higher water levels forecast

Emergency

Potential Failure
2 199.00 30 cm below top of core of earth dyke

Developing

Imminent Dam
3 199.30 Top of core of earth dyke

Failure

Table 7: Little long GS Dam Safety EPRP Response Water Level
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3. At the start of freshet, the Little Long forebslyould be filled to an elevation not
exceeding 198.00 metres. After achieving that alew, any inflow greater than the
amount of water required for two-unit operation 358t/s) should be spilled down
Adams Creek. The reason for this maximum level@8.00 metres is to allow for safe
operation of the station in the event of a contiroyethat results in the loss of units and
operating control (e.g. a lightning strike). Suchkontingency would make it impossible
to remotely control sluice gate operation of Adabmeek. This 12-centimeter of storage
will allow for the four hour time lag required taspgatch operator agents to the station to
deal with the contingency. The maximum forebay lexfe198.00 meters is during the
freshet period only. There is no requirement tdl §piough the main dam. This practice
should be avoided to improve operating efficiendySmoky Falls during freshet.
Another reason for avoiding this practice is tanghiate the stranding of sturgeon in the
spillway pools and the subsequent rescue operafitve. forebay should be filled

gradually to 198.12 metres in the last seven défreshet.

3. Sluicegates 5, 6, 9, and 10 are controlled lodaylythe operator agents at the gates.
Two to four hours may be required to reach the. Siteere is a concern of further
undermining of the sluiceway apron at Adams Créegikagates 8 and 9. An engineering
assessment, which included a diving inspectiorrjehout in September 1996 confirmed
that no restrictions are required on sluicegatés BO at this time. The area is to be re-
inspected subsequent to each major spill in whigitegates 8 and 9 are utilized. As a
minimum, the area of the sluiceway apron is torispeécted every three years. The last
inspection in July 2001 reported no further erobthe bedrock below the sluice apron

since 1996.
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4. As the differences in water levels across the trashs of Little Long G.S. have
frequently been found to be excessive, these difiezs must be measured frequently and
kept in moderation by clamming. In addition to dtengers of potentially drawing air
into the penstocks, the head losses associatedlavgh trash rack differentials can be

quite costly.

4.5 FLOW ROUTING AT SMOKEY FALLS

Smoky Falls GS is a baseload station with fourigartFrancis type units and a capacity
of 52 MW. The 4-unit baseload station operatescéffely 24 h/d with a rated flow
capacity of 188 m3/s. In contrast to the Smoky F&iS, the other GSs have flow
capacities that range from 525 to 585 m3/s. Assaltetheir combined ability to utilize
available river flow for energy production is ngttimnal. As such, Smoky Falls GS is

undersized and is a flow “bottleneck” within the RMComplex.

Figure 28: Smoky Falls — General Arrangement

84



4.5.1 OPERATION(SMOKEY)
Several operating restrictions are required whemt@aance work is being completed at

the draft tube level under the runner at SmokysFals. During this time, the tailrace is
limited to a maximum elevation of 135.09 m and dtoenbined (plant plus sluicegate)
discharge is limited to 350#s. The maximum Harmon GS headwater during thig ti

period is limited to 133.40 m.

The elevation of the top of the sluicegates is 300n. A 15-centimeter board has been
added to the top of the sluicegates in order teezehthe forebay maximum elevation of
170.45 m. The maximum forebay elevation may haveetreduced in the fall to prevent
water splashing over the top, thus building upace possibly making the sluicegates

unavailable for remote operation.

The #2 sluicegate is equipped with DC backup taatpehe gate upon the loss of station

service.

During high inflow periods (freshet) when both lattLong units are generating at
maximum gate continually, lower the Smoky Fallsefmay to 168.00 meters. The
resulting head increase at Little Long will createet gain of 3 or more MW including

the lowered output at Smoky Falls.

3.6 HARMON OPERATIONS
. Adam Creek Diversion bypasses the main river frdyava Little Long GS to below

Kipling GS and is the primary and major floodwateute. Inflows exceeding station

capacity are passed through the sluice gates.
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2. The sluices are numbered from right to left lookuggstream at the dam. Sluice Gate 1

opens automatically when the forebay rises above3B3metres (444.0 feet - CGD).

Sluice Gate 2 opens automatically when the foraimgs above 135.48 metres (444.5

feet - CGD). The automatic sluice-gates are opdr&d avoid topping, even by wave

action, the 135.64 metres (445.00 feet) miningriegsn contour.

Dam Safety Response Water Levels have been esiadli;m accordance with the

requirements of Dam Safety Emergency Preparedneds Response Plan (EPRP)

standards to guide operators in case of hydrautiergency. The values specified in

Table 2 should not be used indiscriminately as aqlieny site specific conditions may

differ from those assumed for their calculation.hefiefore, operators are advised to

contact Civil Engineering Department (CED) when ditons could lead to an

emergency, and during the course of an emergeacygphsultation and advice.

Dam Safety EPRP Response Water Level

Dam Safety

Developing

Elevation Structural  and/or  Operational
Leve EPRP
Metres- CGD Equivalent
Response Level
Non-Failure
1 135.64 Absolute Maximum Water Level
Emergency
Potential Failure 30 cm below Crest Concrete Grav
2 135.94

Section
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Imminent Dam
3 136.24 Crest Concrete Gravity Section
Failure

Table 6: Harmon GS Forebay Response Water Levels

4.7 KIPLING OPERATIONS

. Sluice gate 1 opens automatically when forebaysregove 103.63m. Sluice Gate 2
opens automatically when the forebay rises abode780n.

. Care must be taken in utilizing additional stordge energy emergency. Elevations
below 100.00m are below the range of the gaugeaeadot to be telemetered to NECC.
. Adam Creek Diversion bypasses the main river frdyava Little Long GS to below

Kipling GS and is the Major Floodwater route.

Dam Safety EPRP Response Water Level

Dam Safety EPRP Elevation Structural and/or Operational
Level Response Level Metres - CGD Equivalent
1 Sonralife 103.93 Absolute Maximum Water Level
Emergency
Potential Failure -
2 Developing 104.55 30 cm below Top Impervious Core
3 Imminent Dam 104.85 Top of Impervious Core
Failure

Figure 29: Kipling GS Forebay Response Water Levels

4.8 RESERVOIR OPERATIONS SUMMARY
The water flows for the four GSs are provided frtma Little Long GS reservoir. The

water level is normally within the operating heatsvdevel range. The extreme limit of

the headwater level is the “absolute maximum opegdevel.” The difference between
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the absolute maximum and maximum operating levelseferred to as the “flood
allowance”, which is only used to hold water inrerte conditions to reduce downstream
flooding. The storage between the absolute mininamah minimum operating levels is
only used if a system energy emergency occurs. iumaienal operating conditions with
equivalent discharges at each station, the fulraipey range in the Smoky Falls GS,
Harmon GS and Kipling GS head ponds would rarelytilezed and headpond levels

will be significantly more stable during operation.

4.8.1SUMMARY SPILLWAY OPERATIONS
Under normal operating conditions, the outflow frdime Little Long GS reservoir will

pass through all the GSs. During any outage of a tB8 spillway at the station

experiencing the outage will be operated to passiésired flow to the other GSs.

During high river flow conditions (e.g., spring ff) when the Little Long GS reservoir
is near its maximum limit, the spillway at Adam €kewill be operated in conjunction

with Little Long GS to pass the full Mattagami Rifeow.

4.9 POWER GENERATION

The Lower Mattagami Hydroelectric Complex Projeas Iprovided peaking and baseload
power to the Ontario grid for industrial, commetcnd residential consumers since
1963. The Little Long, Harmon and Kipling GSs watkconstructed in the early 1960s
and have similar operating heads, hydraulic capaeit output. The GSs each have two
units of the fixed-blade propeller type and arerafsl in a peaking mode. Station

capacities at Little Long GS, Harmon GS and Kipl@§ are 136, 140 and 156 MW,
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respectively. In contrast, Smoky Falls GS is a #-laseload station operating

effectively 24 h/d with a station capacity of 52 MW

Transmission of electrical energy from the fourtietes is provided by a 230 kV

transmission line from Kipling GS via Harmon G4.itile Long GS substation and from

there to the Pinard transformer station near Fdaser Generation from the existing

Smoky Falls GS is fed into a 115 kV transmissior lthat runs directly to the Tembec

paper mill in Kapuskasing.

Little Long Harmon
Parameter GS Smoky Falls GY GS Kipling GS
No. of units 2 4 2 2
Gross head (m) 27.9 34.4 31 31
Station discharge capacity (m3/s) 583 188 525 585
Station turbine capacity (MW) 136 52 140 156
Unit capacity (MVA)/ Turbine 68 13 70 78
Best Efficiency Rate kW/(m3/s) 235.7 288.9 272.3 722

Table 6: Estimated Turbine and Generator Characteristics

The Little Long powerhouse provides a maximum pofl@x of 583 m3/s at a head of

about 28 m, through two identical vertical fixecgdé turbine units each with nominal
installed capacity of approximately 68 MW. Whenerivflows exceed the 583 m3/s
maximum power flow of the Little Long GS, the Ad&reek spillway structure, located
approximately 2.5 km east of the GS, is used tg pasess water into Adam Creek. The

estimated turbine and generator characteristicedoh station are shown in Table 6.
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5.0 THE MODEL

As explained in Chapter 3 on time series forecgstihe historical data (Inflow time

series) was used to populate a forward looking tBeees. Additionally, since OPG’s

hydroelectric stations along the LMR are in clogecgssion, intermediate drainage areas

are small and the contribution from inflows betwélea stations is not important for risk

analysis purposes. With that said, an analysisheflocal inflow data at Kipling was

made to demonstrate how local basin inflows camarmyzed and incorporated into the

systems model should local flows be deemed largaugin to affect the reliable

performance of the LMR system.

Harmon
ALK

T~

LrttIeLon-g Mattagami River
&

~  Harmon Calcs

SmokyFalls /
A /

SmokyFallsCalcs

Adam Creek

Figure 30: GoldSim™ Model Interface
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5.1 RESERVOIR MODELING

The Goldsim platform is used was used to model the behavitim@tach of the dams at
the four stations. Reservoir elements are elem#ras accumulate flows. It was to

accumulate and track reservoir storage at all diaums.

The default symbol is a dam (pictured in fig. 26§l @ reservoir since this is an excellent
graphical representation for the behavior of themant. Like a real reservoir, the
reservoir element is programmed to iteratively catapts addition rate, withdrawal rate
and other important functions. For the LMR systeach of the 4 dams addition rate is
computed by defining the addition rate as a fumctibthe reservoir inflow rate while the
withdrawal rate is defined as a function of boté 8pill through the Spillway gates and

the Volume routed through the turbines.

Figure 31: Little Long Reservoir Element

Addition Rate=Upstream Daily flow

Withdrawal rate=Turbine Flow + Spillway Flow

Like an Integrator, a Reservoir requires an InMalue and a rate of change.

The rate of change, however, is specified in tesfitsro separate inputs, an

Addition Rate and a Withdrawal Rate.
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Equation 1

Value = Initial Value + [ (Rate of Addition — Rate of Withdrawal) dt

The model computes the storage in the reservoiedbas storage capacity tables
provided by OPG via integration to give the resa@retements primary output as shown
in equation 1 above. Thus the Model is programnednterpolate from the storage
capacity table to compute the volume incrementsdewlements and also the elevation
increments and decrements. The purpose of thisrpapeot to demonstrate the
programming that goes into the systems modeling@ainand hence programming in
GoldSinm™ with respect to this case study will not be looletdn depth; the model has
already been verified and validated. Figure 27 sh@awsnapshot of Little Long GS
modeling computations showing Containers and Suftagzers used to model the

subsystems.
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Parameters and calculations for LittlieLong operations
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Figure 32: General Little Long System Model Interface

5.2 POWER GENERATION MODELING
Power generation at Little long GS was modeled dylmining GoldSiry elements and

some basic programming. Unit rating tables wereidedl by OPG from each of the dam
sites. The power generated by each unit is a fomaif the head of water over the sluice
inlets and the discharge through the turbines. Htwer generation function is therefore
programmed to compute the amount of power beindymed by using the Head of water
of the turbines and the discharge through the mebi The unit rating tables for each of
the dams can be found in the appendix. Figure ®8sha screenshot of the unit rating

tables used to compute the power generation.

In addition to the unit rating tables, best effiag tables are recommended to be used to

optimize the generation stations production cagdoieximum kW/nj).
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MATTAGAMI RIVER
LITTLE LONG GENERATING STATION

UNITS #1 AND #2
UNIT RATING TABLE

DISCHARGE IN CUBIC METERS PER SECOND

KILO HEAD IN METERS
WATTS 24.50 25.00 25.50 26.00 26.50 27.00 27.50 28.00 28.50 29.00
0 85.0 82.5 80.0 7.5 75.0 72.5 70.0 67.5 65.0 62.5
1000 88.8 86.3 83.7 81.2 78.6 761 73.5 71.0 68.5 66.0
2000 926 90.0 87.3 84.7 821 79.6 7.0 74.5 72.0 69.6
3000 96.4 93.7 91.0 88.4 85.7 831 80.5 78.0 75.5 731
4000 100.2 97.4 94.6 92.0 89.3 86.7 84.0 81.5 79.0 76.6
5000 104.0 101.2 98.3 95.6 92.8 90.2 87.5 85.0 82.5 801
6000 107.8 1049 1019 99.2 96.4 93.7 91.0 88.5 86.0 83.6
7000 111.6 108.6 1056 102.8 99.9 97.2 94.5 92.0 89.5 871
8000 115.3 112.3 109.2 106.4 103.5 100.7 97.9 95.5 93.0 90.6
9000 119.0 1159 112.8 1099 107.0 104.2 101.4 98.9 96.4 941
10000 122.7 119.6 116.4 113.5 110.5 107.7 104.9 102.4 99.9 97.6
11000 126.4 123.2 1199 117.0 114.0 111.2 108.3 105.8 103.3 101.0
12000 130.0 126.8 1235 1205 1175 114.7 111.8 109.3 106.8 104.5
13000 133.7 130.4 127.0 124.0 121.0 1181 115.2 1127 110.2 107.9
14000 137.2 1339 130.5 1275 1245 121.6 118.6 116.1 1136 1113

Figure 33: Little Long Unit Rating Table

5.3 SPILLWAY GATES AND TURBINE OPERATIONS
As dictated by the operating rule, the dam idilto an elevation of 198m and the

calculated head over the turbine intake is 198224P7.78m. At maximum reservoir

operating capacity of 198.12m, max head over ted®27.90m.

The 12cm difference between the standard operatiegation of 198m and the
maximum operating elevation of 198.12m is to alkawthe four hour time lag required
to dispatch operator agents to the station to wéhlthe contingency. Hence the model
is programmed such that Little Long Reservoir ftts198m and if the inflow into the
reservoir exceeds what is required for best efficygpower generation as provided in the
unit rating table, the excess inflow is routed otithe reservoir through the spillway

gates. As mentioned earlier, the 8 spillway gates ppen into Adam creek will be
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operated first and if they are insufficient, thediéidnal 2 gates that open into the
Mattagami River will be used to supplement thels@iurrently, there is no requirement
to spill through the main dam. This practice isided to improve operating efficiency at

Smoky Falls during freshet.

Consequently, if the inflow into the reservoir Eldw what is required for best efficiency
flow, and the reservoir elevation is at the minimoperating elevation, then same head is
maintained while inflow water (or equivalent volupis routed through turbine intake
sluices. On the other hand if the inflow into tleservoir is less than the minimum for
best efficiency flow but the reservoir elevation above the minimum operating
elevation, then the reservoir elevation is graguddwered while generating the

minimum best efficiency power until the minimum ogténg threshold is crossed.
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Figure 34: Spillway Gate Sub model Interface

Since the documents does not describe any pow@ragten constraints at this point in
time, the LL dam is operated simply by followingetbest efficiency power generation
values provided in the unit rating table when ugetn flow is equal to or more than the
specified discharges for best efficiency power gatien. Where the inflow is more than
the best efficiency discharges, the excess inflewrauted through the 6 spillways
automatically controlled through the SCADA systemibe 4 manually operated gates
have been configured as described in the operdmagment for LL. That is; once the

198m elevation threshold is crossed, operatordsatched to the site to operate the
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additional 4 spillway gates if need be; meaningrttaually operated gates require a 4hr
time lag on demand. The Spillway discharges araurection of the reservoir pool
elevation and the height of Gate opening and ae¥pnolated from the Sluiceway rating
tables provided by OPG. Figure 29 show the Spilhgate submodels. Each submodel
contains further computations on reliability andaigability which will be looked at in

more detail in the latter chapters.

A il

Spillway_Overflow SpillwayGates Operator_controlled_Spill

¥
b‘f;{b‘___)b.f;(@

SCADA._Controlled_Spill SpmWeYy: oW

u-f;(@» b‘ﬂib

Spill_Into_Smoky Spill_Into_Adam_Creek

Figure 35: Spillway gate Model Interface

There are a total of 10 sluices with gates. Twdhef 10 sluices (Nos. 1 and 2) are
alongside the generating station and open intdvtagagami River, while 8 are nearly
3.2 km upstream and open into Adam Creek. Sluice3, 3, 4, 7 and 8 (Reference
Figure 29) are remotely controlled from Northea&t Gluices 5, 6, 9 and 10 are locally
controlled by the operator agents at the gate.sliiees are numbered from right to left

looking upstream at the dam. The model walkthrowmghonly be for this chapter will
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only be made for the Little Long GS as the remagr8nGS were programmed using the

same concept but with some adaptations for theraimg rules.

5.4 MODELING LOCAL INFLOW AT KIPLING
The local Inflow at Kipling-and the other 3 statssrare not necessarily required as at

present as the local flow within the Mattagami baaie too low to have any sort of

impact on the dam operations performance or saf¥ith that said, modeling the Local

inflow at Kipling is just to demonstrate how addital inflows with stochastic attributes
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Figure 36: Fitted Distribution on Local Inflow at Kipling
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Figure 37: GoldSim™ Model Snapshot; Kipling.

The 50 year Historical flow data collected for Kifg's local inflow was fitted with a
distribution of which the best 2 distributions wedraplace distribution and the normal
distribution. Stochastic processes can be modeate®oldSim* by event generator
elements. These Stochastic events may be randotima or may be triggered by
circumstances. In this case the local inflow atlidgpis modeled on a time based normal

distribution with a mean of -.383 m”3/s and a stadddeviation of 13.531 m"3/s (see

figure 33).
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Figure 39: Yearrun Results of Local Inflow Simulation at Kipling

Figure 40: Statistical representation of randomness in Local Inflow

Figure 34 shows the randomness of local inflow &sation of time; this statistic is the
mean of 5 realizations over a year’s interval. FeguB5 shows the probability

distributions of those 5 realizations.

5.5 SIMULATION RUN SETTINGS

Two sets of runs were done with basically the sdata. The first run was set up to use
the 50 year historic data to populate the futurey&@rs forward. The second run, which

was basically a means of analyzing the median @ivfand power generation and
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likelihood charts per month, was achieved by rugrire Simulation from January 1st to

December 31st for 50 Monte Carlo realizations.

5.6 MODEL RUN SETTINGS
The simulation time was optimized by nesting tineetisteps. Goldsim*sadvanced time

settings enables the dynamic control of the tinpebtesed on specified parameters in the
model. The timestep can be set to a much smaltienvisls when the value of a parameter
is at, above or below a certain threshold and varsa. As in this case, the time step was
triggered to narrow down from 6 hours to 30 minsrdiows in exceedance of Little

Longs 583r¥s station capacity.

5.7 FLOW ROUTING SAMPLE RESULTS AND ANALYSIS
With the salient aspects of the model formulated eanstructed, the next step is to

generate results from the model and analyze whétlaecurately replicates the real life
system. This is part of the model validation prgcasd hence outputs from the model
was compared to data from the LMR complex. Alsoegkppinion has been sought in

the validation process.
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Figure 41: Upstream daily flow Simulation Results over 51 year period

Figure 36 shows the plot of the upstream daily ffoom the Mattagami River into Little
Long Reservoir as a function of time (50 years)e Tieaks seen in the chart are the
maximum freshet flows in a year. The maximum inflower the 50 year simulation

period was 4942.0 ¥s which is consistent with the maximum inflow frahe data set.
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Figure 42: Statistical distribution of Upstream Daily flow
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Figure 37shows a heat map with the annual probabilities. ddwer colors represent
more probable inflow rates and lighter colors megress probable inflow rates. Figure
38 also shows the mean daily statistics over ay@a period for 50 replications of
annual data; that is, from start of January to érgecember (year on chart should be

ignored).
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Figure 43: Mean upstream daily flow showing seasonal variations

Figure 39 also shows statistics on the Spill inttath Creek. Adam Creek Bypass has a
total capacity of 4870fs and the current operating rule for power produacand spill
shows that Adam creek will be required to spiladund full capacity at certain times
during the peak freshet periods. Figure 40 showsriean Spill into Adam Creek which
not surprisingly, follows a similar profile as that the upstream daily flows. Its peak
coincides with the peak from the Daily inflows snthat’'s the period in which it's the

bypass is routing at peak capacities.
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Figure 44: 50 year simulation Run of Spill into Adam Creek Bypass
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Figure 45: Mean Flow into Little Long Adam creek and Mattagami River System

The practice of Spilling into the main river is geally discouraged and the two Spillway
gates at Little Long only come into use as a cgetity when the 8 spillway gates that
open into Adam creek are insufficient in routing paak flows to keep the reservoir pool
elevation within the operating range. Figure 41vwsha plot of the Spill into the

Mattagami River when the historic time series wasppgated 51 years forward. In

addition, Figure 42 shows the annual daily expewtaprobabilities while figure 43
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compares the mean daily spill over 51 annual rapbtaos to that of the mean Inflow for

the same period.
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Figure 41: Spilled Flow into LMR System at Little Long GS
Spill Into Mattagami River
1400 1400
g 2o L e
i IWN il
P | V‘HHII UiIHHIIIi
600 i i r 600
oo - e
3o Uy
# 200 | | ‘ |h 200
o o
Jan 2013 Apr 2013 Jul 2013 Oct 2013 Jan 2014
Time
Statistics for Spill_Into_MattagamiRiver
L1 Min..1% / 99%..Max 1%..5% / 95%..99% I 5%0..15% / 85%..95%
N 159%..25% / 75%..85% EE  25%..35% / 65%..75% N 35%..45% / 55%..65%)

HE  159%..55%

50%

Figure 46: Probability statistics of Spill into the LMR system at Little Long GS

Operator Controlled Spill

Apr 2013

Jul 2013
Time

Mean
Operator_controlled_Spill

Oct 2013

Jan 2014

2060

105



Figure 47: Mean Operator Controlled Spill at Little Long GS

5.7.1 PooL AND VOLUME CAPACITIES
For the 51 year run, it's important to analyze hbe flow routing procedures ensure that

reservoirs are mostly operating within the operatenge. The operating range for Little
Long reservoir is 195.10m-198.12m. As can be oleskmr figure 44, the performance of
the flow routing techniques generally keeps theatlen in the dam below the imminent
dam failure elevation but occasionally exceedsniaimum operating elevation about
once every 2 years by just skimming at the plotcofirse this does not affect dam
operations with regards to power performance agtgads it’'s still a full meter below the

imminent failure elevation.
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Figure 48: 50 year simulation run results for Little Long elevations
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Figure 49: Mean annual elevations at all four stations
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Figure 50: Probabilistic distribution statistics showing likelihood of reservoir elevations for a year run and 50
replications

Figure 45 also compares the different reservoomfthe four dams. As expected, Little
Long has the most seasonal variation in volumeesihcserves as the main storage
reservoir for the four dams and routes water bltbugh the Mattagami River and Adam
Creek. Also the three dams downstream have sinsi@rage capacities, as can be
inferred from the plots. Figure 3 compares the aiens at each of the Dam sites. Figure

Shows the seasonal variation in elevations atah®&m sites.
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Figure 50: 50 year simulation run showing variability in Storage volume at all four GS

5.8 POWER PRODUCTION
As dictated by the operating rule, the dam is dill® an elevation of 198m and the

calculated head over the turbine intake is 198224P7.28m. At maximum reservoir

operating capacity of 198.12m, max head over ted®27.9m.

The 12cm difference-as noted-is to allow for therfbour time lag required to dispatch
operator agents to the station to deal with thetiogancy. Hence the model is
programmed such that Little Long Reservoir fillsl@m. If the inflow into the reservoir
exceeds what is required for best efficiency pogeneration as provided in the unit

rating table, the excess inflow is routed out &f tbservoir through the spillway gates.

Consequently, if the inflow into the reservoir Eldw what is required for best efficiency

flow, and the reservoir elevation is at the minimoperating elevation, then same head is
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maintained while inflow water (equivalent volumes) iiouted through turbine intake
sluices. On the other hand if the inflow into tleservoir is less than the minimum for
best efficiency flow but the reservoir elevation above the minimum operating
elevation, then the reservoir elevation is graguddwered while generating the

minimum best efficiency power until the minimum ogéng threshold is crossed.
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Since the Power Generation documents does not ibesany power generation
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Figure 51: Plot Showing Seasonal Variation for total power production at all 4GS in probabilistic terms

constraints at, the LL dam is operated simply bjovang the best efficiency power
generation values provided in the unit rating talvleen upstream flow is equal to or
more than the specified discharges for best effcyyepower generation. Where the
inflow is more than the best efficiency dischardhs,excess inflow is routed through the
4 spillways automatically controlled through the ATA systems into Adam Creek.
Then again, if the four SCADA controlled gates thpén into the bypass are insufficient
(i.e, when reservoir elevation is greater than 1@8wh upstream flow exceeds the total of
turbine flow and spilled flow) human operators digpatched to the site to operate the
additional 4 gates that open into the bypass wittean lag time of four hours. If all the
gates opening into Adam Creek bypass are stillfilcgent, the additional two gates that
open into the Mattagami River are used to suppleémpilled flow and keep the dam
from overtopping. As can be seen from the plots, tarely occurs and when it has, the

gates have to be available to function else the dauid be breached. Chapter 5 on
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modeling spillway gate reliability looks at this more detail. Figure 48 shows a plot of
the daily power production expectation (probabjli#g a function of time from start of
January to end of December for annual 51 replinatids can be expected, the profile of

power generation is highly correlated with thatipgtream daily flow (See figure 49).

Mean of Power vs Upstream flow

o 100
Jan 2013 Apr 2013 Jul 2013 Oct 2013 Jan 2014
Time

‘ Mean

UpstreambDailyFlow Toxal,Power,Proauouon‘

Figure 52: Plot of Mean Total Power vs Mean upstream daily flow for a year run and 50 realizations
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6. SPILLWAY ANALYSISMODELING AND RELIABILITY ANALYSIS

The main function of Spilway gates at dam site® isafely pass water from one point to
another; usually from a reservoir, through a dara ttownstream river or reservoir This
is achieved by keeping the 3 main components, nanie rate of flow, the physical

conveyance of flow and the kinetic and potentiargg of the flow under control.

According to Baecher et al, “The components of watenduits are all natural or
manmade structures with civil, mechanical or eleatrfunctions and with certain
capabilities to resist the dynamic and static loadposed on them”. Meaning for a
spillway to perform it's task safely, flow must kept to within a range which does not
exceed the design capacities of it's subcompor(efgstrical, structual, mechanical etc.).
Thus, the reliable peformance of a Spillway systerboth a function of time and the
loads placed upon upon it. This chapter exploresdynamics of flow routing though
Spillway gates and the inherent reliability of thegmtes under extreme flow and normal
flow conditions over time. The Mattagami river cagady herein will be used as the
model example for demonstrating how flow is routbbugh Spillway gates and their

inherent reliability.

6.1 VERTICAL LIFT GATES
Vertical lift gates are a common type of dam gdteey are used in many different

applications including spillways, control towerspdaregulating outlets. Machinery
typically is located on a structural feature abtwe gate. For most dam applications,

vertical lift gates must be operated under diffeedrhead conditions. The differential
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hydrostatic pressure can create large transversediocreating large friction forces as a
gate is being operated. Rollers or other featutesost always are needed on the
downstream side of the gate to reduce friction betwthe gate and guides to allow
hoisting of the gate. This discussion of vertictildates is provided for because all the
spillway gates in
operation a the
_l ' _ B""”G“’ : | 7.- LMR complex are

vertical lift gates.

Gate Bottom, In Open Position

Gate Top, In Closed Position

Il
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Figure 53: Vertical lift gate schematic

5.3 LOAD TYPES ON GATES

The following load types are applicable to vertiltfdlgates used in dams:

. Hydrostatic The hydrostatic loaHl shall be determined based on site-specific conditio
that account for thdifferential between headwater and sill bearin¢hatspillwaycrest.
Headwater is determined from reservoir elevatiommatations at each of the dark®r
single-section gates (All four dams in the LMR sggglesection gates), flow is under the
gate. No consideration is given to water passingr alve top of the gatéd represents
hydrostatic head differential between headwatand the sill bearing at the spillway
crest, and is representedRigures 51 and Figure 52. In additidhacts as uplift on the
bottom of the gate when passing flows through thidwsy. The net uplift shall be
determined from combined effectsddwnpull forcesR.

. Hydrodynamic loads applied to tide or coastal lwame gates shall be based on site-
specific conditions. They shall include the effeotstidal hydraulics, water levels and
wave heights, and necessary storm surge analysigitth the gate will be subjected.
Distribution of wave forces is dependent on the evagight and depth of water at the
structure. Their effects should be computed foraage of possible water levels and
periods. The effect of hydro-dynamic loads willlbeked into more details in the chapter
on disturbances.

c. Gravity. Loads resulting from deadweight , ice, and mud softhe gravity loads

usually oberved on sites. The effect of Ice andidaimn the peformance on the Spillway
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gates will be tackled in the chapter on diturbanbésd loads generally include silt loads

etc.

SPILLWWAY
T FPIER
& I|'
SINGLE L
SECTION
SPILLWWAY H,
CREET GATE
.
v
FSPILLWWAY
OGEE

Figure 54: Spillway Gate Arrangement

Figure 55: Hydrostatic Force Distribution on Gates

Earthquake Design earthquake load shall be determined besea@n operational basis
earthquake (OBE). The earthquake |&ashall be based on inertial hydrodynamic effects

of water moving with the structure.

6.4 RATE OF FLOW AND CONVEYANCE
The rate of flow in a spillway (the discharge) sually controlled at a specific point or

cross section at the intake, where the flow charfiges sub-critical upstream to super-
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critical downstream (Baecher, 2014). The flow natéhen controlled by the water level
downstream, the inflow into the reservoir and by ¢imensions of the entire length and
height of the spillway opening. Figure 33 showsthenber of Spillway gates at each of

the dam sites and their capacities.

The greater flexibility of operation provided bytgad spillways makes it possible to
regulate either the upstream water level or theeiadnduit discharge in a more narrow
band. Thus the pool elevation in a reservoir carofperated within optimal levels for

power generation. The price to pay for the intraducof a movable water barrier is a
significant reduction in spillway function relialyl since several components and
subcomponents have to come together and functiodeomand for the gated spillway
System to work. The issue of functional reliabiliyll be looked at in more details later

on in this chapter.

6.5 SPILLWAY GATE OPERATIONS: FLOW ROUTING AT LMR
During high river flow conditions (e.g., spring rff) when the Little Long GS reservoir

is near its maximum limit, the spillway at Adam €kewill be operated in conjunction
with Little Long GS to pass the full Mattagami Riviiow. The duration and magnitude
of the spill down Adam Creek is dependent on thgmitade and duratin of the incoming
flow into the Little long Reservoir . Since the tling long Generating Stations have a a
combined capacity of

583 m3/s, an upstream
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be spilled via Adam creek first, and in rare peedngrios, through the Mattagami River.
Focus will be placed on the Little Long dam for Mb@xamples since the modeling of
the spillway gates at the other 3 sites follow milsir modeling framework with

modifications in their operating rules.

Figure 57: Spillway gates at Little Long

6.6 FAILURE
As noted earlier, there is a price to pay for theoduction of a movable water barriers

although it's advantages vastly outweighs it's dismtages. Yet, the failure of gated
Spillways can be catastrophic and hence therenised to identify the general causes of

gated spillway systems failures and put into plam&ingencies and mitigation measures.

A large number of spillways have failed to perfoasidesired when called upon to so in
the past with the most common cuses being faildrgates to open for reasons of
electric, mechanical or operational nature. Thigetyf failure may occur at any time

when the spillway is required to operate (Baech@t4).
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6.7 FAILURE MECHANISMS
Leveson (1995) defined failure as the nonperforraaoc inability of the system or

component to perform its intended function for eedfed time under specified
environmental conditions. Failure conditions areally brought about by any one of a
number of natural hazards or other external orrmatedisturbances, but eventually,
failure always comes down to structural insufficgneither insufficient dimensions to
contain the flow or insufficient integrity to witteexd the occurring forces or a
combination of these (Baecher, 2014). At a higell@f abstraction any occasion when a

system does not fulfil its function constitutesadure of the system.

Failure at a systems level differs from failureret component level in that failure at the
component level may not necessarily cause failiteeentire system. In some cases, a
system may still function even though it has a congmt failure and in fact this is a
property of a well designed system (Baecher, 20Thg high level definition is not
usually sufficient for the purpose of a detailedalgsis of the system, but the failure
needs to be tied to a particular component orfsebrmponents, whether physical objects,
resources or procedures. This concept will be egpldater on in this chapter with the
aim of modeling how component and subcomponenir@ihffects the entire system at a
higher level. For example, a spillway gate might oypen on demand due to an electrical
issue related to it's generator but the other wpyl gates may function and the entire
system may be unaffected by the failure of onehef gubcomponents f that particular
spillway gate. It is up to the user to define whigdrticular definition of failure and

failure categories best serve the purpose of tatyais.
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6.8 FAILURE MODE OF GATES
. Hydraulic capacity: Insufficient hydraulic capacity the spillway gates is the classic

failure mode that will be explored. It will (maypanifest itself as a raised reservoir

water level and the final failure may then taketlom form of a dam overtopping.

. Potential capacity not available: The hydraulicamaty of spillway gates may be reduced
by the influence of floating debris, ice or seditserestricting the free opening size or by
gates not opening.

. Floating debris: Rivers will carry floating debrisspecially during floods. Depending on
the natural conditions of the catchment the detmay be in the form of uprooted large
trees, cut timber, branches, bushes, grass, ftpatires, dead animals and various
manmade objects such as bridges, boats and hdtisasing debris can significantly
influence the discharge capacity of spillways bigkatg to structures such as gates,
spillway piers and bridges spanning spillways, bstouct spillway openings and prevent
gate operation (Baecher, 2014). This phenomendrowifurther explored in the chapter
on disturbances.

. Ice: Ice can reduce spillway discharge capacitiesifierent ways. At break-up of lake
ice or river ice and the ensuing ice floes can dwp and jam spillway openings,
particularly those of limited free dimensions iretebame way as trees or other types of
floating debris. Ice or frazil developed in supecled water can also adhere to gates and
spillway piers and prevent gate opening or redbeesize of the free opening and thereby
limit the discharge capacity. Leaky seals are aummommon reason for ice build-up

between gates and piers.
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Ice jams, many meters in height, can also develogrevfrazil adheres to the boundaries
of rivers and channels to completely change theadultt capacities and rating curves.
Fresh water only requires super-cooling of the watefractions of a degree under 0°
Celsius to make frazil production possible througha water body. Weather conditions
promoting super-cooling and frazil growth in shallwvaters involve those with very high
heat losses from the water due to inter alia remhatow air temperature, wind and heavy
snowfall. Where the effects of ice need to be m#red specifically, modeling of the ice
conditions in the reservoir and river upstream dadnstream may be required. Ideally
this should be done in coupled models taking irtooant the effects of the flow and
weather on the ice processes as well as the efiétte ice on the flow.

. SedimentsMany rivers carry significant amounts of soligsspecially those in more
easily erodible materials. In rivers running thrbugld and stable igneous rocks,
sediments may on the contrary often not be preserappreciable amounts. Coarse
sediments, carried as bed load by a river willialit settle in the upstream end of
reservoirs, where flow velocities start to reducel #éhe carrying capacity of the flow
diminishes. Finer sediments carried as suspendad Vall continue further into a
reservoir and usually tends to create bars slopnogind 1%. Unless regular (annual)
flushing is performed of the reservoir, these sediinbars may in time reach and start to
clog intake areas for water conduits, such as botiatlets, power intakes and sometime
even spillway intakes. Sediments have a similaremal to disturb water conduit
operation as floating debris and ice, but in additithe discharge of coarse sediments

may also lead to heavy erosion in the fast flowirager of low-level outlets.
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6.9 RELIABILITY AND PEFORMANCE OF GATED SPILLWAYS
Gated Spillway systems are generally designed tt@fsdefined engineering standards,

however with the effects of aging, exposure, préatare maintenance, and lack of
frequent operations in combination with human es@em to make these systems more
vulnerable than one would think (Baecher, 2014)he Dn demand failures of gated
Spillways are complex and may be caused by a gatganent that can be repaired in
minutes to hours or a component that may cause letenfailure of the gate system and

unexpected release of the reservoir containment.

6.9.1FLOW ROUTING CAPACITIES
Although the four GSs are in close proximity, Smdialls GS was constructed over 30

years earlier to serve a different purpose thatieLitong GS, Harmon GS and Kipling
GS. Smoky Falls GS is a 4-unit, baseload stati@raimg effectively 24 h/d with a rated
flow capacity of 188 m3/s. The other three statidngtle Long GS, Harmon GS and
Kipling GS) each has two units and are peakingistatthat operate depending on
available inflows (Ontario Hydro 1990). The diffateoperating patterns under the
current situation require that Smoky Falls GS, Hamn&S and Kipling GS headpond

water levels fluctuate daily.

6.9.2MODELING FUNCTION AND FAILURE
During the service life of a dam, operating comhi and natural environmental factors

may lead to some deterioration in its structuraégnity, mechanical equipment, and
foundation. A fragility model of a dam providesal for rational safety assessment and

decision making by using a probabilistic framewtokmanage the various sources of
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uncertainty that affect dam performance. In thipgua basic fragility concepts are
presented, and databases required to supportabsitfr assessment are identified. The
method is illustrated using a concrete monolithmfrehe Bluestone Dam in West

Virginia, designed in the late 1930s.

Hardware |

Environment

Figure 58: Systems Interactions

Traditional design practices have been sufficientiynservative that the probability of
dam failure under a probable maximum flood 11 nftf36gher than the original design-
basis flood remains small. The reservoir waterllevethe gates is a key parameter since
it affects the loading on the gates (stresses te gambers which determines the
frictional resistance) and also the consequencemtd failure (due to the effect on the
breach outflow). It is most likely that the resarwwater surface elevation will be at the
top of the gates when this potential failure maglériggered, unless the gates are being

operated as part of a routine exercise operatidrtlareservoir is down for some reason.
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6.10 LITTLE LONG GS SPILLWAY GATES MODELING
As discussed earlier in the hydrolic modeling chaptittle Long GS is operated within

an operating range of 195.10 m-198.12 m with thenraan of the operating rules being

to optimize power generation and route flow satlywnstream.

Each of the gates were modeled independently gsetheh have independent reliability

components at both the component and subcompamnesit |

As discussed in the chapter 4, Little Long forelsafilled to an elevation not exceeding
198.00 metres. After achieving that elevation, arffow greater than the amount of
water required for two-unit operation (583/s) is spilled down Adams Creek. The
difference of 12-centimeter of storage will alloar the four hour time lag required to
dispatch operator agents to the station to dedah wWie contingency. The maximum
forebay level of 198.00 meters is during the frégieiod only. There is no requirement
to spill through the main dam. This practice sdolbé avoided to improve operating
efficiency at Smoky Falls during freshet. Sluicdega5, 6, 9, and 10 are controlled
locally by the operator agents at the gates. Tavioair hours may be required to reach

the site.

6.11 COMMUNICATION AND HUMAN OPERATOR MODELING

The safe operation of any industrial facility igghly dependent on the humans who
operate and manage them, and who may be calledtopmake decisions in the face of
unexpected disruptions or other events. The néitialbf human operators in the face of
complex technological systems is discussed in éurtdetail in the chapter on

HRA(Human Reliability Analsis) . From a systemsgparctive; as water flows into the
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reservoir, as spillway gates respond to changisgrweir conditions and demands, as
power is generated, and as other parts of the raydtenction—observations are
continuouslyy being made to inform automatic coligre and to inform decisions made
by human operators. These observations form the bha communications or data flow
from sensors to Supervisory Control and Data Adtjorss (SCADA) systems and
eventually to operators (Baecher, 2014). For thepter, human operators as pertaining
to the LMR complex will be treated as “humans ia tbop” as if they are any other sub-
component of the complex technological systemss $implistic assumption allows us to
model human operator delays as on a probabilissirilution. Chapter 6 delves into

more details on Human reliability analysis.

According to the operating rules for Little Long G&perators are to be dispatched to
Little Long GS when the 4 Spillway gates that opeto the Mattagami River are

insufficient in routing peak flows ou of the damki®ep the reservoir below it's operating
range maximum. It generally takes operators 2 hmoudrs to get to the site after they're
dispatched but it may take longer due to inclemeaather scenarios in which case it
might take much longer to gain access to the cbstation of the dam as roads might
blocked etc. To capture these rare but possibleasws outside the usual 2-4 hour time
required to get operators on site, a truncateddogal distribution with an upper limit of

24 hrs, minimum limit of 2 hrs and true mean ofr8 &s can be seen in figure 56. Figure
57 shows a plot of the operator related relatedydelodelled over a year from January-

December for the 51 year hisorical data.

I\
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Figure 59: Modeling Operator Delay Snapshot
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Figure 60: GoldSim™ distribution fitting interface
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6.13 RESERVOIR OPERATIONS

Figure 61: Operator related delay simulation results

This potential failure mode requires operationidd tadial gates to initiate the failure. If

the gates remain in the closed position, trunniarfiiction will not be mobilized and the

gate members will not be loaded by this mechanReservoir operation levels will only

be a factor if the spillway is operated at leveddolw the top of the gate elevation (or

below a level within a foot or two of the top ofetlgates). If the reservoir level is

126



typically at or near the top of the gates on aruahbasis when the gates are likely to be
operated or tested, this is a more hazardous isituttan if the reservoir frequently does
not reach the top of the gates on an annual basibe gates are typically tested when the
reservoir is low. The likelihood of various resandevels at times when the gates will be
operated can typically be estimated from the hist@servoir exceedance curves.

6.14 ACCOUNTING FOR PERFORMANCE UNCERTAINTY

Typically, the reservoir elevation exceedance phdlis are taken directly from the
historical reservoir operations data, directly, evhido not account for uncertainty.
Uncertainty in the failure probability and consegees are accounted for by entering the
estimates as distributions (as describe abovegrdkian single point values. A “Monte

Carlo” simulation is then run to display the unaenty in the estimates, as described in
the section on Combining and Portraying Risks.

6.14.1RELIABILITY OF SYSTEMS
A structural system may have multiple componentsl &ilure modes.A structure is

considered safe or reliable if its capacily,exceeds the demard, placed on it:
c
CZDorC—DZOoerorBZ 1

The reliability of a structurgys, is the probability that the structure surviveperforms
safely.

Hence probability of failur®; can be defined as

Pr=1- Ps

Equation 2

127



A system analysis may also indicate that the strecas a whole may be unsafe even
though each individual component may have ademzéty.

According to McKay (2005) there are many advantagased by quantifying the
interrelationship between the components and ammgya structure as a system. For
example, a system analysis can reveal that sonaérsegre more important than others.
A system analysis may also indicate that the strecas a whole may be unsafe even
though each individual component may have adegaftgy; which is what we attempt

to explore in this paper.

H F ¢
l l l
A/ v v
Hazard > Fragility » Consequence |—» Prediction

Figure 62: Threat-Vulnerability-Consequence model with input parameters and output prediction

6.14.2FAULT TREEANALYSIS
The Fault Tree Analysis of system reliability foeahanical and electrical systems has

been used on a number of spillway gate installatgiobally. The focus of the systems
reliability analysis will be on the structural, namical and electrical considerations of

spillway gate operation.

There are two types of logic (fault) trees that bandefined for a reliability element in
GoldSinm™: a requirements-tree (the default) or a fault-tre® requirements tree must
evaluate to true in order for the element to oggrathile a fault tree must evaluate to
false in order to operate. To place the spillwatggaliability in the context of its role in
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contributing to the risk of dam failure, the religlp estimates were used in an overall
dam safety risk assessment as responses fromuherées affect the entire system due

to the feedback loops in the systems model.

6.14.3ELECTRICAL AND MECHANICAL EQUIPMENT FAILURE AND MODELING
The reliability or probability of survival at arpoint in time during the useful life period

is computed as:

P(t) =et

Equation 3: Reliability of component

wheret is the time period anilis the statistical failure rate.

5.14.AMODELING SIMPLE FAILURE RATES INGOLDSIM ™
The simple failure rate is the default failure mddeboth the Function and the Action

element. It is equivalent to the Exponential/Paistolure mode, and uses Total time as
its control variable. This mode cannot be repaaatbmatically; it can only be repaired
using the Replace trigger. The probability distibo function of the underlying

Exponential/Poisson distribution has the followsigpe and equation:
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Figure 63: Exponential Poisson distribution

—X
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fx)=—e#
U
Equation 4: Failure Rate for Exponential/Poisson distribution
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whereu is the mean control variable value at failure

The reliability function of the underlying Expon@&itPoisson distribution has the

following shape and equation:

0.5

00
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Figure 64: Shape of Exponential/Poisson Distribution

—X

R(x)=¢e ®
Equation 5: Reliability function of an exponential/Poisson distribution
The simple failure rate uses Total time as its dariable, and places the time to the

next failure in the event queue, which will intgetihe simulation at

the exact time of failure. Because the Exponeniistribution is memoryless, the simple
failure rate parameter is fully dynamic, and cohwariable values at failure are updated

whenever the Failure Rate changes.

6.14.5CUMULATIVE FAILURE MODE
The Cumulative failure mode allows you to specifyable of the value of the control

variable and the corresponding probability of sung to that value. The Cumulative
failure mode is actually specified as a reliabilipnction, rather than as a probability
density function (you specify the control variablue and the probability of survival).

This cumalative failure mode was used to model Biechanical and Structural
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component failure at LMR complex by using modiffealility curves from another dam
project the this paper had some time constraintsiwdiid not make it possible to wait for

the actual LMR comple fragility curves for the gate

6.14.6THE FRAGILITY CURVE
In safety or risk assessment of dams, limit stategprobability of failure serve as

yardsticks of system performance. The fragilityveurs used to predict the probably of
dam failure, given the hydraulic hazard (Chase,220The fragility curve is defined by
the cumulative distribution function (CDF) of thgstem response curve.

For example of a dam in which the overtopping listite, i.e., FReroppes 1.0, is the
limit state resulting in failure of the dam.

The probability of failure, Riure iS given by the expression:

Pfailure = Z P(FSovertopped < 1.0 |l Pool =Hpool)P(P00l = Hpool)

Hpool
Equation 6: Probability of failure for fragility curves

In which Pool is a vector of random variables describing thensity of demand (e.g.
pool elevation, etc.) and other factdPgPool = H,,,,) is the hazard, considering channel
inflows and storm runoff from the watershed behimeldam, and is expressed in terms of
annual probability; andP(FSyyertoppea< 1.0 | Pool = Hy,, ) is the conditional
probability of structural failure, given tha&ool = H,,,;, Expressing the limit state
probability as in Equation 5 allows the overalkrie be deconstructed into its significant
contributors (Chase, 2012).

The fragility curve is defined by the cumulativetdibution function (CDF) of the system
response curve. The CDF for both mechanical andtstral failure can be observed in

figure 61 and figure 63 with the failure mode cohtrariable (Height of water elevation
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on Gates) on the X axis and the CumulaiSurvival rate on the Y axisn the Y axis. Fig
62 and 64also show the hazard rating curves, that is; tlodbadsility of failure at ¢
specified level of the Failure mode control varaf#FMCV).

M echanical fragility
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Figure 65: Cumulative Distribution curve for Mechanical Equipment Survival
Mechanical Equipment Failure
1
0.9
@ 0.8
2 07
£
s 06
= 0.5
E 0.4 —@— Qverstress
2 0.3
]
T 0.2
0.1 o
0 4 T T 1
0 2 4 6 8 10
Opening of Gates (feet)

Figure 66: Fragility Curve for Mechanical Gate Failure
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Figure 68: Fragility Curve for Structural Gate Failure

6.14.7ELECTRICAL FAILURE
The Failure Rate (also known as the hazard rapegsents the mean faili rate, and has

dimensions of inverséme. Failure is assumed to be a Poisson procelssl{wmplies

that if the ratds constant, the time between events is expongntatributed) Failures
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modeled in this way are computed with respect édtitne since the simulation started an

hence the time is the failure mode control valuable

Electrical Reliability, specified as the electricalailability On Demand of the System
(including operator push button error and exteraat internal power failures) is

estimated at 0.017 faliures per day.

6.15 REPAIR TIME DISTRIBUTIONS USED FOR THE LMR

Gamma Distribution

For repairs (down time), the Gamma distributiorspecified using a mean delay time
until repair (1) and a standard deviatioa)( The Gamma distribution has the following

shape and equation:
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Figure 69: Gamma Distribution
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Equation 7: Failure rate of a gamma distribution

Wherek = i—z and 1 = £

o2

134



Structural| Mechanical
Electrical Failure Failure Failure
Mean Down Time| 10 hrs 6 months 1 week
Standard
Deviation 8 hrs 2 months 1 week
Distribution Gamma Gamma| Gamma

Table 9: Component Down Times

6.16 METHOD OF MODELING : FAULT TREE ANALYSIS
A fault tree is a graphical method of describing tombinations of events leading to a

defined system failure. In fault tree terminolothye system failure mode is known as the
top event.The fault tree involves essentially three logipaksibilities and hence two
main symbols. These involwgatessuch that the inputs below gates represent failures
Outputs (at the top) of gates represent a propamgafi failure depending on the nature of
the gate. The three types aitee OR gatewhereby any input causes the output to occur;
the AND gatewhereby all inputs need to occur for the outpubtcur;the voted gate,
similar to theAND gate, whereby two or more inputs are needed foptiput to occur.
The structural, mechanical and electrical religfpilvere modeled with and gates since

failure in each will cause the entire Sillway toureavailable.

6.17 BACKGROUND TO GOLDSIM™ AND THE RELIABILITY MODJLE

The reliability module is an add-on to the stand&aldSin™ simulation framework,
consisting of two main element types: the Funcement and the Action element. The
Function element is used to model components tadiomn their function over a period
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of time or use (e.g., a battery or an environmetaatrol system), while Action elements
are used to model components that perform theieslainly when triggered by a specific
condition or conditions (e.g., a relay, or an atdta The primary output of a reliability
element is its operating state at any given timenduthe simulation: whether it is
operating or not. Both reliability element typestzn features to accurately represent
components of a reliability system in a dynamic ke€@arlo simulation. These include:
Requirements/Fault Trees, On/Off Switches, Failuodes, Repair Logic and

containment.

6.17.1WHY PREDICTRAMS?
Reliability prediction (i.e. modeling) is the pra@seof calculating the anticipated system

RAMS from assumed component failure rates. It plesia quantitative measure of how
close a proposed design comes to meeting the debjgntives and allows comparisons
to be made between different design proposalsa#t &lready been emphasized that
reliability prediction is an imprecise calculatidmyt it is nevertheless a valuable exercise
for the following reasons:

* It provides an early indication of a system’s guiial to meet the design reliability
requirements.

* It enables an assessment of life-cycle coste tealried out.

* It enables one to establish which componentsareas, in a design contribute to the
major portion of the unreliability.

* It enables trade-offs to be made as, for exaniy@yeen reliability, maintainability and

proof-test intervals in achieving a given availapil
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* Its use is increasingly called for in invitatiotestender, contracts and in safety-integrity

standards.

Figure 70: GoldSim™ Component Status Representation

6.18 MODELING LITTLE LONG SPILLWAY RELIABILITY
Each of the Spillway gates at Little Long are medeand operated independently. As

dictated by the operating rules, the 4 SCADA cdtddogates that open into the creek are
first operated on demand. If these four gatesresefiicient in routing flows, then human
operators are dispatched to the site with a tirgeofaon the average 2-4 hours during
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good weather conditions and assuming accesibidityhe control center. The human
operators initiate the opening of the additionalrfgates that open into the Adam creek
bypass to aid in routing out the eak flows from tleservoir and keep it within the
operating range. In addition to this contingencgx®a spillway gatesthat open into the
Mattagami river provide additional spil capacitgtfuncase the 8 gates that open into the
Adam Creek bypass are unsufficient. Figure 67 shokes graphical model of the gate

set up.

Gates N1 and N2 are the emergency gates that apethe Mattagami River (containers
N1 SCADA Gatel and N1_SCADA_Gate2). Gate N3, N4,aNd N8 are the primary
SCANDA control Spillway gates and open into the Byp. Gates N5, N6, N9 and N10

also open into the Bypass and are the secondagyg gperated by humans.

Figure 68 shows an incorporation of an event treeSCADA Gate 1's modeling
interface. There’s and gate named AND which reguire spillway gates to not have
failed under 3 scenarios, namely: Gate availabi{jectrical reliability), Structural
fragility and Mechanical fragility. Failure in arof these 3 scenarios will cause the entire
system to fail and be unavailable until it has negzth The fragility and failure rate date
are all incorporated into these sub models. Figee shows part of the model
subcomponent interface for modeling the reliabitgmponents. Figure 69 shows the
And Gate and how it is programmed to link to otbenditions of which all must work

for the spillway gate to work.
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Figure 72: Spillway gate sub model Interface
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Figure 73: GoldSim™ And Properties Dialog Figure 74: GoldSim™ Reliability Function Properties

Interface
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6.19GATE OPERATION{AND RESULTS ANALYSIS

Imminent Dam Failure during reservoir inflow flooffSvertopping Failure) is assum
to occur when water reacs a stage specified the operating documents asnemhdan

failure elevation; thus when the elevation excaadamminent dam failure elevatic
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Figure 68 shows a snapshot of the one of the Spjligates sub model interface. A high-
level model is useful in understanding some oflibbavior patterns responsible for the
unavailability of a spill way gate on demand; whioHuces a high risk of system failure.
A simulation for a year from start of a calendaaryt end of calendar year was run by
sampling a calendar years’ worth of inflow datanirthe historic time series and routing
it through the system. Figure 71 shows a plot oAB& controlled Spills within a single

calendar year as a function of time. A graph of tipstream daily flow is also

superimposed on the plot to enable viewing theetation between the upstream daily
flow and the SCADA controlled Spillway dischargesthdrawals). As expected, the two
are heavily correlated with the peak flows coineglivith the peak Spillway discharges
by the SCADA controlled gates. Each Spillway gaés B maximum capacity of 608.8
cubic meters; meaning the combined capacity offolie spillway gates is about 2400
cubic meters. During peak inflows we can see thatcombined effect of the four gates

is around this capacity.
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SCADA Controlled Spill
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Figure 75: SCADA controlled Spill vs Time

Where the combined effect of the four SCADA conéolSpillway gates are rendered
insufficient due to high inflows, operators are pdithed to the site to operate the
additional four manually operated gates to addtamdil spill capacity to the gates and
prevent the dam from being overtopped. Figure t®vsha plot of the operator controlled
Spill as a function of time with a graph of the ipam daily flows superimposed on the

plot. These gates double the Spill capacity ofLiitiée Long GS.
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Figure 76: Plot of Upstream Daily flow vs Operator Controlled Spill Vs Time

142



When the four Human Operated gates are also reshdesefficient in routing the excess
inflows, there are two additional SCADA controllgdtes that open into the Mattagami
River that are instructed to be used in these gee@arios where the 8 that open into the
creek are insufficient. Figure 73 shows a plothef total spill into Adam Creek bypass as
a function of time. As can be observed from thd,dlere was no need to spill through
the Mattagami River since the Spillway gates tharointo the bypass where sufficient
in routing out the peaking flows. Figure 75 showsat of the total spill into Adam creek

bypass as a function of time.
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Figure 77: Plot of Spill into Adam Creek
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Figure 78: Plot of Total stream vs Upstream Daily Flow Vs time
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Spill Into Adam Creek
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Figure 79: Plot of Upstream Daily Flow Vs Spill Into Adam Creek
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To demonstrate the effect of the gate opening dosing on discharge, a plot of the

spillway discharge rate (in red) and the gate apgrieight (green) was plotted; see

figure 76. The height of the gate opening is gdhee a maximum of 9.2m during the

peak flow periods to enable maximum routing watentthe reservoir. The gate opens at

an average of 0.68m/min and closes at the same Itatepening is triggered by the

operating rule requirements which enables the SCAp#tems to open the gate when

these requirements are met and vice versa.
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Figure 80: Plot of SCADA Gate 3 Discharge Vs Gate Opening Vs Upstream Daily flow
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Figure 77 shows the correlation between high infloand it's correlation with the

upstream daily flow. The sill of each Spillway g&eat elevation 188.98m which means
that within the operating range, there is alwaysiasdevel of water on the gates. This
affects the reliability of the gates since the wate the gates induces both hydrostatic
and hydrodynamic forces on the gates. Level of matethe gates are the failure mode
control variable for both the Mechanical and stk failures; meaning the higher the
water elevation on the gates, the higher the eféécthe aforementioned forces and

consequently the higher the probability of failure.
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Figure 81: Plot of Water Elevation on Spillway Gates vs Upstream Daily flow Vs Time

The subsequent plots show the means and annualplitbs for all 51 years of historic
time series. Figure 78 shows a plot of the meatregos daily flows, gate opening range

and discharge form Spillway gate 3 (Adam creek)tha 51 years of historic data. As
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expected, the peak inflows correlates with the maxn gate opening ranges and also

with the highest routing capacities.
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Figure 82: Mean Statistics for Upstream flow vs Gate Opening vs Discharge

Figure 79 also demonstrates the annual probabildfegate opening operations. This is
important because should a number of gates faihguhe period of April to July and are

not able to get fixed quickly, the chances of taendbeing overtopped greatly increases.
It is imperative that during this period when tlegjuirements on the gates are high,

contingencies must be put in place to backup ate fgdures.
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Figure 83: Probabilities for Gate opening as a function of time.
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Figure 81 is a plot of the mean operator Spill dher51 years of historic data from start
of January to end of December. It can be inferrethfthis plot that Operators must be on
standby during the start of freshet to travel t® $ite and operate the additional gates if
need be. It's important or management to ensureftban the start of April to August

ending, all roads to the control center are cleafeany snow etc. and be accessible to
human operators on demand to enable swift responsignals to operate the additional
four gates during high inflow periods. Figure 82aathows that based on historical data,
the requirement for operators to be dispatchedhéostte through the year is below the
50" percentile with the annual peak flows having ahmrabability of about .45 to

require human operators.
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Figure 84: Plot of mean Operator Controlled Spill as a function of time
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Operator Controlled Spill
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Figure 85: Probability statistics for Operator controlled spill

Figure 83 shows a plot of the Probability of Spitb the main Dam. This is important in
order to prepare for the consequences of Spillmg the main dam. Over the years, the
probability of Spill into the main dam has beeneravith a mean probability (50
percentile) of zero cubic meters year on year.tidugh this indicates that Spill into the
Mattagami is rare, contingencies must be put itel@ ensure that when it occurs, its

conseguences are mitigated.
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Figure 86: Probability Statistics for Pill into the Mattagami River

148



Figure 84 shows the average of operator contraielll and total spill from start of year
to end of year for 51 replications. The differemetween these plots-although they both
follow the same profile- is the operator controllsgill. This plot demonstrates the
importance of human operators in safely routing extess inflows from the lower
Mattagami reservoir. Hence hindrance to their ajpmma or errors by them could be

catastrophic in the events of high inflows.
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Figure 87: Operator Controlled Spill Vs Total Spill mean statistics

Figure 85 shows the annual probabilities for S@lveoverflows and from the plot we can
infer that until the start of April, there is gealty no Spillway flow. The month of May
seems to have the highest demand for Spillway iieBvwith probability of Spillway

flows in the 58 percentile.
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Figure 88: Probability Statistics on SCADA Controlled Spillway Overflows

6.20 GATE RELIABILITIES
As discussed in earlier the structural and meclagnatiabilities of the Spillway gates are

dependent of the level of water on the gates wthke electrical gate failures are
randomly distributed in time with an occurrencesrat 0.017 failures per day. The result
of this is that unavailability due to electricatgdailures are far more common and occur
a number of times per year with structural failubesng the rarest. Figure 86 shows the
gate failures for realization 46 (Spillway gateofthe simulation run. It can be observed
that there were several electrical failures throtighyear with one Structural failure. The
structural failure as discussed earlier has a gamistabution with a delay time of 6
months and a standard deviation of 2 months fome&an delay time until repaired
(MTTR). The effect of this is that structural faids take much longer to repair while
electrical gate unavailability-with a gamma distibon (mean=10hrs, Standard
deviation=8hrs) - are usual repaired within the salay. The right side of the y-axis is
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the survival mode and the value of 2 representsréaidue to the fact that internal

requirements are not met.
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Figure 89: Plot of component Reliabilities vs upstream daily flow vs time

The effect of failure on the performance of tharerdystem can be observed from Figure
86. Spillway gate 4 was inoperable due to its th#eate under structural failure and was
down for repair sometime before the peak flow foe tyear (April ending). Between
Aprils ending to mid-October Spillway gate 4 waswtofor repair. During this time the
SCADA controlled Spillway gates were required toteothe excess inflows out of the
reservoir. Bearing in mind the each gate has aatigpaf about 608 cubic meters, it can
be observed from figure 87 that with Spillway gate failure, the SCADA gate system
was routing about 1800 cubic meters of water outhef reservoir instead of the total

capacity of about 2400 cubic meters during peaksglo
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Figure 90: Plot of SCADA Controlled spill vs upstream daily flow vs time

Figures 88 and 89 also shows another comparisdm nvéchanical failure coinciding
with the demand for spillway flow. From the ploiscan be observed that around the
start of freshet, there was a mechanical failur8@ADA gate 4. This failure lasted for
about seven days in the month of May. It coincidth the start of freshet, meaning the
spillway gates were on demand. The effect of thecmanical failure is the loss of
capacity of the SCADA controlled Spillway systens #an be observed from figure 89
the rest of the spillway gates started operatirsg #s the freshet started to peak with a
combined discharge of about 1800 cubic meters adstd the total capacity of about
2400 cubic meters. This occurs until SCADA gate fixed and adds an additional 600

cubic meter capacity to the SCADA controlled gatstam.
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Figure 92: Plot of SCADA Controlled spill vs upstream daily flow vs time

Figure 90 also sows the probabilities of mechanfiadilire as a function of time for 1

realization looking at Spillway gate 1. As expectded probability of mechanical failure
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is usually higher around the peak of freshet winenalevation of water on the gates are
the highest. Figure 91 displays the mean of mecharfailure, Spillway Discharge
(SCADA_Gate_4) and upstream daily flow for a cakmgear over 51 replications. As

can be observed, there is a strong correlationderivall 3 parameters.
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6.20 DISTURBANCES

Sometimes in the course of the operation of a dgstes1 an extraordinary event occurs,
such as an earthquake, an earth or rock slidetlhmaeservoir or conveyance works, a
major fire in the drainage area, or the like, &itree which cannot be anticipated, but that
may affect dam operations or even dam safety (Bae@014).Disturbances can in
principle include a broad variety of phenomenahhbaft natural origin such as lightning
strikes affecting power supplies or instrumentatmmof anthropogenic origin such as the
grid being unable to accept power and thus the pgoywse waterway having diminished
discharge capacity, or operational incidents oiderits such as powerhouse fires. The
exact definition is a matter of modeling conveniengevere floods or droughts may for
instance be considered as disturbances or alteehajust as aspects of the stochastically

modelled catchment hydrology.

The consequencesf disturbances to dam systems may be sudden itigrosf loads,
blockage, access problems, increased lead timsadalen loss of component or system
functionality. Consequences usually have (muchyéo duration then the disturbances.
Consequences of disturbances may be both extenditet) and internal (direct). An
example of the former would be changes in the Hfirclvaracteristics of a catchment
appearing as the result of major forest clear mgttr forest fires, while an example of
the latter may be the loss of the generation asdhdrge capability due to a lightning
strike or fire in a critical transformer or cabkor the LMR case study, the approach is to
study external disturbances as a standalone some sort of internal disturbances have

already been incorporated into the model in theipus chapters such as operator delay
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and power outages (grid availability on demand)e HBxternal disturbances that have

been considered are discussed in the next section.

6.20.1 EXTERNAL DISTURBANCES

When a disturbance occurs, for example an eartlegoak landslide into the reservoir, it
may cause damages to parts of the flow-controlesystor it may trigger others
disturbances or consequences that in turn causegdarnio the dam system. It may
simultaneously damage more than one componenedytstem, as for example, seismic
ground shaking might damage mechanical equipmeohénor more spillway gates while
at the same time damaging the concrete conveyamcgrgy outflow from the gates. The
combinations of damages can exaggerate consequbndasiting redundancies in the

way the flow-control system operates.

An important factor in analysing disturbances igittltausal interactions. For example,
both earthquakes and reservoir slides could bevishailly modelled as disturbances
occuring randomly in time with some frequency aadesity. However, a reservoir slide
might also be caused by an earthquake, and thubentitandom” at all, except in the

sense that it is triggered by another natural fthwduich is considered random.

The inter-arrival time between occurrences of thmes or different types may itself be-
come a concern. For example, in traditional dametgaévaluations the joint occurrence
of an earthquake and an extreme hydrological eieignored, because the two events
are logically independent and each of low probghilso their joint probability of

occurrence within a small period of time is vanigily small. In practice, on the other

hand, should an earthquake occur and cause damage flow-control system which
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cannot be repaired within an impending flood seaamubsequent large but not extreme

hydrological event may be uncontrollable due togreeexisting spillway damage.

There are lots of external disturbances that casiple affect dam operations but two
main disturbances will be analysed and modelledtiier LMR system case; namely
Debris and Ice. Consideration of other disturbameelsiding the two aforementioned are

discussed in the next section.

6.20.2POTENTIAL ENVIRONMENTAL CONDITIONS LIKELY EFFECTS ON THELMR
Table 3 identifies the potential conditions in #grevironment that may affect the LMR

and its principal component(s) as adapted from @RG proposal for the power
expansion project for LMR. Potential conditionssarifrom the physical environment
(i.e., natural hazards). The physical environmentompasses natural physical
phenomena on land, in bodies of water and in tispphere. The conditions included in
Table 7.2-1 are based on experience and potewtmlittons that have or could occur in
the LMR Complex. Each natural hazard and potergiaironmental condition, is

described in subsection 7.2.2.
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Potential Environmental

Condition

Principal Affected Component(s) of the Project

Physical Environment

Flooding Integrity and function of external strues and systems
Integrity and function of dams.

Ice Integrity and function of dams and water ietakstems.

Forest Fire Integrity and function of GS and a&sted facilities.

Severe Weather

Integrity and function of extestalctures and systems

Seismic Events

Integrity and function of dams, spillways a

powerhouses.

Climate Change

Integrity and function of externaligtures and systems

Integrity and function of operating regime.

Table 6: potential environmental conditions LMR complex

Flooding

Flooding of the Mattagami River can occur in thergp during freshet or following an

extreme precipitation event. Flooding can potelytiaffect the integrity of the reservoir,

dam and spillway structures. All of the reservairshe LMR Complex have an absolute
maximum and maximum operating level, the differebetveen the two being the flood
allowance. All of Little Long GS, Smoky Falls GSathon GS and Kipling GS have the
capacity to spill water in the event that flows esd the capacity of the generating
stations. In addition, water may be diverted thfotige Adam Creek Diversion. Water

that passes through Adam Creek discharges intdviitagami River downstream of

Kipling GS.
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The effect of flooding and the probability of fldaad causing dam failure is depending
on several parameters among which some have alleaely looked at in the previous

chapter.

lce

The Mattagami River develops ice in the reservbeginning in November/December
with break-up typically occurring sometime in Apriburing the break-up of ice, jams
may form and have been reported downstream of kgpGS. Even though the ice jam
occurs downstream of the stations, it may affeetttilwater levels at Kipling GS. The
formation of ice on the trash racks and gates rsiciered a routine maintenance issue
that is dealt with through bi-weekly inspectionsidacted by the OPG traveling operator
and maintenance crews. It is expected that cordimi@ntenance will prevent ice issues

associated with station operation.

Forest Fires

The LMR Complex is surrounded by forest that maynyeacted by fire. On a continual
basis, Natural Resources Canada evaluates a nahfaetors that estimate the potential
ease of a fire starting and spreading, how poténtficult a fire would be to control as
well as the potential impacts of the fire to rateebt fire danger in an area (NRCAN
2007). The LMR complex has a moderate rating fateng indicating that potential fires
are expected to be gentle surface fires that wbel@asily contained by ground crews

with pumps and hand tools.
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Seismic Events

The Regional Study Area is located within the Neastern Ontario seismic zone, which
is known to have a very low level of seismic agfiviEarthquakes Canada, 2008a);
meaning that the probability of experiencing strasmythquake shaking is low. The
design of the each of Little Long GS, Smoky FallS,&armon GS and Kipling GS

included the design of the dam, powerhouses anliwapi structures using MNR

standards and in recognition of the Ontario Buddi@ode. These structures were
designed to withstand the effects of a design lssgnic event. No further measures are
required to supplement the existing design andgatibn features in place to resist
seismic events. The potential for seismic evengsiires no further consideration as no
effect on the LMR complex is likely given the desigonsiderations (Ontario Power

Generation Inc., 2009).

6.20.3MODELING THE INHERENT DISTURBANCES
Disturbances are generally modelled as a probgloiitoccurrence of the hazard, an

identification of the assets that could be damagfesl vulnerability of those asseis(,
the conditional probability of damage given thedrdzoccurs), and an assessment of the

economic and other consequences(Baecher, 2014).
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P(Load) P(Failure|Load) P(Consequences)

AEP Pf AEP \

Load Load Consequences

Vulnerabity Consequences

Figure 95: Common modeling protocol for natural hazard riskagses showing annual
exceedance probabilities (AEP) of hazard and comseces. Adapted from Baecher et.

al.

Disturbances in this section will be modelled irsimilar theoretic framework as the
mechanical and electrical fragilities in the prexsochapter. Meaning the Hazard will
have a control variable that will determine its lpability of occurrence based on the
magnitude of that control variable (see figure 93jsturbances of this sort are also
characterized by a time at which they initiate,esesity, and a duration. The duration
may be that of the disturbance itself, but forshke of modeling simplicity, the duration
will be the mean time to repair (MTTR) e.g, the repair of damages due to an
earthquake. Should a second disturbance occurebéierdamages are repairedy, a

high reservoir inflow, the subsequent consequentdbhat second disturbance may be

exacerbated.

6.20.4ICING EFFECT ON FLOW CONTROL
Ice interferes with dam and spillway operations mariety of ways from changing flood-

stage frequency relations, to creating ice sheetdmn dam faces and other structures, to
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interfering with mechanical equipment by accumaulgtion gates and other features
(Baecher, 2014). Dam gates and other dam struch@@me inherently vulnerable to
under a variety of ice influencing scenarios. F@tance, ice may interfere with Spillway
operations by to creating ice sheet loads on daesfand other structures, to interfering
with mechanical equipment by accumulating on gates other features. Dam gates and
other moving equipment are especially vulnerablieitay which may block movement or
weight down lifting equipment such as hoisting clsadr gate arms, or increase hydraulic
head losses at the spillway. Ice flows passing ovahrough discharge structures may
block water passage, increase riverbank erosiofaster ice jams downstream (Baecher,

2014).

6.20.5MODELING ICE STORMS DISTURBANCE

Ice storms can damage structures because of tlghtaa accumulated ice. Ice storms
are known to occur in Eastern Ontario and Quebeca@rage, Ottawa and Montreal
receive freezing precipitation 12 to 17 days a yetmwever, this type of precipitation
generally lasts only a few hours. Though it did notur near the LMR Complex, in
January 1998, a severe ice storm occurred in Easdetario and Quebec; over 90
millimeters of freezing drizzle fell during the By storm. This magnitude has an annual

probability of occurrence of about 1 in 100 (OraePiower Generation Inc., 2009).

Due to the unavailability of Ice loading data fbetLMR complex at the time this section
of the thesis was being put together, a fragiliye for another dam site will be used to
demonstrate how Ice storm disturbances can be pocated into the model. The

occurrence of Ice storms that affect Spillway gateurrence is modelled as a discrete
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process since the only information we have on toarsoccurrence is that of a severe Ice
storm of 90mm thickness which has a probabilitylah a hundred years of occurring.

Figure 94 shows the sub model for the Ice storrturhance.

e I .~

Ice Storms_Event Imminent_lce_Load_failure  |ce_Thickness_On_gates Ice_Structural_Binding_MemberF
N\

A
> >

Time_of_Occurence

~

Figure 96: Modeling Ice Storm Event snapshot

The time of initiation of the event is simulated @asPoisson process, such that the
expectechumber of occurrences over some time period Tgigkto the product of the
Rate (.0l/year) and time T.The duration is modelésd a gamma distribution for

structural member failure and an exponential distron for structural binding failure

(table 4).

Standard
Ice Storm Failure Type Repair Duration Type Mean Down Time

Deviation
Structural Member Failure Gamma Distribution 6 months 2 months
Structural binding failure Exponential Distribution | 1 day -

Table 2: Down times and repair times of component failures

Figure 95 shows the fragility curves for both Stawal member failure and Structural
binding failure. The fragility curve shows internsion the x-axis and probability of
failure on the y-axis. As discussed earlier, thenaity is not incorporated | the model is
a discrete variable. That is either 0 or 90mm ef oo the gates. Since the data for the
amount of ice accumulation at each of the sitamavailable, modeling the intensity of

Ice storms as a continuous variable is outsidethee of this thesis.
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Figure 97: Fragility curves for Ice Loads on Spillway gate

Figure 96 also shows how the Ice Storm Failure msdecorporated into the event tree

analysis for one of the Spillway gates.
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Figure 98: SCADA gate 1 Sub model Interface
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Figures 97 and 98 show the effect of Failure duecéostorms coinciding with the
demand for spillway flow. From the plots, it candizserved that around mid-June, there
was a Structural binding failure at SCADA gate 4dickhcaused SCADA gate 4 to be
down for repair about 2 weeks. It coincided wite thnding of freshet, meaning the

spillway gates were on demand.
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Figure 99: Plot of SCADA gate 4 spill vs upstream daily flow vs time vs subcomponent reliabilities

The effect of this Structural binding failure isethoss of capacity of the SCADA
controlled Spillway system. As can be seen fronurig98 the routing capacity four
SCADA controlled gates reduced once the struchirading failure was in effect. By the
time SCADA gate 4 is fixed it is no longer on demas the freshet period has already

ended.
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Figure 100: Plot of SCADA Controlled spill vs upstream daily flow vs time
6.20.6MODELING FLOATING ICE

The ice thickness is a fundamental parameter factmally all ice problems. At the

simplest level, one can use empirical analyses chase the Freezing Degree Days
(FDDS). This can be refined in various ways, esgibcif ice thickness data are available
for calibration. The ice thickness is a fundamergalameter for practically all ice

problems. Usually, the engineer is confronted wite problem of predicting the ice
thickness, and often its return period as wellhiitle information. The LMR complex

case study also has the same caveat with no lcistata on floating ice available.

6.20.7SIMPLIFIED THERMAL ANALYSES
The ice thickness, h, produced by static ice foiomais most commonly predicted based
on the accumulated Freezing Degree Days (FDDs)giesn below. This equation

(commonly termed the Stefan equation) is derivegdlying the differential equation for
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the thermal growth rate, and by making various $ifyipg assumptions (e.g., USACE,

2002).

h = a*VFDD

Equation 8: Stefan Equation (Thickness ice)

Where a is an empirical coefficient that varies from site site depending on local

conditions such as the snow cover, winds, and sathation.

Typical values of a

a (Using degree

Ice Cover Condition Celsius)

Windy Lake w/no

snow 2.7

Average Lake with

Snow 1.7-24

Average river with

snow 1.4-1.7

Sheltered small river 0.7-1.4

Table 3: Stefan equation values for a
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Figure 101: Simulation Results showing seasonal variation in temperature and Ice accumulation in cm
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7.0 SUMMARY AND CONCLUSION

7.1 SUMMARY
This thesis advances on the developments madeeinQiRA field for engineering

reliability risk analyses. The lower Mattagami Ri\Rroject was used as a case study to
demonstrate how far the development and applicaifasystems reliability models has
come. The analysis approach is an outgrowth ofua-year effort by a joint-industry
consortium of hydropower operators to improve dafety. In this thesis, the Systems
Reliability modeling concept is augmented with a ri#o Carlo based simulation
framework to analyze the LMR case study and geeeriéal analytical outputs used to
analyze time-dependent risks, assist engineers madagers in safety/performance
related decision-making, create and test risk @ity actions and policies, and monitor
the system for states of increasing risk. The prality and usefulness of the Systems-
based Reliability model creation and analysis mathmgy was demonstrated using
OPG’s Lower Mattagami Basin cascade of four darike problem facing the project
was to conceptualize a systems engineering modelth® operation of the dams,
spillways, and other components; then to employntbeel through stochastic simulation
to investigate protocols for the safe operatiorthaf spillway and flow control system.
Details of the modeling, analysis, and results $afe operation of the cascade are

presented in thesis.

169



7.2 CONCLUSION

The methodology and techniques presented in thasighprovide the foundation for
Simulation based Systems approach to dynamic Redilattlity model building and
analysis. This approach falls under the Quantiatisk assessment (QRA) methodology
and provides both a logical framework and a systenmocedure for organizing and
applying scientific and engineering knowledge tgiove decision making in engineered
systems. Systems engineering and systems thinkpiggsents a new dimension in risk
analysis for dam safety and has built on the adyMaents made using contemporary
methodologies such as event trees and fault trakysas. The systems framework further
enhances the QRA field by providing a concept wiibre powerful tools and techniques
to holistically model and analyze time-dependersksiin complex systems. The
contemporary methods clamp different aspects of garformance into separate failure
modes, and treat these failure modes separatelgfiBae2014). The history of dam
safety suggests that accidents and failures occandre complex ways, mostly due to
systems and human interactions, and need to beesmdf in that way. The systems
approach addresses these flaws from first genaratinotemporary approach. It does so
by approaching dams as engineered systems, ancdparations as an integral part of
safety (Baecher, 2014) . Modeling these systemsitgafvely is a more complex
challenge than first generation analysis had been] the task of verification and
validation of the tools to support the systems apgh is presented in this thesis. The
thesis demonstrates how these new tools-via alyeadhilable commercial software-can

be used perform an overall risk and reliability lgsig of Dam systems.
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The concept of model integration is essential kgydtems modeling. As demonstrated in
this paper, accidents and failures occur not jestabse hazard loads are too high and
dam components are fragile, but through the intemag of physical systems, sensor and
SCADA systems, operating policies, human factong] ather aspects of dams. Fusing
models of different subsystems using the contermpoepproach is difficult and
mathematically complex. Models of physical systeatifer fundamentally from models
of sensor and SCADA system or from models of humerator actions or operational
rules(Baecher, 2014). The systems being modelledcamplex and exhibit non-linear
behavior, from interacting components, often inwadvsub-systems that are themselves
complex. Data mining the outputs of the simulations enables us to also identify and
examine the build-up of conditions leading to aeais or failures, the time it takes for
some failure modes to progress from initiation aonpletion, the structure and nature of
dependency among failure modes and the nature tractions among failure

mechanisms.

In conclusion modeling engineered systems via sistoh simulation using a systems
approach is very promising. In that, it affordsthe platform to incorporate into the
model feedback of operating procedures and humlabitéy in systems function and
the ability to fuse models across different tecbgadal and human systems. Operational
procedures and human decision intervention stroaffect system operations, accidents,
and failures. These have not usually been accounteid dam safety risk analysis and
the proposed systems simulation approach in tlesigidoes a good job of accounting for
systems interactions and feedback loops that arerghy unaccounted for in the

contemporary methods.
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APPENDIX

req [requirement] Hydrological modeling and flow routing [ Hydrological modeling and flow routing JJ

«requirements»

flow routing

Hydrological modeling and

Id="1.1"

modeling of data. "

Text = "the system shall
calculate the hydrological

=S

Text = "The system shall
read data on river basin
hydrology"

system"

Text = "The system shall
calculate the downstream
outflow rate from the dam

AunctorsiRequirenents «functionalRequirements «functionalRequirements
fond data calculate read data
Id="111" Id ="1.1.3" Id ="1.1.2"

Text = "The system shall
read hydrological inflow
time series data from a
database"

req [requirement] Operational aspects of the dam system|[ Operational aspects of the dam system 1J

areguirements

dam system

Operational aspects of the

Id ="1.3"

compute data on
operational aspects of
dam."

Text = "the system shall

L)

[

Text = "The system shall read
data on operator failure rates
from human error probability

database”

sfunctionalRequirements sfunctionalRequirements
oparator failure rate human effects
Id="1.31" Id="132"

Text = "The system shall mode!
human effects of operational
aspects of the dam”
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req [requirement] Hydrodynamics of flow [ 2. Hydraulics, hydrodynamics and physics ﬂ
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