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1     Introduction 

Dams are essential for any society. The main purposes of dam construction 
are for water supply, hydropower, flood control, irrigation, and navigation. The 
possible events that could initiate a dam failure are listed (McCann et al. 1985) as: 

a. Static reservoir loads 

b. Floods 

c. Structural deterioration 

d. Upstream dams 

e. Foundation weakness 

/ Seepage 

g.   Earthquakes 

h.   Mechanical failure 

/.    Flooding 

(1) Life loss 

(2) Injury, property damage 

j.    Operator error 

Out of these only a few initiating failures are dominant contributors to risk. 
These dominant modes of failures vary depending on type of dam, i.e., earth dam, 
concrete dam, etc. The causes of dam failure can be grouped into external and 
internal events. 

The factors contributing to external events are upstream dam failure, hydro- 
logic events (including flood frequency, volume, peak, initial water stage in the 
reservoir prior to flood, etc.), earthquake (including seismic stability of dam, 
liquefaction, etc.), and landslide into the reservoir to name a few (McCann et al. 
1985; Cheng, Yeng, andTang 1982). 

The factors contributing to internal events are structural and construction 
factors (including inadequate structural design, inadequate quality control, inferior 
material used, etc.), deterioration, piping (in the embankment, foundation, etc., as 
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well as around outlet works, etc.), hydraulic factors (including spillway capacity, 
flood routing, sluice, erosion and scour protection, and faulty gates or valves), 
mechanical failure of valves, motors, etc. on demand, and foundation failure to 
name a few. 

As stated before, dominant modes of failure vary depending on type of dam 
constructed. Hence, some statistics in this regard are relevant. It has been 
reported by the Department of the Army (1982) that 90% of dams constructed are 
earth dams followed by gravity dams which constitute about 5%. It has also been 
reported by Bivins (1983) and Department of the Army (1982) that for about 80% 
of dams the primary deficiency of the dam is due to inadequate spillway capacity, 
followed by seepage (8%). In another report (Cheng, Yeng, and Tang 1982) 
dealing with mainly earth dams, it was reported that overtopping and piping 
constitute major causes of dam failure (23-36%, 30%-44%, respectively). The 
important point to be noted is that the consequences of dam failure can be cata- 
strophic as it could involve loss of life. Therein lies the importance of warning 
systems in the event of a possible flood inundation due to a dam breach. 

A research project to identify risk assessment methodologies pertaining to 
dam gates and associated operating equipment was initiated by the U.S. Army 
Engineer Research and Development Center (ERDC), Vicksburg, MS. The 
project was divided into two phases: 

Phase I:   Review of Risk Assessment Methodologies for Dam Gates Existing 
in the Literature 

Phase II: Implementation of a Proposed Method to a Dam Gate and 
Associated Operating Equipment 

This report deals with Phase I and incorporates a complete review of the liter- 
ature to understand the behavior of dam structural components including their 
electrical/mechanical components and the associated system and intercomponent 
dependencies. 
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2    Objectives 

The objectives of the study reported herein are as follows: 

a. Perform a detailed literature review of all the existing methods for risk 
assessment of dams. Investigate the applicability of these methods 
dealing with failure modes for dam gates to structural components, as 
well as mechanical and electrical operating systems. Investigate possible 
interdependencies between components. 

b. Perform brief review of the literature on early warning systems with 
respect to dam structures. 

c. Recommend a method/methods suitable for risk assessment methodology 
that can be used for flood control and reservoir dam gates. 
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3    FMEACA or FMECA 
(Failure Modes and Effects 
and Criticality Analysis) 

Since one of the objectives of the proposed research as stated above is investi- 
gation of applicability of the risk assessment methods dealing with failure modes 
for dam gates, it is important to look into the concepts of this analysis as it exists 
in the literature. Failure Modes and Effects Analysis (FMEA) is a basic tool to 
evaluate design at the initial stage from the reliability aspect (TDhillon and Singh 
1981). These criteria help to identify need for and the effects of design change. 
FMEA becomes failure modes, effects, and criticality analysis (FMEACA or 
FMECA) if criticalities are assigned to failure mode effects. There are various 
references in the literature dealing with FMECA (Military Standard MIL-STD- 
1629A 1980; Henley and Kumamoto 1981; Nelson 1982; Shooman 1990; Leemis 
1995; Ebeling 1997). FMECA is often performed as a bottom-up analysis, though 
it can be applied at any level if sufficient data exist (Ebeling 1997). FMECA is an 
inductive process that systematically details on a component-by-component basis, 
i.e., individual failures are generalized into possible failure modes (Henley and 
Kumamoto 1981; Ebeling 1997). FMECA essentially consists of the following 
eight steps (Ebeling 1997): 

1. System Definition 
2. Identification of Failure Modes 
3. Determination of Cause 
4. Assessment of Effect 
5. Classification of Severity 
6. Estimation of Probability of Occurrence 
7. Computation of Criticality Index 
8. Determination of Corrective Action 

System Definition 

In this step, system components that will be subject to failure are identified. 
The physical description of the system is depicted by an indenture diagram 
showing subassemblies, components, and parts along with their hierarchical 
relationships. It is important to clearly define acceptable performance 
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specifications under expected operating and environmental conditions in order to 
define failures. A Reliability Block Diagram (RBD) may be used based on the 
functional analysis or hardware configuration or a combination of both. The 
functional approach requires a top-down analysis of the system whereas the 
hardware approach is usually a bottom-up analysis. 

Identification of Failure Modes 

Failure modes are the observable manners in which a component fails. 
Failure modes are identified in this step either by component (hardware approach) 
or function using a RBD. Examples include shorts, opens, ruptures, power losses, 
etc. 

Determination of Causes 

For each failure mode a determination is made as to the probable cause or 
causes. Typical causes are given below: 

a. Friction: Common cause of failures in belts, gears, and machinery in 
general 

b. Contamination: Dirt can cause electrical failure 

c. Corrosion: Chemical change that weakens material 

A failure mode may have more than one cause. For example, for an item such 
as a motor case, the failure mode of rupture can be caused by poor workmanship, 
defective materials, damage during transportation, damage during handling, and 
over-pressurization. 

Assessment of Effect 

In this step, impact of each failure on the operation of the system is assessed. 
The effects may range from complete system failure to partial degradation to no 
effect. Sometimes, in redundant systems, the system reliability will be reduced by 
failure of a redundant unit without affecting the system's performance 
immediately. In the example of motor case above, the possible effect could be 
destruction of missile. 

Classification of Severity 

A severity classification is assigned to each failure mode. Four possible 
classifications of severities are used: 

Category 1: Catastrophic    Failure resulting in loss of life or major damage. 
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Category 2: Critical Complete loss of system such as potential mission 
failure. 

Category 3: Marginal System is degraded with partial loss in performance. 

Category 4: Negligible        No effect on acceptable system performance 

For the motor case problem discussed above, the severity level is critical. 

Estimation of Probability of Occurrence 

The probability of occurrence is based on the expected number of occurrences 
of each failure mode over a specified interval. This interval may be a mission 
time, a scheduled maintenance interval, or the system design life. When sufficient 
data does not exist for quantifying the probability of occurrence, Military Standard 
MDL-STD-1629A (1980) is used for qualitative grouping of failure mode 
frequencies over the operating time interval: 

Level A: Frequent - High probability of failure (p> 0.20) 

Level B: Probable - Moderate probability of failure (0.10 <p< 0.20) 

Level C: Occasional - Marginal probability of failure (0.01 <p< 0.10) 

Level D: Remote - Unlikely probability of failure (0.001 <p< 0.01) 

Level E: Extremely Unlikely - Rare event (p< 0.001) 

For the motor case problem discussed earlier the probability of occurrence is 
0.0006, hence this failure mode is classified as extremely unlikely. 

Computation of Criticality Index 

This is a quantitative measure of the criticality of the failure mode that 
combines the probability of the failure mode's occurrence with its severity 
ranking. The equation used is 

Ck - 0Cip ßi hpt 

where 

Ck = criticality index for failure mode k 

Ukp = fraction of the component's failures having failure mode k (i.e. the 
conditional probability of failure mode k given component p has failed) 
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ßi = conditional probability that failure mode k will result in the identified 
failure effect 

kp = failure rate of component p 

t = duration of time used in the analysis 

ß* is a subjective estimate, which is quantified as per guidelines (Military 
Standards MIL-STD-1629A 1980). 

Failure Effect  g  

Certain ß=l-00 

Probable 0.10<ß<1.00 

Possible 0<ß<0.10 

No Effect ß = 0 

Determination of Corrective Action 

Corrective action is dependent on the problem. It is important that those 
failure modes having a high criticality index and severity classification should 
receive most attention. For the motor case problem, one of the corrective actions 
should be to maintain a close control of manufacturing processes to ensure that 
workmanship meets prescribed standards. In other words, rigid quality control of 
basic materials should be maintained. 
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4    Interdependencies of 
Components/Events 

Since one of the objectives of the research is to examine the possible inter- 
dependencies of components, this aspect is discussed herein as it exists in the 
literature. Event trees, fault trees, and failure modes effects analysis (FMEA) are 
approaches for considering the arrangements of components in a system (Barlow 
and Proschan 1981). 

Event and Fault Tree Analysis 

A fault tree analysis is a graphical design technique used to analyze complex 
systems (Dhillon and Singh 1981; Ebeling 1997; Ayyub 1997). The concept of 
independence/dependence of basic events is discussed with respect to fault trees 
(Henley and Kumamoto 1981). Dependent events may appear in a fault tree in 
the following cases: 

Standby redundancies 

In this case, failure of an operating component results in a standby component 
being put into operation. This means that failure of one component affects the 
failure characteristics of the other component, and component failures are not 
statistically independent. 

Common causes 

The causes creating component failures come from one or more of the 
following four sources: (1) Aging; (2) Plant Personnel; (3) System Environ- 
ment; (4) System Components (or Subsystems). So, if a common cause such as 
fire results in simultaneous failure of components, component failures are 
dependent. 

g Chapter 4   Interdependencies of Components/Events 



Components supporting loads 

A failure of one component increases the load supported by other components 
in a system where a set of components supports loads such as stresses or currents. 
In such a case, remaining components are more likely to fail, and the components 
are statistically dependent. 

Mutually exclusive primary events 

This event can occur when the fault tree involves two basic events which are 
mutually exclusive such as "switch fails to close" and "switch fails to open." 

Other Analysis Methods 

Li and Li (1989) presented a model for the reliability and performance 
analysis of systems where components can degrade in a statistically dependent 
manner. System reliability and performance measures are computed by 
considering the most probable states. There are other papers in the literature 
dealing with dependent components (Draper, Evans, and Guttman 1989; Iyer 
1992; Schötl 1996). 

The concept of associated components was introduced by Barlow and 
Proschan (1965), wherein it is assumed that if an associated component C fails, 
then the other components are assumed to be stressed more intensively. 

The unavailability Q5(t) is derived using the inclusion-exclusion principle and 
is expressed as (Henley and Kumamoto 1981): 

Qs(t)=Pr 
Ud 
1=1  ' 

V        J 

Nc Nc     M 

.+ 

,=1 i=2     j=\ 

where 

Nc = total number of minimal cuts 

di = all basic events occurring in the t minimal cut set at time t. 

The quantification of systems which include dependent events is done using 
the inclusion-exclusion principle coupled with Markov models. Derman and Ross 
(1995) discussed the procedure for calculation of multinomial probabilities that 
maximize the probability of a k-of-n system. A simulation method is used that 
employs a variance reduction technique to estimate the reliability of a system of« 
components. 
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Detailed Literature Review 
of Risk Assessment 
Methods for Dam Gates 

Introduction 

An extensive review of the literature was conducted using the library facilities 
at California State University, Fullerton. Over 50 references are discussed below 
that can assist in focusing on risk assessment methods for dam gates. These are 
introduced to the reader in chronological order as discussed in the following 
section. 

Summary of Available Methods for Risk 
Assessment of Dam Gates 

This summary details methods identified as viable methods for use in risk 
assessment of dam gates and associated operating equipment. The order of the 
review is relatively chronological in order to document the development of 
various authors and the continuation of their work in the field. 

Yen, Cheng, and Tang (1980) 

Yen, Cheng, and Tang (1980) applied the concepts of reliability to hydraulic 
design of culverts. First-order second-moment method is used to determine the 
reliability or probability of failure. The basic equation used is 

Pf=® 
_(Q2

L+Q2
Rf\ 

(1) 

where u and Q are the mean and coefficient of variation, respectively, of a 
variable. 4>() denotes the cumulative standard normal distribution function, 
represents the load, and R represents the resistance. 
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Bivins(1981) 

Bivins (1981) applied the concepts of risk analysis to dam safety. Two 
approaches are discussed: Ranking Score (RS) and Screening Process (SP). In 
the RS method, the dams are ranked based on assigning a numerical score for 
overtopping failure and structural failure. The relative risk is supposed to be the 
sum of these two scores. The SP method is mainly based on collecting informa- 
tion on the dam downstream inundation area routing of the floodwave due to dam 
failure, estimation of life/property loss and, finally, the evaluation of annual 
probability of failure of the dam and the corresponding expected yearly loss. 

Cheng, Yen, and Tang (1982) 

Cheng, Yen, and Tang (1982) discussed various methods for calculation of 
risk. The main methods discussed are method of return period, method of direct 
integration, Monte Carlo simulation method, Mean-Value First-Order Second- 
Moment (MFOSM) method, and, finally, Advanced First-Order, Second-Moment 
(AFOSM) method. The basic equation used for the method of return period is as 
follows: 

P{Y>Q) = \- 1-F (?) 

where, P{) represents the risk for an n-year period under consideration. 7 and Q 
represent the actual and design value of the physical variable under consideration 
and Tr denotes the return period. Equation 4 could be used if occurrences of the 
random variable Fare independent between years and the hydrologic system is 
invariant. 

Vanmarcke and Bohnenblust (1982) 

Vanmarcke and Bohnenblust (1982) discussed specific procedures of risk- 
based decision analysis as applied to practice of dam engineering. Three different 
criteria were used dealing with social losses, economic losses and comparison of 
various contributions to aggregate risk. This report focuses more on decision 
theory than on the risk assessment methods of dam gates. 

Bohnenblust and Vanmarcke (1982) 

Bohnenblust and Vanmarcke (1982) used the concept of decision analysis for 
prioritizing dams for remedial measures. Like the previous report developed by 
the same authors, this report doesn't focus on the risk assessment method of dam 
gates. 
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Langseth and Perkins (1983) 

Langseth and Perkins (1983) developed a model to be used for studying 
influence of dam failure probabilities on spillway analysis. The results show that 
the traditional thought which assumes that a larger spillway produces a safer dam 
is not necessarily true. This doesn't directly deal with the objectives of the 
proposed research as no risk assessment methodology is proposed. 

U.S. Department of the Interior Bureau of Reclamation (1983) 

The U.S. Department of the Interior Bureau of Reclamation (1983) provided a 
comprehensive guide to a program of dam safety examination and evaluation. 
Various modes and causes of failure dealing with foundation deterioration, defec- 
tive spillways, concrete deterioration, etc. were discussed. This kind of informa- 
tion could be useful in a fault-tree analysis. 

Lee and Mays (1983) 

Lee and Mays (1983) discussed a dynamic risk model to reflect the overall 
risk of a hydraulic structure incorporating hydrologic and hydraulic uncertainties. 
Even though expressions for risk values are generated, they don't directly apply to 
dam gates, but to the overall structure. 

Bivins(1983) 

Bivins (1983) discussed the status of dams in the United States in terms of 
hazard and corresponding economic losses. The paper gives statistical 
information regarding primary deficiencies of unsafe dams and various owner 
groups, such as federal and local governments. 

Committee on the Safety of Existing Dams (1983) 

The Committee on the Safety of Existing Dams (1983) discussed in detail the 
concept of risk-based decision analysis. The work is similar to that discussed by 
Bivins (1983) and Hagen (1982) dealing with relative risk index in terms of over- 
topping and structural failure scores. No new methodology as relates to objectives 
of the present research is discussed. 

Von Thun (1984) 

Von Thun (1984) discussed the problem of reduction of risk to society due to 
dam failure of existing dams. Risk-based decision analysis was used to calculate 
the partial risk cost and total risk cost. Total risk cost was defined as the sum of 
risk cost for all load levels of all load types and each relevant failure mode. 
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Vanmarcke (1984) 

Vanmarcke (1984) developed a procedure for quantifying the benefits of 
hazard mitigation programs, with specific reference to dams. The paper deals 
more with risk management rather than with quantification of risk at dam projects. 

Kreuzer and Bury (1984) 

Kreuzer and Bury (1984) developed a procedure for the evaluation of dam 
safety and risk. This is done by identifying primary failure causes and hazardous 
conditions, selecting load scenarios, and performing cause-failure analysis for 
each scenario, resulting in a failure probability value. This information is then 
used to perform failure-consequence evaluation and, finally, estimation of total 
risk. The basic equation used is: 

Pf = P(L >R) = £o £o fc(L)fN(R)dRdL (3) 

In Equation 5, L represents a critical load and R represents the dam resistance 
with failure occurring when L > R. L and R both are treated as random variables. 

Lytle(1984) 

Lytle (1984) discussed the evaluation methods dealing with various instru- 
ments and installation procedures pertinent to dams. The paper mainly deals with 
feasibility of automated data and safety acquisition, data reduction, etc. but with 
no risk-assessment methodologies. 

Priscu and Stematiu (1984) 

Priscu and Stematiu (1984) discussed the procedure to quantify failure proba- 
bility of dams and formulation of design criteria to ensure safety-risk balance. 
Failure probability expressions were derived using a convolution integral. 

Serafim (1984) 

Serafim (1984) proposed a model for judging reliability of concrete dams 
based on the determination of the total probability of failure. This in turn is 
determined from the probability of the effects of various loads which have to be 
lower than the resistance of concrete in all possible scenarios. The paper is case- 
specific and deals with exceptional loads like maximum flood-water level, silt 
pressure, etc. 
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Widman (1984) 

Widman (1984) suggested that in the design stage, extreme influences should 
be considered by checking the project during construction and also by assuring 
proper monitoring equipment. The paper focuses more on dam and reservoir 
monitoring and maintenance, etc. 

Duscha(1984) 

Duscha (1984) recommended adoption of formalized periodic inspection pro- 
cedures utilizing present technology, development of inundation maps and emer- 
gency action plans and development of programs to increase public awareness of 
the consequences of unsafe dams. No risk assessment methods are discussed in 
this paper. 

Silveira(1984) 

Silveira (1984) discussed the deterioration and failure causes of dams in 
relation to the age of dam when the failure occurred. The basic equation used is 

W>>" (4) 

where 

(PF)g = probability of failure of a given group of dams 

(NF)g = number of dams failing in that group 

(NE)g = number of dams existing in that group 

Boccotti and Rosso (1984) 

Boccotti and Rosso (1984) developed a general risk equation given below: 

'„-(I'litfJT/M* <5) 

where 

7> = return period of the design flood 

L = design life 

PX.L = probability that at least one flood greater than X occurs within the next L 
years 
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fix) = interarrival time probability density function of destructive floods 

w = time interval between the present instant and the next occurrence 

Fanelli, Giuseppetti, Bonaldi, Marazio, and Riccioni (1984) 

Fanelli, Giuseppetti, Bonaldi, Marazio, and Riccioni (1984) discussed the 
concept of time-extended service life simulations and using these to perform 
statistical analysis. No formal procedure for calculation of probability of failure 
was presented. 

Croucamp and Carmichael (1984) 

Croucamp and Carmichael (1984) gave an account of dams affected by severe 
floods. The paper deals mainly with specific flood and flood damage of dam and 
corresponding stability issues. 

Bury and Kreuzer (1985) 

Bury and Kreuzer (1985) calculated the probabilities of failure of a particular 
gravity dam for cause-to-failure event chains of two typical scenarios. The 
method is similar to the one proposed by the same authors (Kreuzer and Bury 
1984). 

McCann, Franzini, Kavazanjian, and Shah (1985) 

McCann, Franzini, Kavazanjian, and Shah (1985) in a two-volume report dis- 
cussed preliminary safety evaluation of existing dams. The probability of failure 
of a dam is calculated using mean failure rate per year, XT, with an exponential 
distribution. The report also deals with benefit-cost evaluation as well as hydro- 
logic and seismic risk analysis. Volume II of this report is a user's manual 
detailing the steps to perform a preliminary safety evaluation of existing dams. 
This is not directly applicable to the present research work dealing with risk 
assessment of dam gates and associated equipment. 

Bury and Kreuzer (1986) 

Bury and Kreuzer (1986) carried out risk assessment by expanding the chain 
events (Bury and Kreuzer 1985) to include failure-conditioning and consequence- 
mitigating actions. The method is similar to the one proposed by the same authors 
(Kreuzer and Bury 1984). 
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U.S. Department of the Interior Bureau of Reclamation (1986) 

The U.S. Department of the Interior Bureau of Reclamation (1986) provided 
guidelines to decision analysis in terms of assessing threat to life for dam safety 
studies. Detailed evaluation procedures were discussed. These deal with select- 
ing flood events, estimating the Population At Risk (PAR) and Loss of Life 
(warning), evacuation, etc. 

Yen, Cheng, and Melching (1986) 

Yen, Cheng, and Melching (1986) discussed the methods of First-Order 
Second-Moment (FOSM) and Advanced FOSM. The usefulness of a fault-tree to 
analyze a complex system for reliability is also discussed in this paper. These 
general concepts are applicable for risk assessment of dams. 

Cheng, Yen, and Tang (1986a) 

Cheng, Yen, and Tang (1986a) developed a procedure for evaluation of the 
overtopping risk due to wind. The performance function is defined as 

Z = (HC-H0) 

VlF rzJ- + 0.034aV™6Fe
0A1exp{-0.028bV£18/Fe

009) 
UOOD w     e 

(6) 

where 

Hc = elevation of the crest of the dam 

Ho = undisturbed reservoir water level 

Vw = wind velocity in miles/hour 

F = fetch or length of water surface in miles over which wind blows 

D = average depth of reservoir 

Fe = effective fetch 

a,b = coefficients of embankment slopes 

Advanced First-Order Second Moment (AFOSM) method is used to calculate 
the overtopping probability, b/expressed as 

P/=l-*(ß) 00 
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where <E> represents cumulative standard normal distribution function, ß is the 
reliability index expressed as 

ß = £(z)/cz (8) 

where E(z) and cz denote the expected value and standard deviation of Z, given in 
Equation 6. Finally the authors express risk of overtopping due to wind as 

/y7)=l-exp(-vwrp/) (9) 

where vw represents the mean occurrence of wind (causing overtopping) which is 
treated as an extreme event. P*{T) represents the probability of overtopping due 
to wind. T is the period under consideration. 

Cheng, Yen, and Tang (1986b) 

Cheng, Yen, and Tang (1986b) discussed the importance of the coefficient of 
variation in the risk evaluation procedures by comparing three different proba- 
bility distributions. Their paper mainly deals with the significance of coefficient 
of variation, and the information could be useful in general risk evaluation. 

Resendiz-Carrillo and Lave (1987) 

Resendiz-Carrillo and Lave (1987) discussed the concept of dam design with 
the objective of maximizing net social benefits from the dam considering the cost 
of construction, and the benefits of flood control, recreation, water supply, power 
generation, and other effects such as those on environment. The paper dealt with 
the specific aspect of the balancing of risks and benefits that was beyond the main 
scope of the present research work. 

Mays (1987) 

Mays (1987) reviewed the work done in the risk and reliability evaluation of 
hydraulic structures. Static and dynamic or time-dependent reliability models 
were discussed. This paper doesn't specifically deal with dam gates and associ- 
ated operating equipment. 

Parrett(1987) 

Parrett (1987) presented Bureau of Reclamation's philosophy in using risk- 
based analysis methods to select appropriate action in relation to dam safety. The 
paper mainly dealt with decision questions for safety of dam construction but with 
no specific methodology. 
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Melching, Wenzel, and Yen (1987) 

Melching, Wenzel, and Yen (1987) discussed application of Advanced First 
Order Second Moment (AFOSM) method to analyze uncertainties in a rainfall- 
runoff flood frequency model for an analytical derivation of the expected flood 
exceedance probability considering parameter uncertainty. 

Haimes, Petrakian, Karlsson, and Mitsiopulos (1988) 

Haimes, Petrakian, Karlsson, and Mitsiopulos (1988) applied the concepts of 
multiobjective risk partitioning to dam safety risk analysis. The Partitioned Multi- 
objective Risk Method (PMRM) mainly attempts to avoid the problems associated 
with the concept of traditional expected value by collapsing the risk curve into a 
set of points that represent the conditional expected values for different damage 
domains. The method is too mathematical and will be difficult to implement. 

Vick and Bromwell (1989) 

Vick and Bromwell (1989) applied the concepts of probabilistic risk analysis 
to the design of a dike in karst terrain. The paper mainly dealt with dike failure. 

Petrakian, Haimes, Stakhiv, and Moser (1989) 

Petrakian, Haimes, Stakhiv, and Moser (1989) applied the PMRM for an 
idealized dam safety case study. The method is too mathematical for 
implementation. 

Stedinger, Heath, and Nagarwalla (1989) 

Stedinger, Heath, and Nagarwalla (1989) applied the concept of event tree 
analysis for dam safety. An event tree is used to describe the many random 
factors contributing to major inflow floods, reservoir operation, and possible 
downstream damages. This in turn allows evaluation of the probability of dam 
failure and the associated distribution of damages and loss of life. Monte Carlo 
simulation is used in conjunction with event tree analysis to calculate the actual 
probability of failure. 

Karlsson and Haimes (1989) 

Karlsson and Haimes (1989) applied the PMRM to a dam-safety problem. 
Again the method is too mathematical for implementation. 
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Bureau of Reclamation Safety of Dams Program (1989) 

Bureau of Reclamation Safety of Dams Program (1989) deals with determina- 
tion of dam failure, flood inundation studies, and assessment of threat to life for 
dam safety studies. No risk assessment methodology was presented in this report. 

Apostolakis (1989) 

Apostolakis (1989) discussed several issues that arise when judgment and 
data are used in PSA (Probabilistic Safety Assessment). The pooling of the 
estimates was done using geometric averaging techniques using the following 
relation: 

ju-[sju.r <io) 

where, A „^ is the maximum value that the f expert supplied an estimate for 
each failure rate (the low, recommended, high, and maximum values), n is the 
number of experts (about 200). 

Bowles (1990) 

Bowles (1990) summarized procedures for risk assessment for evaluation of 
dam safety. The perspectives of owner/operator, the engineer, the risk analyst, 
and the insurance company as they pertain to dam safety are discussed in the 
paper by the author. 

Systems Safety and Reliability Office (1992) 

Systems Safety and Reliability Office (1992) developed guidelines for 
performing Failure Modes Effects Analysis (FMEA) dealing with software logic 
designs. The general concepts of FMEA discussed therein are applicable to risk 
assessment of dam gates also. 

Dekay and McClelland (1993) 

Dekay and McClelland (1993) derived an expression for Loss of Life (LOL) 
from severe flooding, in terms of Warning Time (WT), the size of the Population 
At Risk (PAR), and the forcefulness of the flood waters (FORCE) from historical 
records of dam failures and flash flood cases via logistic regression. The sug- 
gested equation is given as 
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LOL= = =         w 

i+ 13.277^PAR0M° lexp(o.759(0T) - 3.790(FORCE) + 2.223(WT)(FORCE)) 

Lafitte (1993), based on Gruetter and Schnitter (1982) 

Lafitte (1993) developed a relation for Risk R expressed as: 

R = PDa (12> 

where 

P = probability of the occurrence of the undesirable event 

D = probable extent of the damage caused risk 

a = risk consequence factor 

a is taken as 1 in Equation 14 if the consequences of the occurrence of the 
undesirable are not serious, otherwise a is taken as greater than 1. 

Lafitte (1996) 

Lafitte (1996) applied the Risk Classification Method developed by ICOLD 
(1982) to dam safety problems. Three principal criteria were used: (1) General 
Conditions of the Site (CGS), (2) condition of the structure (CO), and (3) Socio- 
Economic Conditions Downstream of the dam (CSE). Each of these principal 
criteria are then subdivided into 'partial' criteria which are assigned numerical 
values on a scale of 1 to 6. 1 is the most favorable and 6 is the least favorable. 
Using these, partial factors are calculated for each of the three principal criteria for 
each dam. Finally, a Global Factor (FG) is calculated using the weighted average 
of the three partial factors. 

Alia (1996) 

Alia (1996) discussed the role of fusegates in relation to dam safety, stability, 
operational reliability, and their functioning in extreme conditions. The paper 
essentially deals with stability against overturning and sliding which is not within 
the scope of the present research work. 

Thompson, Stedinger, and Heath (1997) 

Thompson, Stedinger, and Heath (1997) discussed the efficiency of different 
evaluation methods: event trees, simple Monte Carlo sampling, Latin Hypercube 
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sampling, Importance sampling and an Analytical/Stratified Monte Carlo 
(AISMC) method to dam safety. 

Department of the Army (1997) 

Department of the Army (1997) Engineer Technical Letter 1110-2-549 
discussed methods for assessing the reliability of navigational lock and dam 
mechanical equipment and for establishing an engineering basis for major 
rehabilitation investment decisions. Expressions are derived for system risk 
analysis using block diagrams. Lock and dam mission reliability was also 
discussed. The general concepts discussed could be useful for present research 
dealing with dam gates risk assessment. 

Putcha and Patev (1997) 

Putcha and Patev (1997) applied the concepts of dynamic or time-dependent 
reliability analysis to navigation structures in which both capacity and demand are 
treated as time-dependent random variables. The results mainly dealt with the 
vertical beam of a miter gate. 

U.S. Department of the Interior Technical Service Center (1999a) 

U.S. Department of the Interior Technical Service Center (1999a) gave a 
detailed account of critical areas of mechanical equipment and mechanical 
equipment failures for various dams. The report covered the period from 
1986-99. This information could be useful for preparing fault trees. 

U.S. Department of the Interior Technical Service Center (1999b) 

U.S. Department of the Interior Technical Service Center (1999b) prepared a 
report dealing with a detailed inventory of mechanical equipment at the spillway 
and outlet work areas of Bureau of Reclamation facilities. This information 
dealing with various modes of failures could prove to be useful in the Failure 
Modes and Effects Analysis (FMEA) and the subsequent probability of failure 
calculations. 

Podgorski, Putcha, and Ryan (2000) 

Podgorski, Putcha, and Ryan (2000) performed a detailed Failure Modes 
Effects Analysis (FMEA) for the orbiter Forward Reaction Control System 
(FRCS) Interconnect (IC) System (FICS). These concepts could be used for risk 
assessment of dam gates. 
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6    Limited Literature Review 
of Risk Assessment 
Methods for Early Warning 
Systems 

Introduction 

A limited review of the literature on early warning systems with respect to 
dam gates was also conducted using the library facilities at California State 
University, Fullerton, CA. These references are discussed below. 

Available Methods 

Pate-Cornell (1984) 

Pate-Cornell (1984) applied the concepts of benefit-cost (B-C) to dams with 
and without monitoring systems. The basic equation used is 

II      -(!]    ,(1-a) <I3) 
, *" ,/RISK _ ADJUSTED      V.     ./ORIGINAL 

where a is the risk-benefit factor. The final derived expression for (B/Q risk- 
adjusted is given below: 

B-\ B-CF 

C) c ^SRISK ADJUSTED ^ 

where 
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+?4 {i pR^Di;^R- +™+w\ 

(15) 

PRi(t) = PRi(0)(l + G)' (16a) 

Hi(t) = Hi(0)Q + &)' (16b) 

«=A (17) 

Pn = annual failure probability for the first five years 

PP2 = annual failure probability for the remaining lifetime of the dam 

T= lifetime of the dam 

G = annual growth rate of economic and financial properties in the area 

G1 = annual growth rate of the population 

L = "value of life" (or maximum accepted cost of human safety) 

a = risk-benefit factor 

i = index of the two flooding zones; / = 1 for the path of the wave, / = 2 
for the rest of the flooding zone 

DRj = damage ratio in each zone 

CRi = casualty ratio in each zone 

B = total discounted benefit of the project 

C = total discounted cost of the project 

Hit) = number of inhabitants in each zone at year t 

PRi(t) = property at risk in each zone at year t 

R = social rate of discount 
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E(t) = the loss of economic production assuming failure at year t (discounted 
present value) 

LB(t) = the loss of future benefits assuming failure at year t (discounted 
present value). 

The risk adjusted benefit-cost ratio is recomputed along with the new risk- 
benefit ratios to determine the effects of warning systems and monitoring of dams. 

Silveira, Florentino, Das Neves, Gomes, and Gomes (1984) 

Silveira, Florentino, Das Neves, Gomes, and Gomes (1984) presented criteria 
for the definition of the monitoring installation and surveillance scheme of dams 
as a function of risk factors. The overall risk index of potential hazard, 0Cg is 
estimated from 

a$ = E*F*R (18> 

where 

E = arithmetic average of indexes relating to external or environmental 
conditions 

F= arithmetic average of indexes relating to dam conditions and reliability 

R = arithmetic average of the indexes relating to human and economic 
potential hazards 

U.S. Department of the Interior (1986) 

The U.S. Department of the Interior (1986) presented a warning/evacuation 
flowchart as well as graphs dealing with Loss of Life vs. Population at Risk for 
Warning Times. The report dealt with statistical data for baseline projections of 
Loss of Life and Warning Population at Risk. 

Pate-Cornell (1987) 

Pate-Cornell (1987) presented a method to perform probabilistic evaluation 
and optimization of warning systems and to compare their performance and cost- 
effectiveness with those of other means of risk-management. A decision tree for 
the monitoring of dams is presented. The basis of the work is the Bayesian analy- 
sis of the effects of monitoring dams including various random events. The 
random events and variables included in the analysis were: potential failure occur- 
rence (annual probability), failure modes, signals occurrence, lead time, potential 
avoidance of dam failure, and proportion of people saved. 
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Bureau of Reclamation Safety of Dams Program (1989) 

The Bureau of Reclamation Safety of Dams Program (1989) discussed pro- 
cedures for estimating warning time. The data required were inundation maps and 
travel times for all flood scenarios, descriptions of the loading conditions and 
failure modes, descriptions of all facilities for direction of the event, and the dam 
emergency preparedness plan (EPP). 

Haimes, Li, Tulsiani, Lambert and Krzystzofuwicz (1996) 

Haimes, Li, Tulsiani, Lambert, and Krzystzofuwicz (1996) discussed the 
application of the concepts of risk preference and risk communication to water 
resources issues. The report dealt with multiobjective decision tree analysis and 
performance analysis of a flood warning system. 

U.S. Department of the Interior Technical Service Center (1999c) 

The U.S. Department of the Interior Technical Service Center (1999c) report 
discussed the concepts of Early Warning System (EWS), Emergency Action Plan 
(EAP), detection decision-making, operation, replacement and testing of EWS 
equipment, and downstream warning and evacuation. The report also discussed 
EWS design, installation, and operation. 
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7    Recommended Methods 
For Risk Assessment For 
Dam Gates 

The literature review was conducted with the intent of identifying potential 
methods for risk assessment of dams and associated operating equipment. In this 
chapter, the five identified potential methods for this purpose are discussed in 
terms of their procedure, advantages, limitations, and application to dam gates 
(with associated operating equipment). None of the methods in the literature deal 
with a complete example of a dam gate with associated operating equipment in 
terms of how to calculate probability of failures for all the critical/top events. 
There is also no information in the literature as to the calculation of system 
probability of failure/reliability/risk for dam gates. It is this aspect that will be 
addressed in Phase II of this research using the identified method of risk assess- 
ment and modifying it as needed to meet the goals and objectives of the proposed 
research. 

There exist in the literature several definitions of "Risk" (Cheng, Yen, and 
Teng 1982). In this report, risk is defined as the probability of failure of the event 
under consideration. With this premise, the following five methods are recom- 
mended based on extensive literature review conducted as part of this research 
project. These methods (designated A through E for convenience) have a good 
potential to be used as methods for risk assessment of dams. 

A.     A Probability Based Evaluation of the Safety 
and Risk of Existing Dams (Kreuzer and Bury 
1984) 

A.1 Procedure 

The procedure assumes availability of information from a recent dam safety 
inspection. It consists mainly of the following seven steps: 

a.   Choose a safety criterion. The main equation used is 
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P, =P(L>R) = \lo £0 fG{L)fN{R)dRdL (3bis) 

b. Resolve treatment of data uncertainty. Source data are classified as 
characteristic values originating primarily from historic records. These 
source data are then transformed into a suitable form for the safety evalu- 
ation. The resulting probability density function or modified data values 
are termed as design values which enter the safety evaluation. 

c. Choose probability density functions. The resistance R is assumed as 
normal. The load L is assumed to have Gumbel pdf (probability density 
function), which is given as 

/G(L,uiai)=^-exp[-Z-exp(-Z)] (19) 

where Z = 
fL-^ 

and Ui. <5L are location and scale parameters, respectively. The mean 
value OR) and standard deviation (SR) of resistance R can be expressed as 

( 

R = g G,F,M (20) 

SD = 
^2 

+ 
VÖF        J 

M 

1/2 

(21) 

G represents geometry, F represents retaining forces, and M repre- 
sents material properties of dam under consideration. 

d. Determine resistance mechanisms. The function g of resistance R may 
express one of several types of resistance mechanisms depending on the 
type of dam (soil/concrete and/or embankment/gravity) and on the load 
scenario. These are 

(1) Resistance by material strength, leading to cracking. 

(2) Shear resistance, leading to instability 

(3) Erosion resistance. 

e. Select load scenarios. The load scenarios considered are aging, persistent 
overtopping, transient overtopping, earthquake, and foundation instability 
with the associated probability of failures being Pi, Pi—Ps, respectively. 
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A Gumbel distribution of annual flood peaks is assumed. The total 
failure probability is given as 

PF=£i> (22) 
1=1 

/   Analyze failure-consequence. The consequence of a particular failure 
mode depends on the occurrence of certain associated events such as the 
rapidity of failure development, early recognition of the hazard, operation 
of alarm system, etc. Even if the dam does not fail completely, some 
damage to its structure are possible. 

In this reference, authors provide a failure-consequence diagram for 
an aging scenario (Figure 1). Similar scenarios can be developed for the 
dam gate problem. Using the failure-consequence diagrams the proba- 
bilities Pg of the various failure consequences (such as shown in Figure 1 
for aging) can be estimated. Care needs to be exercised in estimating the 
occurrence probabilities of events associated with a particular type of dam 
failure. 

g.   Calculate risk assessment. Finally, the total risk value R is calculated 
from 

* = t i ftC, (23) 
;=i   j=i 

where Cy is the monetary value of consequence j for load scenario i. 

A.2 Advantages of the method 

a. The method is generalized enough for application to risk assessment of 
dams. 

b. Resistance mechanisms considered such as resistance by material strength 
leading to cracking, shear resistance leading to instability, and erosion 
resistance leading to progressive erosion are practical in nature. 

A.3 Limitations of the method 

a. It is assumed that all the load scenarios discussed such as aging, persistent 
overtopping, transient overtopping, earthquake, and foundation instability 
are mutually exclusive events which may not be true in all cases. That 
limits the applicability of the method. 

b. Assumes that information from a recent dam safety inspection is 
available. 
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Figure 1.   Failure-consequence diagram for an aging scenario (Kreuzer and Bury 
1984) 

c. No discussion of associated operating equipment is included. 

d. No practical and complete example dealing with calculation of dam gate 
failure probabilities is discussed. 

A.4 Application to dam gates and associated operating equipment 

a. Identify all primary failure causes and hazardous conditions for dam gates 
and/or associated operating equipment. 

b. Determine failure probabilities using basic probability principles using 
proper resistance and load functions. 

c. Calculate the total failure probability assuming that all the events are 
mutually exclusive. 

d. Finally calculate the total risk value. 

B. Wind Induced Overtopping Risk of Dams 
(Cheng et al. 1986a) 

B.1 Procedure 

The method involves the following steps: 
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a. Formulate a failure criterion leading to the corresponding performance 
function. 

b. Determine probability of dam failure due to any cause (in this case wind 
overtopping), Jy is evaluated using the Advanced First-Order Second- 
Moment Method of risk analysis or Monte Carlo simulation. 

c. Determine the corresponding overtopping risk from ly and the random 
nature of occurrence of wind in a given time period. The necessary 
expressions are given below: 

l>f=P(Z<0) (24) 

where 

Z = (HC-H0) 

IllL + OmAaV^F™1 exp(-0.028<18 /Fe
009) 

14002) 

(6bis) 

where 

Hc = elevation of the crest of the dam 

Ho = undisturbed reservoir water level 

Vw= wind velocity in miles/hour 

F = fetch or length of water surface in miles over which wind blows 

D = average depth of reservoir 

Fe = effective fetch 

a,b = coefficients of embankment slopes 

Finally the risk of overtopping due to wind can be calculated from 

PfKr)=.l-exp(-vwrp/) (9bis) 

where vw is mean occurrence rate of wind and T is the period of time 
under consideration. 

As is evident, the performance function Z will change depending on 
the failure criterion. The AFOSM method is used for evaluation of 
Equation 24. Details of the AFOSM Method are available in literature 
(Ang and Tang 1984; Ellingwood et al. 1980; Yen, Cheng, and Melching 
1986). If obtaining derivatives is an involved process (due to non- 
linearity of function) leading to inaccuracies, then the AFOSM method 
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will give erroneous results. Hence, alternatively Monte Carlo simulation 
can be used. (Ang and Tang 1984, Melchers 1979). 

B.2 Advantages of the method 

a. The well known Advanced First Order Second-Moment Method 
(AFOSM) is used for probability of failure calculation. 

b. The derivation of the performance function for overtopping of dam is 
clearly illustrated, along with the risk of overtopping due to wind. 

c. A practical example of an earth dam is considered to discuss the efficacy 
of the method. 

B.3 Limitations of the method 

a. The AFOSM method could be very involved and time-consuming for 
complex dam structures. 

b. No other performance function (other than overtopping of dam) is 
considered. 

c. No examples of associated operating equipment are discussed. 

B.4 Application to dam gates and associated operating equipment 

a. Choose performance functions for various limit states dealing with dam 
gates and associated operating equipment. 

b. For each performance function, calculate the probability of failure (using 
AFOSM) and hence the risk value using the expression given in this 
paper. 

c. Develop expressions for system risk as part of the future research if this 
method is implemented. 

C. Probabilistic Risk Analysis of Large Dams: Its 
Value and Limits (Lafitte 1993) Based on Method 
by Gruetter and Schnitter (1982) 

C.1 Procedure 

In this paper, risk is treated as a measure of the extent of danger, established 
by relating an evaluation of the probability of an undesirable event occurring to an 
evaluation of its effects or consequences. 

Chapter 7  Recommended Methods for Risk Assessment for Dam Gates 31 



The basic equation used is 

R = PDa (12bis) 

where 

P = probability of the occurrence of the undesirable event 

D = probable extent of the damage caused risk 

a = risk consequence factor 

The method consists of the following steps: 

a.   Identify the events which could cause a failure. Fault trees for the dam 
relating to causes should be formulated at this stage (similar to Podgorski, 
Putcha, and Ryan 2000). Figure 2 shows the fault tree for persistent 
overtopping of dam. 

water level rises 
above crest 

P. 
P20=P10+P11+- • • +P14 

© 
inflow exceeds 

design flood 
faulty 

spillway 

12 

obstruction 
of spillway 

14 

failure failure to 
of gate(s)     operate gate(s) 

Figure 2.   Fault tree for persistent overtopping of a dam (Lafitte 1993) 

b. Determine the probability of occurrence of loads on the dam as a result of 
the events defined in Step a above. This will give P in Equation 12. 

c. Determine the probability of dam failure as a result of each load. The 
failure mechanisms should be defined for each case. Monte Carlo 
simulation could be used for this. 
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d.   Estimate the consequences of each mode of failure. This requires a study 
of the zones flooded by the wave created by dam breach, and the conse- 
quent losses. 

Event trees relating to consequences should be formulated at this stage 
(Figure 3). Steps c and d will give D in Equation 12. 

hazard not 
recognized 

water level rises 
above crest 

P20 

overtopping causes 
dam failure 

alarm alarm 
fails organization 

fails 
Pa+Pb Pc 

' 1 

damage(s) to dam 
and (or) installations 

evacuation of 
flooded area fails 

no 

I-P23 

yes 
P21 and I 

_TP< 
yes 
p23 

P23=(Pa+Pb)Pe 

damage(s) to dam flood damages + loss        fatalities + flood damages 
consequences and (or) installations of dam and production     + loss of dam and production 

P20(1-P21)(1-P22> P200-p21>P22 P2oP21<1-P23> P2oP2lP23 

Figure 3.   Event tree for persistent overtopping of a dam (Lafitte 1993) 

e.   Assign a a value between 0 and 1 based on expert judgment to 
appropriately adjust the severity of risk of the event. 

/    Calculate risk R from Equation 12. 

C.2 Advantages of the method 

a. The risk (R) is expressed through a simple equation using three 
parameters, P (Probability of Occurrence of Undesirable Event), D 
(Probable Extent of Damage), and a (Risk Factor Based on 
Consequences). 

b. Fault-tree analysis and event-tree analysis are used for causes and 
consequences. 

C.3 Limitations of the method 

a.   No discussion of associated operating equipment is done in the paper but 
may be added similarly. 
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b. No range of the P, D, and a values is given for the user. 

c. No practical and complete example dealing with calculation of dam gate 
failure probabilities is discussed in the paper. 

C.4 Application to dam gates and associated operating equipment 

a. Develop fault trees for each top event for dam gates as well as for the 
associated operating equipment (similar to the one for persistent over- 
topping of dam developed in the paper and other references (Henley and 
Kumamoto 1981; Ebeling 1997; Ayyub 1997)). 

b. Calculate the probability of failure of each basic event (P) using Monte 
Carlo simulation. 

c. Calculate the probability extent of damage (D) using again Monte Carlo 
simulation. 

d. Use the risk expression (Equation 12) to calculate the risk of any top 
event. 

e. Calculate the system risk. Some kind of upper/lower bounds have to be 
developed as part of the research if this method is picked for implementa- 
tion in future research. 

D. Predicting Loss of Life in Cases of Dam 
Failure and Flash Flood (Dekay and McClelland 
1993) 

D.1 Procedure 

In this method, Loss of Life (LOL), that may result from dam failures and 
flash floods, is treated as a key parameter. An expression is derived for LOL: 

LOL = -. ; — 0 Ibis) 
+ U.m(pAR0M0 \xp(o.759(0T) - 3.790(FORCE) + 2.223(WT)(FORCE)) 

where 

PAR = population at risk 

WT= warning time 

FORCE = forcefulness of flood waters 

Separate equations are derived for High Force (HF - Force = 1) or for Low Force 
(LF - Force = 0). These are given below: 
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HF (0^C\ 

WLHF
 
= l + 13.277(P^r°>[2-982(^)"3-790] 

101 * = T^sIri^rW^^1 (26) 

Probability of LOL exceeding a given threshold level of LOL can then be determined 
indicating the risk of dam failure. 

D.2 Advantages of the method 

a. Loss of life in cases of dam failure is discussed in detail. 

b. Closed form expressions for loss of life in terms of PAR (Population At 
Risk), WT (Warning Time), and FORCE (Forcefulness of Flood Waters) 
are provided which can easily be applied to a dam problem. 

D.3 Limitations of the method 

a. No methodology is provided for the actual failure probability calculation 
of a dam gate. 

b. No discussion is provided for probability of loss of life (LOL) in case of 
dam failure. 

c. Associated operating equipment as it relates to a dam gate is not discussed 
at all. 

D.4 Application to dam gates and associated operating equipment 

This method can only be used for associated operating equipment only if it 
causes Loss of Life as the method predominately deals with Loss of Life. 

a. Calculate loss of life in case of dam failure using the PAR (Population At 
Risk) and FORCE (Forcefulness of Flood Water) using Equation (11). 

b. Calculate probability of LOL for dam failure using Monte Carlo 
simulation. 

E. Classes Of Risk For Dams (Lafitte 1996) 

E.1 Procedure 

The method proposed is based on a method outlined in ICOLD bulletin on 
automation in the monitoring of dam safety [ICOLD 1982]. The method is as 
follows: 
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a. Identify the principal criteria associated with monitoring the dam safety. 
These are: 

(1) General Conditions of the Site (CGS) 

(2) Condition of the Structure (CO) 

(3) Socio-Economic Conditions downstream of the dam (CSE) 

b. Identify the partial criteria for each of the principal criteria listed in a. 

(1) CGS 

A - Seismicity 

B - Hydrology 

C - Transport of Floating Debris 

D - Climatic Conditions 

E - Geology of the Site 

F - Potential Sliding in the Reservoir 

(2) CO 

G - Design of the Structure 

H - Design of the Foundations 

I - Fluctuations in the Reservoir Level 

J - Spillway 

K - Low Level Outlets 

L - Instrumentation, Operation, and Maintenance 

(3) CSE 

M - Hazard for the Population 

N - Hazard for Inhabited Areas, Agriculture, Commerce, and Industry 

O - Hazard for the Infrastructure 

P - Warning of the System 

c. Based on expert assessment, assign appropriate weighting factors for each 
of the three principal criteria related to dam safety, as well as partial 
criteria associated with each of the principal criteria. (See Table 1.) 
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d. Calculate the partial factors for each of the three principal criteria. 

e. Finally, calculate the global factor for the dam. 

E.2 Advantages of the method 

a. A simple procedure for evaluation of risk based on the characteristics of 
dam and reservoir (like design and general condition and the way in 
which it is maintained) is provided. 

b. The risk of dam is calculated using simple relation for Global Factor (FG) 
using partial factors from Table 1. 

E.3 Limitations of the method 

a. The method deals more with monitoring of dam safety. 

b. The whole method is based on subjective partial and global factors. 

c. No method is provided for calculation of probability of failure for any 
limit state, so as to form an input for risk calculation. 

E.4 Application to the dam gates and associated operating 
equipment 

a. For dam gate or associated operating equipment, estimate the Condition 
of the Site (CGS), Condition of the Structure (CO), and Socio-Economic 
Conditions Downstream (CSE) as applicable. 

b. Calculate partial factors for each case and then calculate Global Factor 
(FG). 

c. From FG obtain an idea of the overall ranking of dam. 
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8    Conclusions 

Based on the extensive literature review performed as part of this research 
project five methods are identified as potential methods for risk assessment of 
dam gates. 

The method of Kreuzer and Bury (1984) was picked as one of the potential 
methods of risk assessment because their paper provided a systematic presentation 
for probability of failure for a dam with available information from a dam safety 
inspection. The method of Cheng, Yen, and Tang (1986) was picked as a poten- 
tial method for risk assessment because of its use of a well known reliability 
method (AFOSM for reliability calculation) for any given performance function. 
The method of Lafitte (1993) was picked as a potential method for risk assessment 
because of its usage of fault-tree analysis and event-tree analysis for probability of 
failure calculation. This method has an extra advantage because of a simple 
relation for risk calculation using probability of failure values. The method of 
Dekay and McCelland (1993) was picked as a potential method for risk assess- 
ment because of its easy usage of calculation of Loss of Life (LOL) in case of dam 
failure. Another method of Lafitte (1996) was picked as a potential method for 
risk assessment for classifying the dams based on the global factors. 

After a thorough review of all the recommended methods, the method of 
Lafitte (1993) is recommended for risk assessment of dams and associated operat- 
ing equipment. This should be used as a start for Phase H of this project. 

Regarding warning systems for dams, only a brief literature review was 
performed in this project; hence, no recommendation is made in this regard. 

The method of Lafitte (1993) should be used as a part of Phase H research 
work for risk assessment of dam gates and associated operating equipment. 
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