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1. INTRODUCTION

The Bureau of Reclamation is responsible for over 350 storage dams that have been built over
the last nearly 100 years. These dams form asignificant part of the water resources infrastructure of the
western United States. Asthe owner of these dams, Reclamation is committed to providing the public
and the environment with adequate protection from the risks which are inherent in collecting and storing
large volumes of water for later distribution and/or release.  Since much of Reclamation’s dam
inventory was neither designed nor built to current industry practices for new construction combined
with changes in the risk environment, Reclamation is faced with a continuous sequence of decisons
concerning the continued operation of these facilities.

In making these decisons, Reclamation strives to provide its decison makers with information
which is pertinent and is founded upon current or emerging water resources management and public
safety practices. One key aspect of water resources decision making is that the process dways
requires the evauation of multiple objectives such as public safety, national economic devel opment
benefits which can be derived from additiona capita investment, resource protection, and congderation
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of socia concerns. To categorize and evauate the information with regard to the multiple objectives,
Reclamation ismaking use of risk analyss techniques in the Dam Safety decision making process [1].

For purpose of discussion, risk andysis and risk assessment are viewed as digtinct parts of the
process. Risk andysisiswhereloading conditions, failure modes, and consegquences are presented in a
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consstent manner in a probabiligtic framework. The basic risk equation used is:
Risk andys's communicates these aspects of risk in quantitative terms amenable to the risk assessment
process.

It isin the risk assessment process where risk andysis results are blended with other important
factorsto reach afina decision asto an gppropriate coarse of action to take on any particular dam.
These other factors will typically include operationd, economic, public involvement, water use, and legd
requirements. Reclamation has developed guiddines which it uses to assess the criticdlity of the risk
imposed by the structure. The risk assessment process and risk guidelines are described by others[2].

The remainder of this paper will discussthe risk analysi's process being developed and used by
Reclamation.

2. RISK ANALYSISBENEFITS
Risk andlysis has many benefitsinduding the following;

Communicating Risk - A primary purpose of the risk andyssis to communicate risk, both to
the decison maker and within the sudy team itsdf. Whereas a deterministic dam safety andysis may
identify potentid dam safety deficiencies, communicating the associated risks enhances information
content by expressing judgments about the relative severity and amount of consequences. Quantified
risk analysis results provide a common basis for comparison of risks that result from avariety of thrests
to the Structures, both for a given dam and among different dams.

Improved Understanding of Dam Behavior - The safety of adam can most effectively be
improved if its design, construction, and behavior are thoroughly understood. Therefore, another
primary purpose of risk andysisisto enhance this understanding by more explicitly identifying the
features and conditions of the dam that contribute to its vulnerability or robusiness.
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Identifying Information Needs - A further purpose of risk analysesisto provide a road map for
guiding any additiona dam safety investigations. Logicdly, those failure modes that produce the largest
risk contributions should receive grestest atention. The analyss dso points to areas of greatest
uncertainty inrisk. If these uncertainties are critica to decison making, ways to reduce the uncertainty
are explored. Conversdly, further investigations may provide fewer benefits for those failure modes
shown to contribute little to total estimated risk.

Formulating Corrective Action Alternatives - When it is necessary to develop dternatives for
reducing risk at a particular structure, the information developed in the course of preparing arisk
andysswill ad in formulating aternatives which effectively mitigate the risks identified. By
understanding the goa of risk reduction, the nature of the risksinvolved, and the operationa needs of
the project, agroup of effective aternatives can be developed and evaluated. During the study of the
risk reduction, the study can aso lead to information on the risk posed by the potentia congtruction
activities. When risk reduction becomes an evauation criterion along with cost optimization and any
other gppropriate objectives, the resulting evauation criteria provide an effective framework for
developing dterndtives.

Allocating Resources - Reclamation’s available resources for studying dam safety issues are
finite. Limitations may include availability of key personnd, equipment, funding, and/or time. In each of
these cases, choices must be made concerning the priorities for addressing the various risks at
Reclamation facilities. A rdative ranking of risk between dams helps make these choices.

With alarge number of dams categorized as high hazard structures, Reclamation is congtantly
andyzing load, response, and consequence data for its inventory of dams. While the andyss may not
be a detailed one, it provides a generd indication of which dams contribute the greatest risks to the
public, and therefore, require additiona investigation to better quantify the risks and support decisions of
whether or not to make dam safety related modifications to reduce risk at adam. The chalengeisto
identify or prioritize dams with a variety of information available to ensure those representing the grestest
risk are receiving priority funding either in evaluation or in risk reduction. Prioritization of issues can
occur for agiven dam or for agroup of dams.

3. CATEGORIESAND TYPES OF RISK ANALYSIS

There are two basic categories of risk andyses that Reclamation usesfor it's Dam Safety Risk
Management process. Thefirgt isabasdinerisk analysis that determines the risk represented by the
exiging structure as it now stands under current operating conditions and monitoring. If thereisa
decision made that the basdine risk is or may be unacceptable, then a second category of risk andysis
isemployed. This second category isarisk reduction anayssthat determines the potentid risk
reduction from the basdline condition for various risk reduction aternatives that might be applicable at
the ste.



The different types of risk anadyses for each category are described below.

Basdine Risk Andlyss. - The purpose of abasdine risk analysisisto determine the risk posed
by the exigting structure as it now stands and is now operated. The estimate of existing risk isused to
determine if therisk a the Steis unacceptable; if there isaneed for additiona data gathering or studies
to better definerisk; or to form the basis from which risk reduction dternative can be compared. There
are three types of basdinerisk andyses.

Portfolio Risk Analyss A technicd ranking system has been in use for morethan a
decade to prioritize dams for dam safety funding. That system, however, portrayed the
risk by weighting hydrology, seismic, and gatic performance with only asmdl, additive
influence for potentia consequences. Therefore, Reclamation has developed a pardld
risk-based profiling system that is based on the basic risk equation given above. Points
are assgned to the dam under gtatic, hydrologic, seismic, and operation & maintenance
categories. Dams with more points represent a higher potentid for fallure. These points
are then multiplied by afactor that estimates the population at risk below the dam as
adjusted for such things as probable rate of breach development, warning likely to be
provided to the downstream population, emergency preparedness of the downstream
population, reservoir evacuation potentid, and expected flooding intengity. A risk index
is then determined from this multiplication. A‘socio-economic’ index, based on the
non-adjusted population at risk, is formulated to ad decison makers in impacts other
than lifeloss. Theindices alow ranking of alarge number of dams on the basis of risk
related factors with relatively low anadlyss effort. Ranking adam requireslessthan a

day.

Comprehengve Fecility Review: Every 6 years ateam within Reclamation conducts a
comprehensgive review that examines the past performance of each dam, changesin the
gtate-of-the-practice of dam design, and potentia upcoming issues associated with the
dam. Aspart of the process, senior engineers prepare areport of findingsincluding an
estimation of the risk posed by the existing structure. The results are generdly reported
in terms of Reclamation’ srisk guiddines[2] and, while typicaly less refined than the
project team andyss described below, the report of findings il establishes a basdine
risk andysis of the structure. If aproject team risk andyss exists (see below), then the
senior engineer will review that analysis and determine if changes have occurred since
the time the andys's was made that would change the risk estimates. Therisk andyss
includes a definition of loading conditions, failure modes, and consequences for al load
classes (dtic, hydrologic, and seismic). Structurd fallure modes are identified to
improve understanding of the dam’ s behavior, however, response probabilities and
associated uncertainties are typicaly only consdered in agloba sense and detailed
event trees are usudly not prepared. These estimates are based on the experience of
the engineer and on the data which are reedily avallable. Theresults of thisrisk andyss

4



are used by program managers to prioritize future dam safety work.

All the information on the dam that exigts a the time the facility review is prepared is
used asinput to the risk andyssinduding information gained from a Ste ingpection.
Hydrologic and seismic hazard sudies are dso prepared for the review and are used by
the senior engineer when performing the risk analysis for the structure.

Project Team Risk Andyss Thisleve of risk andyssisthe mos detailed of the
basdinerisk andyses. A teamis asked to determine the existing risk by considering
previous risk andyses, additional data that may have been obtained sSince any previous
risk analysis were performed and to consider additiona expertise while estimating risk.

The team estimates risk in accordance with Reclamation’s methodology [3] and results
are presented in terms of Reclamations risk guidelines. Uncertainties are portrayed in
the results as ranges in risk estimates.

Thislevd of risk andysstypicdly involves deveoping event trees describing fallure
modes, estimating structural response probabilities, load probabilities, and
consequences. At this stage, the gppropriate technicd staff becomesinvolved in the
process by sharing their knowledge of the dam and how it will respond to various loads
aswdl as participating in estimating response probabilities. Aress of uncertainty may be
identified for consderation by the decision makers during their assessment of the risk.
The team may identify data needs where data collection would be expected to
sgnificantly improve risk esimates a an economical cost in terms of time and money.

Over time, there may be multiple project team risk analyses commissioned to continue to refine
the basdline risk as more data is collected, different Ste information is obtained, other expertiseis
brought in, or as modifications are made to the structure. The god isto progressto aleve of
understanding of the basdline risk that is adequate for the decison makers to assess the gppropriate
response to take for the structure.

Risk Reduction Anaysis. - A risk reduction analyssis an analyss that examines dternatives and
their impacts on the basdinerisk. This category of andyssis begun once the basdine risk is or may be
deemed unacceptable.

Alternative Identification Analyss- At thisleve of andyss, the god isto determine
what aternatives would potentially reduce the risk to acceptable levels so that further
design concepts and cost estimates can be developed. While ateam approach is
typicaly used, the team is small and the process @ first is not very rigarous. The team
would examine the basdline risk for the components that contribute the highest risk and
brainstorm aternatives that would have a good chance of economically reducing risk to



acceptable levels. Alternatives could be both structura and non-structural and consider
al the components of therisk. Therisk reduction may not be actudly quantified but, at
aminimum, the key risk reduction components are reported.

Alternative Evduation Andyss - At thislevd of andyssthe god isto examine well
defined risk reduction dternativesin more detail. The team usesal previous andyses
and information to estimate the potentid risk reduction of the dternatives. If dternatives
include structurd modifications, a certain leve of design detall istypicaly needed to
make the estimates o that the strengths and weaknesses of the proposed modifications
can be studied. Previoudy developed event trees can be revised to study and quantify
the effects of the dternatives on the components of risk. In addition, this type of
andysis can be used to identify risks posed by the potentia congtruction activities.

4. PROJECT TEAM BASELINE RISK ANALY SIS

While the risk-based profiling syssem and a comprehensve facility review leve of risk andysis
are useful for prioritization purposes, the project team andyzes of basdlinerisk isthe most indructive as
to Reclamation’s methodology [3] for risk andlysis. Therefore this process will be summarized.

The process begins by establishing ateam to perform the andyss. Typicaly included on the
project teams are personne from the Reclamation’s Technical Service Center in Denver, Colorado,
who bring an understanding of the designs employed during origina design, information on the
congruction techniques used in building the dam, and information on the performance of the dam as
determined from any instrumentation at the dam. Also included on the team are personnd from the
Areaand Regiond Offices who bring detailed information on the operation and performance of the
dructure. A senior dam engineer knowledgeable in the risk analys's methodology facilitates the team
andyss.

Prior to the actud mesting, background information is assembled concerning the dam to be
sudied. Pertinent desgn memoranda, construction records, monitoring information, and other dam
safety records specific to each team members area of expertise are reviewed. Information on the
probabilistic loading for seismic and hydrologic events dong with potentia consequences from the
events are d so prepared in advance for use by the team.

At the gart of the meeting, the objectives of the team meeting are reviewed. Assgnments are
made for preparation of the fina report, calculation of risk estimates by using computer software, and
peer review.

The team then reviews the dam and its gppurtenant structures to gain an understand of the
physical features and operationa aspects of the dam. An overview of al failure modesto be analyzed
by the team is provided to describe the scope of the study to be performed and to screen out failure



modesthat are judged to betrivid. A potentid faillure mode is an existing inadequacy or defect
originating from a natural foundation condition, the dam or gppurtenant structures design, the
congtruction, the materids incorporated, the operations and maintenance, or aging process, which can
lead to an uncontrolled release of the reservair.

Following this, event trees are prepared. Event trees are used to represent sequences or
progressions of events that could result in adverse consequences when a dam or associated structure
responds to various loading conditions. Event trees are congtructed in accordance with the basic risk
equation given above and the following discussions are organized accordingly.

5. PREPARING EVENT TREES

By providing a graphica representation of the logic structure for the progression of each failure
mode, an event tree becomes the template for subsequent assignment of event probabilities and
cdculation of risk. The event treeisaso atoal for evauating changesin risk given certain actions and
assumptions. In addition, it isameans for identifying where the greatest potentid risksare. Perhagps
most importantly, it fosters common knowledge and understanding of faillure modes, and synergetic
discussion of various issues associated with failure modes. An event tree consists of a series of linked
nodes and branches. Each node represents an uncertain event or condition. Each branch represents
one possible outcome of the event or one possible state that a condition may assume. Together, al of
the branches emanating from a node should represent the mutudly exclusive and collectively exhaugtive
set of possible outcomes or states.

The potentid failure modes should be identified and each event in the progression of the event
tree should be explicitly and unambiguoudy documented (such that dl team members have a common
understanding of the potentid failure modes) for later use in the structura response probability
estimation phase. Consderable effort should be devoted to determining atypica failure modes that
might be unique to the dam in question.

Case higtories provide additiond ingght for identifying failure modes and for breaking down the
modes into sequences of events, a process sometimes called failure mode decompostion. Failure and
incident information provided in case history reports describe the progression and sequence of the
events that have occurred for other dams. This information provides the means for conceptudizing and
specifying the occurrences, conditions, and failure interventions that could be pertinent to the dam under
congderation. For many dam types and gpplicable failure modes, there is often one or more especidly
well-documented failure or incident that chart the progression of eventsin some detail. Incidents that
have progressed nearly to failure but have stopped for some reason provide information thet is as
vauable as information regarding complete failures.

The size and complexity of the event tree depend on what is known about the dam and its
expected behavior under different loading conditions, on the complexity of the failure modes consdered,



on the number of load ranges needed, and on the purpose of therisk andyss. Too little detail in the
event tree can reduce the ability to target specific risk contributors and can create problems in making
reasonable structura response probability estimates. Too much detail, and the event tree becomes
unmanagesble or incomprehensible to a degree that important ingghts are lost. Techniques for achieving
an gppropriate leve of detall in the event treesinclude the following:

Truncate non-failure branch pathways as early as possible - Thereis no need to
propagate event sequences once it becomes apparent that they cannot lead to an
uncontrolled reservoir release. The reasons for truncating an event sequenceisan
important part of the risk analysis documentation.

Congtruct separate event trees for each load type, and sometimes, for each load
increment - These trees will often be Smilar or identica, but constructing them
separately and sequentialy better organi zes the process.

Use a staged gpproach - As with any other engineering andysis, it is unreasonable to
expect that everything can be fully captured in an event tree on the firgt pass through the
problem. A comparaively smpleinitid effort can identify the key dementsin the tree
that need to be expanded and less important parts that can be eliminated in subsequent
iterations.

Limit the number of load increments for initiator events - Bounds for load increments
should be chosen specificdly to bracket load ranges where it is expected that the
structura response or the consequences of dam falure will be fundamentaly different
from the structure’ s response or the dam failure consequences in other load ranges.
Sometimes load ranges are salected to represent information available from related
andyses. Dividing the full range of possble loading vauesinto afew incrementsis
usudly sufficient for most problems. While any number of increments can be used,
there mugt be sufficient reason to suspect that considering different load increments will
lead to different structura responses or to some fundamental change in the adverse
consequences.

6. LOAD RANGES AND INCREMENTS

Theflood or earthquake initiator events can assume any vaue over very wide limits. Itis
necessary to confine these limits to a sensble range of vauesthat can affect the structurd response or
consequences in asgnificant way. The number of increments and how they are defined have important
implications on design of the event tree that affect its Sze and the ease with which subsequent structura
response probabilities can be estimated. Two threshold load levels are naturdly suggested: athreshold
below which no structural damage or adverse consequences are expected, and a threshold above which
gructurd falure is dmost certain to happen. Between these thresholds, there is aload range where



structura damage or adverse consequences is possible to varying degrees. Within thisrange, other
threshold load levels can be identified where significant changes in structura response or possible
adverse consequences take place.

Often, the maximum load dready experienced by the dam may be selected as the threshold
below which no structural damage or adverse consequences are expected. The dam has survived this
load, and one can usudly assume that the dam will survive arepesat of thisload, unlessthereis some
progressive degradation mechanism at work. Parametric studies conducted as part of a previous dam
safety andys's can d o provide ingght regarding this lower bound.

The lowest load range is very important due to its relaively high occurrence probability. This
load range should establish the load range for which the dam is expected to perform without failure.
Typicdly, thisload rangeis cdled the “threshold” range for initiation of fallure. Participants must be
careful to assess the failure threshold value redidticaly. A conservative threshold estimate which
underestimates the load leve at which fallure can occur will Sgnificantly increase the percaived risk a
the dam.

Examples of these approaches to developing load ranges are:

Hydrologic Loading - Using the flood of record to establish the threshold of adequate spillway
performance. The spillway either passed or did not successfully pass the flood of record.

Sagmic Loading - A comparison of available liquefaction susceptibility studies to potentid
earthquake induced peak horizontal accelerations at a damsite can be used to set the reasonable lower
bound of earthquake shaking that a structure can withstand without failure of the structure.

Static (normd) Loading - There may be a geologic feature located at an elevation within a
reservoir sorage area where inundation by water begins development of potentialy adverse seepage
conditions. Below the elevation of this geologic festure, dam performance related to seepage is
adequate. Thetime period the reservoir water surface is below the eevation of the geologic festure
would be one bound on the static loading.

7. ESTIMATING LOAD PROBABILITIES

The three categories of loading typicdly required in risk andyss are satic, flood, and
earthquake. Each of these loading categories is briefly described in the following paragraphs.

Static Loads. - The tatic loading condition encompasses awide variety of specific loading
conditions to which adam is routinely exposed during the course of normal operation. These loads can
include hydrostatic loads imposed by the reservoir, static and dynamic loads imposed by operating
various components of the dam and its appurtenant structures, loads induced by landdides at the dam or



on the reservoir rim, or by the hydraulic phenomena such as seepage, eroson, and cavitation associated
with water passing through and around the dam.

Mog static loading conditions are related to the reservoir leve ether in terms of the magnitude
of theload, time of exposure to the load, or the potentia for adverse consequences. Therefore,
higtorical reservoir elevation records are an important information source for assessing the likelihood of
failure modes associated with gatic loading conditions. When eva uating the historical reservoir
information, it isimportant to consider the datain a fashion which is congstent with the failure mode
being developed. In the case of gates, the exposure is directly related to exposure time above a given
reservoir water surface elevation. In the case of piping, the exposure may be more related to whether
or not the reservoir has reached a specific level at some previoustime. In each case, the historicd data
must be organized in afashion which yields meaningful information for the anticipated potentid falure
mode.

Flood Loads. - The development of flood frequency relationships and reservoir inflow
hydrographs are important inputs to the risk analysis process. For risk anayss, the focus of flood
evduations shifts from a sngle maximum event, like the probable maximum flood, to describing arange
of plausble inflow flood events. The products developed for a particular risk analysis depend on the
leve of sudy and the information avalladle.

Traditiona sources of information used in flood frequency andysis and flood hydrograph
development include gauged streamflow records, indirect discharge measurements, and precipitation
records. Generally these data sources have records that are less than 100 yearsin length. The
framework for developing hydrologic inputs to risk assessments uses the length of record to determine
the extrgpolation limits used in the flood frequency andyss. Since risk assessments require estimation of
floods with return periods in the 10,000 to 100,000-year range and beyond, emphasisis put on
developing flood frequency relationships with regiona hydrometeorologica data and pa eoflood
information. The uncertainties associated with descriptions of flood flow exceedance probatilities are
likely to be subgstantid and an important attribute for the characterization of hydrologic inputs.

No single approach is capable of providing the needed characterization of hydrologic inputs
over the full range of exceedance probabilities required for risk assessment. Therefore, results from a
number of gpproaches need to be combined to yield a composite flood risk description; this means
severd methods and sources of data are needed. The gpplication of several independent methods
gpplicable to the same range of annua exceedance probabilities will increase the credibility and resulting
confidence in the results.

Seismic Loads. - For utilization within a risk-based framework, seismic hazard evaluation must
explicitly contain information on the frequency of occurrence of relevant loading parameters. The
currently accepted practice within Reclamation for evaluaing and conveying seismic hazard information
in thisfashion is probabiligtic seismic hazard assessment. Thefirgt sep in any seismic hazard evaduation
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IS source characterization. For usein risk analyses, both fault and areal (background or random)
sources should be incorporated into the hazard evauation. Uncertainty is incorporated in source
characterization by dlowing for dternative source and recurrence models as well as uncertainty in
recurrence parameters. For fault sources, uncertainty in source dimensions, sense of dip, and
orientation and hence maximum magnitude should be incorporated for detailed sudies. Definition of
earthquake recurrence for both ared and fault sources should incorporate some estimate of the
uncertainty in ssigmicity rate and the assumed magnitude/recurrence rdationship. The ultimate god is
specification of ground motions and their recurrence. For usein risk analys's, ground motion estimation
should incorporate uncertainties in source-Ste distance, selection of attenuation relationships, and
observed variahility in ground motionsin the fina product.

This gpproach integrates contributions over the entire spectrum of magnitude and distance from
each defined source and then sums contributions from each source to develop a distribution of ground
motion leve for each annud frequency of exceedence. The most frequently used seismic hazard
product isasmple hazard curve that relates a ground motion parameter to annua probability of
exceedence. This curve contains contributions from al sources, magnitudes, and distances.

For use in liquefaction evauations, consderation of ground motions organized by magnitude
levelsis often quite useful. Risk contributions from the various magnitude levels are then summed. This
dlows for integration with commonly used geotechnical parameters such as magnitude adjustment factor
when evaduating liquefaction likelihood. Likewise, acceleration spectrum intendgties is commonly used as
input for the tructural analysis of concrete dams, spillways, and outlet works intake towers when
subjected to seiamic loads. Thisinformation can then be used to estimate the probabilities of the various
responses of the dam or appurtenant structures to the seismic loading conditions being eva uated.

8. ESTIMATING STRUCTURAL RESPONSE PROBABILITIES

Egtimating structura response probabilities is generaly the mogt difficult and time-consuming
activity faced by arisk andysisteam. Summarized below is a process for making structurd response
probability estimates that has been found to work well for various risk andyses. All steps described
below are performed jointly by dl the participants of the risk andysisteam.

Step 1. - Thefirgt step isto be sure each team member has a clear understanding of each node
of the event tree. An event tree node represents a choice at which the preceding event must be
considered to have happened and two or more subsequent events could take place. Thisis best done
by having the facilitator write out the description of the node. An open discusson usudly takes place
during this step where team members fredy discuss their understandings of the event node and the
wording being proposed. The facilitator should then capture the thoughts of the team into the
description of the node. For instance, a node description for unfiltered seepage exit might be:
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“The soil particlesthat are being carried by seepage flow mugt exit from the dam at alocation
where there is no filter present to trap the soil. A filter is defined as a soil that reasonably meets
the design standard for filters”

Step 2. - The team then brainstorms any and dl information that is pertinent to the event node
being discussed. Each piece of information is listed on the flip chart as either afactor leading to a higher
probability or afactorsleading to alower probability depending on whether the information is can be
used as evidence to support or oppose belief inthe event. Thelisting is visudly placed immediately
below the node description.  The team should agree that the factors are being placed in the correct
category. Disagreements are usudly solved by using clear wording that describes the information or by
adding an opposing view in the opposite category. The purpose of this step in the processisto display
al the information that will be used in making the estimate for dl team members to see, discuss, and
eventudly use in making thelr estimates. As described below in step 3, the team members may judge
for themsdves the importance of the information being listed as they make their estimates.

Nearly any type of information is permissble to be listed if it helps the teeam members make their
esimates. For ingance, “gradation limitsin construction specification meet filter criterid’ might be listed
as afactor leading to alower probability unfiltered exit description discussed above in step 1. Others
might be “93 out of 95 gradation tests of as-constructed earthfill showed acceptable limits were
achieved” [factorsleading to alower probability]; “2 out of 95 gradation tests of as-constructed earthfill
failed the limits and were lft in place’ [factors leading to a higher probability]; “the specified gradation is
likely to segregate during placement” [factors leading to a higher probability].

Step 3. - Once aclear understanding of what the node of the event tree represents has been
established (step 1), and dl relevant issues by team members related to that node have been aired and
summarized (step 2), then a probability estimate may be made for the node of interest.

Reclamation employs its own unique process of expert dicitation for estimating event
probabilities when there is no satidticd information to use as abassfor assgning probabilities 1nusng
this process, the facilitator obtains a“ reasonable high” and “ reasonable low” probability estimates for
each event node. Event nodes are estimated by using alist of verbd-to-numeric transformations to help
experts assgn a numeric value based on their verba assessment of the information being presented.
The use of such atable provides consstency to the estimation process and can help aleviate the
reluctance of the expertsin assgning a numerica esimate.

For example, the team members can use the qualitative and quantitative information that was
generated during step 2 to judgeif the event tree node designated unfiltered exitsis more likely or
unlikely relative to the verba descriptors. The transformations used are as follows:

VERBAL DESCRIPTORS
VERBAL-TO-NUMERIC TRANSFORMATIONS
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Descriptor Probahility

Virtudly Certain 0.999
Extremdy Likdy 0.995
Vey Likedy 0.99
Likdy 0.9
Neutral 0.5

Unlikely 0.1
Very Unlikdy 0.01
Extremdy Unlikey 0.005
Virtudly Impossible <0.001

Step 4. - Therisk analysis participants then identify the factors from step 2 that had the greatest
effect on the probability estimate generated in step 3. Returning to the information containing the factors
pertinent to the event, the team should identify for the record those items which were most important in
arriving a the probability estimates. In addition, the team indicates why it believes the most significant
factors should receive more weight than others.

Sep 5. - Thefacilitator ensures the risk analys's participants have reached consensus on the
probability and uncertainty estimates. This does not mean that the facilitator must force al membersto
accept asingle estimate. Rather, the facilitator must sense the team’ s fedling as discussion takes place,
suggest a reasonable starting place as a best estimate, and canvass the team’ s vdidation of the estimate.

If the team cannot agree on an estimate, the divergent opinions must be accounted for in the
andyds. At this point, the facilitator focuses more on getting agreement on the possible range of the
edimates. The facilitator leads the discusson of the opposing views to identify the underlying premises
or key evidence supporting each argument. Thisisavery fruitful areato obtain ideas that would suggest
further exploration or anaysisto resolve the differences.

If the team cannot agree that arange or distribution will adequately characterize their judgement,
then the analysisis conducted using each representative estimate in separate calculations. The separate
caculations for risk would then be reported aong with the descriptions of the conflicting ways the team
members saw the problem.

Step 6. - Once consensusiis reached on the specific response probability estimate and
uncertainty, the process continues by repesating steps 1 through 5 for each remaining node of the event
tree.

When steps 1 through 6 have been completed for all the event nodes, the risk analysis process
continues by consdering and quantifying what adverse consequences may result from the failure modes.
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9. ESTIMATING CONSEQUENCES

Potential consequences resulting from an uncontrolled release of areservoir have severa
different dimensions. In addition to the economic losses related to lost project benefits and potentia
damage to property in the inundated area, there isthe potentiad for life loss, dteration of the habitat and
environment, socid impacts on the local community, and loss of confidence in the dam owner and
operators. Since these consequences may not be directly commensurable, the weights given to each for
decison making are generally made separately from the technical andysis. The process of weighing
different values in decison making is part of the risk assessment, as opposed to risk andysis. However,
certain technica datais required by the decison makers to understiand the magnitudes of the various
dimensions of the consequences.

Potentid loss of lifeis the single consequence considered in al Reclamation project team risk
andyses performed to date. In estimating potentid loss of life, complex factors such as inundation
aress, warning time, time for dam breach, flood wave travel time, and emergency response
preparedness are dl consdered. Case histories of past events are adso studied for information on
possible fataity rates of the population a risk. Thisinformation istypicaly provided to the project team
that is andyzing the risk by in-house staff knowledgesble in the area. However, the team may dso
consder adjusments to the life loss estimates based on their particular knowledge of conditions either at
the Ste or downstream.

10. RESULTS OF RISK ANALY SES

Risk is computed by finding the product of probahilities and consequences for each path in the
event tree. By summing the values from al paths, the totd risk can be determined. Spreadsheets and
decison andyss software provide for ragpid reduction of the vast quantity of numbers generated during a
risk anayss. Monte Carlo smulaions may be performed to combine the variationsin estimates and to
portray the range in find results.

At the end of the meeting, results are reviewed by the team to determine if the quantitative
vaues given are representative of the overall sense of the teams judgement of risk. Theresultsare
compared to other estimation methods, such asthose for the failure rates of embankment dams by
piping [4] and adjusted accordingly.

When the results appear reasonable to the team members, it is frequently beneficia for the team
to develop asummary of ther findings. Six questions have been devel oped as ameans of addressing
key areas of summary. The questions are:

Which failure modes contribute the greatest risk?
What uncertainties enter into the estimates of risk?
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What information could be generated to reduce the uncertainty?

What outcomes could reasonably be expected to result from collecting the information?
How would the risk be affected by each of these outcomes?

What are reasonable options/courses of action?

After the team meeting, areport is prepared and edited by the team. The report is provided as input to
decison makers.

11. COMPLETION OF RISK ANALY SES

Reclamations methodology for andyzing risk includes a profiling system, arisk andyss performed by a
single senior engineer as part of an interna facility review process, and ateam based gpproach. Risk
analyses performed by the risk-based profiling system take an average of about 5 hours to complete.
Senior engineers can take on the order of 1-2 days to complete the risk portions of a comprehensive
facility review. Project teams can take one or more weeks to complete arisk anaysis by the project
team risk anadyss method.

Nearly dl of Reclamation’s mgor decisions made in recent years concerning dam safety have
had risk andysgsinput. At the time of publication of this paper, most of Reclamation’s dams will have
been profiled with the risk-based profiling system. About one haf of itsinventory of damswill have had
abasdinerisk andyss associated with the comprehensve facility reviews. Reclamation will be
performing project team risk analyses at a rate of about 20 analyses per year.

12. ADDITIONAL GUIDANCE DOCUMENTS

Reclamation is preparing a series of gppendices to its methodology to guide teams in their
andysis of risk. Approximately twenty separate gppendices are envisoned. While description of each
gopendix is beyond the scope of this paper, some of the key ones are briefly described in the following:

Seepage and Piping of Embankment Dams - This gppendix will discuss the main components to
be considered when analyzing the risk posed to the structure from seepage and piping concerns. It will
suggest uses for existing studies on the historica performance of dams and will provide a method for
sorting through the many available case histories to provide Site specific ones for congderation.

Saismic Response of Embankment and Concrete Dams - These gppendices will provide
information on the factors to be consdered when analyzing the risk posed to the structure from seilsmic
events. Effects from liquefaction and embankment cracking will be consdered.

Determining L oading Conditions for Hydrologic and Seismic Events - These gppendices will
provide information on the development and use of loading information in the event trees.
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Edtimating Loss of Life Consequences - This gppendix will discuss the many factorsto be
consdered when estimating life loss. Such factors include detection of the event, decision processes,
notification processes, and dam breach processes. Suggestions for fatdity rates will be provided to
esimate life loss from the population &t risk.

Other appendices that will be prepared will be on such topics as operationd failures, breach
parameters, portraying uncertainty, and detection systems.

13. SUMMARY

Reclamation distinguishes between Risk Analysis and Risk Assessment. Risk Anaysis
determinetherisk a aparticular 9te in quditative and quantitative terms. Risk Assessment isthe
process that blends Risk Andysis results with other factors to make a decision on the coarse of action
to take at the site.

Risk andyses are undertaken to determine the baseline risk represented by the structure as it
now stands and is now operated and monitored and risk reduction analyses can be undertaken to
determine impacts of proposed dternatives.

Reclamation’s current methodology for the project team risk analys's begins with formulation of
aproject team that includes expertsin pertinent technical areas. Once formed, the team beginsits
andysswith input on load probabilities for hydrologic and seismic events dong with input on possible
conseguences. The team then consders dl the possible failure modes for the structure, diminates the
ones conddered to be trivid, and moves forward to construction of event trees for those remaining.
Event trees are congtructed to decompose the failure modes into alogica series of events for further
sudy by the team. Included in the event trees are a breskdown of the loading information into
appropriate ranges, events to capture the important steps of the structure' s response to the load, events
to cagpture the likelihood of intervention, and findly the consequences from the potentia dam fallure.
Consequences in terms of life loss are dways consdered with consideration of other types of
consequences as-needed.

Once the event trees are congtructed, the teams consider dl pertinent information on each node
of the event tree. Then aform of expert dicitation is used to estimate the likelihood of each event taking
place. Once each node of the event tree has been estimated, the product of the eventsistaken to
represent the risk of thisfallure mode. The analysis team then considers the result in terms of
Reclamation’srisk guidelines to determine if it accurately represents the team’ s overd| perception of the
issue.

Reclamation utilizesrisk andysis as an integra part of its decison making process. Risk andyss
assists in determining the impacts of additiond data collection at the Site or the value of more engineering
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andyses. Risk andyses determine the relative risk between different failure modes or to prioritize
between different dams such that the decisions made are balanced. Finaly, risk andyses are part of the
communication of Reclamation’s decisonsto others.
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