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Abstract. When performing risk analyses for flood studies or dam safety projects, it is common to use best estimates
for flooding probability, the peak flood leve   
      
economic consequences or fatalities. Typical practice does not consider the uncertainties (aleatory and epistemic) in
various elements of the risk analysis, In risk analysis for dams, the failure to address uncertainties in the elements of
the risk analysis can have important implications to; 1) understanding the distribution of consequences that can result
from a dam breach, 2) level of confidence in the risk results, 3) potential area of inundation, the residences,
infrastructure, and the population-at-risk, and 4) deriving a Bayesian estimate of the expected-value of losses from a
dam breach. This paper includes an approach for estimating uncertainties and the effect of these uncertainties in the
dam breach and inundation analysis and in the flood damage relationships on the estimate of flood damages. The
aleatory and epistemic uncertainties in the frequency of dam failure, the dam breach and inundation analysis and in
the flood damage assessment are explicitly propagated through the estimates of the frequency distribution on
downstream consequences.

1 Introduction
The initial, formal call for the use of risk and decision
analysis methods in dam safety in the United States was
made in the Federal Guidelines for Dam Safety [1],
prepared in 1979. In recent years the use of risk analysis
methods has increased considerably and the development
of tools and practices continues to evolve.
An objective of flood risk analysis as generally
applied in water resources planning studies is to estimate
the expected annual damages [2, 3]. This approach has
been extended to dam safety risk studies, with the
obvious addition of methods for evaluating the frequency
of uncontrolled release of the reservoir. As generally
practiced these methods do not consider the suite of
aleatory and epistemic uncertainties that effect estimates
of the flooding downstream from a dam breach and the
estimate of economic consequences from flooding (direct
damages).
In this paper, an example earth dam failure is
illustrated, with specific attention to the approach to
model uncertainties associated with two aspects of the
analysis.

a

2 Risk Analysis Framework and Focus
of this Paper
This section presents a framework for incorporating
the uncertainties in the various elements of a risk analysis
in estimating the frequency and consequences associated
with the unsatisfactory performance of dam systems. As
is common in risk analyses to support dam safety
assessments, this paper will focus on the analysis of
events involving uncontrolled release of the reservoir that
occurs as a result of a dam breach.
In simple terms, the purpose of a risk analysis is to
estimate the magnitude and frequency of occurrence of
unsatisfactory consequences. In practice estimating the
chances of some unpleasant outcome can be difficult. For
instance, estimating the occurrence and magnitude of
consequence can be compromised by a lack of data,
limited understanding of a physical phenomenon (e.g.,
piping in embankment dams) and thus limited capacity to
build physically-based models, or the ability to model the
combination of events that lead to an unsatisfactory
outcome.
To systematically identify and assess uncertainties
it is useful to construct a framework or taxonomy to
partition the types of uncertainty in terms of their effect
on models and model parameters. Table 1 shows such a
taxonomy for characterizing the sources of uncertainty
and their type in the context of models and model
parameters. The framework in Table 1 has a number of
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71.5 million m3 at normal pool. Typically, the reservoir is
at or above normal pool about 75% of the year, within
1.5-m of normal pool about 90% of the year, and within
3-m of normal for more than 95% of the year. In this
analysis, the variation in reservoir level is not considered;
the reservoir is set a normal maximum level.
The area downstream of the dam varies in type of
development, ranging from rural farmland near the dam
to a major urban area located about 88 km downstream of
the dam. The area at risk from a dam failure includes
many residential structures, industrial and educational
facilities, and businesses, particularly in the urban areas.
The number of st   
 
failure is on the order of 200 to 800, depending on the
characteristics of the dam breach and the estimate of the
area of inundation, which is a main focus of this paper.

benefits in developing and quantifying a risk model. First,
it offers a guide to ensuring that all sources of uncertainty
are identified. Second, it supports the characterization of
uncertainties as aleatory or epistemic, which for many
problems can be difficult to assess. Lastly, a clear
framework and accounting of sources of uncertainty
avoids double counting or failing to identify and count
uncertainties. 
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4 Dam Breach and Inundation Analysis
This section summarizes the factors that influence
flooding estimates from a dam breach analysis and how
uncertainties are addressed in this analysis.
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4.1 Factors Influencing the Breach Hydrograph


When a dam breach occurs the outflow and the
inundation downstream depends on factors/parameters
related to the details of the breach and the hydraulic
characteristics of the downstream channel [7]. With
respect to the breach, these include:
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In a number of fields of engineering the evaluation
and quantification of aleatory and epistemic uncertainties
in risk analysis is well established [4]. For instance, in
probabilistic seismic hazard analysis the evaluation of
sources of aleatory and epistemic uncertainty is standard
practice [5]. Similarly, risk analyses for nuclear power
plants (including the evaluation of civil structures and
typical mechanical and electrical equipment items) must
include an evaluation of aleatory and epistemic
uncertainties [6].
In this paper we focus on two issues of the risk
analysis for dams as it relates specifically to the estimate
of consequences. These are:
x            
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   &     

4.2 Factors Influencing the
Flooding and the Flood Hazard

Downstream

In terms of the estimate of the inundation that occurs
downstream, factors that influence the travel time, depth
of inundation, velocity of flow, and the flood hazard
include:
x #!        
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x Debris content,
x +    
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3 Description of Dam and Downstream
Hazard Area
The dam is a zoned earth embankment with a maximum
height of 46-m and the maximum depth of water at
normal pool is about 43-m. The reservoir has a volume of
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into account. A logic tree was constructed to model these
sources of epistemic uncertainty.
As a frame of reference, Table 2 the sources of
aleatory and epistemic uncertainty that are considered in
this analysis in estimating the downstream flooding for an
uncontrolled release of the reservoir.

The assessment of downstream inundation is specific
to the river channel and overbank conditions. Similarly,
the evaluation of aleatory and epistemic uncertainties in
predicting flood stages [8] is specific to these conditions.
Estimates of the aleatory uncertainty in peak flood
elevation levels can be as much as 0.6 m [8]. For streams
or rivers that are not gaged (flows and flood stage data is
not collected) the aleatory uncertainty may be greater. In
addition there will be epistemic uncertainties that will
impact the estimate of flood levels.
The flooding that could occur from a dam failure is
carried out in the following steps:
1. The outflow hydrograph from a dam breach is
estimated based on the characteristics of the dam,
reservoir volume at the time, failure mode, and the
breach parameters.
2. The breach outflow hydrograph is then routed
downstream using a model of the river channel and
overbank areas. This model is used to estimate
discharge, flow velocities, and flood stages along the
downstream reach.
In this analysis the U.S. Army Corps of Engineers
HEC-RAS model [9] is used to compute the dam breach
outflow and to route the flood downstream, including
flood stage and flow velocities.

Element of the Analysis
Dam Breach Geometry
a. Breach Width
b. Time to Failure
c. All other parameters
at fixed values (RV,
FM, CH, QR)
Flood Routing

Sources of Uncertainty
Epistemic
Aleatory
X
X
--

X
X
--

Not
evaluated

X

 0     ' ) "
   

 

The epistemic uncertainty in the estimating breach is
addressed by considering two empirical models;
Froehlich [7] and Bowles, et al. [10]. The Bowles, et al.
[10] analysis is an update of the Xu and Zhang [11]
study. Table 3 summarizes the best estimate of the breach
parameters for each model used in the analysis. The
standard deviation corresponds to the aleatory variability
in the parameter (e.g., breach bottom width) estimate.
This is the variability in the estimate of the model
parameters that is not explained by the best fit to the data.
Each model is assigned a probability weight as shown in
Table 3. To represent the uncertainty in the model
parameters, three estimates of the mean value of each
breach parameter was considered that correspond to the
0.05, 0.50 and 0.95 percentile estimates. Modeling the
uncertainty in the mean of each breach parameter
accounts for the parametric uncertainty in the empirical
analysis. Each breach parameter is modeled using a
truncated normal distribution that is defined by its mean
(best estimate) and standard deviation (SD).

4.3 Aleatory Flood Inundation Model
The flood stage at downstream locations can be
represented by the following relationship:

S
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g ( RV , ER, BR, FM , CH , QR )  H /

Where:
g() = represents the dam breach and flood routing
model
RV = reservoir volume
BR = breach characteristics (time to failure, failure
mode, breach geometry, etc.)
ER = embankment erodibility
FM = dam failure mode
CH = downstream channel characteristics (slope,
Mannings n, etc.)
QR= river flow at the time of the dam failure
Ǽ=
random term that models the variability in
flood stages [8]

Model

Weight

Froehlich
[7]
Bowles,
et al. [10]

0.40
0.60

Bottom
Breach Width
(m)
Mean: 81.6
SD: 39.7
Mean: 34.4
SD: 9.6

Time to
Failure (hrs)
Mean: 1.15
SD: 0.35
Mean: 1.02
SD: 0.86

 )*  )  #  

There are a number of sources of aleatory and
epistemic uncertainty associated with estimating the
downstream flooding; estimating the parameters of the
dam breach, river channel response, the estimated breach
outflow, the estimated flood stage, etc.

Figure 1 shows the logic tree for modeling the
uncertainty in the breach parameters. Each branch in the
logic tree corresponds to an alternative analysis to
quantify the aleatory uncertainty in the dam breach
hydrograph (an alternative prediction of the breach
characteristics). For each logic tree branch, a Monte
Carlo simulation is carried out using the breach
parameters defined on the branch. The Monte Carlo
simulation was performed using the MCBreach external
controller for HEC-RAS, developed by WEST
Consultants [12]. The result of the simulation is a series

4.4 Dam Breach and Inundation Epistemic
Uncertainty Model
To model the epistemic uncertainty in the estimate
of the breach characteristics (breach bottom width and
time to failure) alternative empirical models are
considered and for each model an estimate of the
epistemic uncertainty in the model parameters is taken
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one in Figure 2 are used in planning studies and in dam
risk analysis studies to estimate economic losses; to
transform flood hazard curves on flood stage to flood
damage [2].

of dam breach outflow hydrographs that quantifies the
aleatory variability in breach outflow. The complete set
of branches in the logic tree models the epistemic
uncertainty in the estimate of the breach outflow. The
aleatory uncertainty in the estimated downstream flood
stages is determined by routing each outflow hydrograph
and then conducting the hydraulic analysis to estimate
flood stages. Once this routing is completed, a probability
distribution on the peak flood stage (assumed to be
normally distributed in this analysis) can be determined
                
and a standard deviation of 1.0 feet [8].

Figure 2. An example of an expected damage relationship
for residential construction [14, 15].

A review of flood damage data and the results of
statistical analysis of this data indicates there is
considerable variability in flood damages as a function of
peak flood depth. Figure 3 shows the mean and standard
deviation of a recent compilation of NFIP flood damage
data as well as the coefficient of variation of this data (the
ratio of the standard deviation to the mean). The COV
(see Figure 4) varies from about 0.20 to nearly 1.6, with
typical values above 0.6. An illustration of the variation
in the flood damages that can occur for a given flood
depth is shown in Figure 5 [13].
The scale of the COV and the distribution of observed
flood damages levels suggests the use of the expected
value to represent a distribution of the type shown in
Figure 5 is a limited characterization of the flood
damages that can occur and consequently the flood risk.

Figure 1. Logic tree for modeling the uncertainty in breach
parameters used in this analysis.

Implementing the logic tree in Figure 1, there are 18
logic tree branches and thus different models for
estimating the randomness or aleatory uncertainty dam
breach parameters and in the breach outflow hydrograph.
For each branch in the logic tree, a Monte Carlo
simulation is performed.

5 Flood Damage Model
For decades, data on flood damage to structures and
their content has been gathered [13]. For instance, this
information is routinely collected by the National Flood
Insurance Program (NFIP) as flood claims are received
and processed. In term, these data are used to update
empirical models. These models are the basis for NFIP
estimates of expected annual flood damages and thus
flood insurance rates [13]. In this section we describe
sources of aleatory and epistemic uncertainty and factors
that contribute to flood damage.
Figure 2 shows an example of expected flood damage
curves for residential construction. Relationships like the
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Figure 5. Variation in flood damage at 0.6 m of flooding.
The chart shows the fraction of cases involving different levels
of damage for the same level of flooding [13].
Figure 3. Illustration of the mean and standard deviation of
flood damage ratio as a function of the depth of water above the
first floor elevation for residential construction [13].

In addition, there may be variability between different
flood events that produce the same peak flood depth on
the same or different river systems.
While there is considerable flood damage data that
is available and there is new data gathered every year as
part of the NFIP, there are no known direct estimates of
the epistemic uncertainty in flood damage models. The
NFIP does make comparisons with Corps of Engineers
flood damage estimates for similar structure types and
develop a composite estimate of the mean flood damage.

6 Consequence Estimates
The dam breach simulations and flooding depths can
be used to estimate downstream consequences from the
dam failure.

Figure 4. Illustration of the coefficient of standard deviation
of flood damage ratio as a function of the depth of water above
the first floor elevation for residential construction [13].

6.1 Dam
Results

The size of the variation in flood damage may be
indicative of a number of issues, such as the randomness
in flood damage as characterized in terms of the peak
depth of flooding, the variability in structure
characteristics within general structure type categories. In
addition, characteristics of flood events (and a contributor
to the observed variance in reported claims) that may
influence the nature and extent of flood damages that a
structure and contents may experience [16, 17] include:
x "    
x '      
x 0  
x )  
x 0 
x 0      
x '      
x -     
x *  




Breach

and

Inundation Modeling

For each branch in the logic tree 1,000 simulations
were performed using the MCBreach model to estimate
the aleatory uncertainty in the breach outflow hydrograph
(a total of 18,000 simulations; 18 logic tree branches x
1,000 simulations per branch). Figure 10 illustrates the
variation in the breach outflow hydrographs for Case 1 in
the dam breach logic tree. In this case the peak discharge
from the lowest to highest estimates varies by more than
a factor of 3 (14,732 to 48,158 cumecs. In addition, the
results in Figure 6 illustrate the variation in the shape of
the hydrograph and the timing of the peak outflow.

Figure 6. Case 1 variation in the outflow hydrographs from
the dam breach; low, mean, and high estimates of the peak
outflow discharge from the simulations.
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expected, the uncertainty is more significant at locations
closer to the dam. For a location 3 km downstream of the
dam, the range is nearly 5 m, while at a cross section 18
km downstream, the range is about 0.3 m.

Figures 7 and 8 show the probability distributions on
the peak outflow discharge (aleatory distributions) for 3
of the logic tree branches corresponding to the Froehlich
and Bowles et al. model, respectively. Each probability
distribution quantifies an estimate of the aleatory
uncertainty in breach outflow (due to the randomness in
breach characteristics) and the different distributions
capture the epistemic uncertainty in the estimate of the
breach outflows. Generally, for the cases presented, the
Froehlich model results in higher estimates of outflow
from the breach than the Bowles et al model. The cases
presented for the Bowles et al. model have less
uncertainty than the Froehlich model. Given these
models are both empirical and their datasets are similar,
the differences in the two models represent the
uncertainty in estimating the character of a dam breach
and this uncertainty is particularly important with respect
to estimate the level of flooding downstream.
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6.2 Estimating Life Loss Consequences
Reclamation [18] has developed methods for
estimating life loss for use in dam safety risk analysis.
The method includes graphic relationships between
Depth times Velocity (DV) and fatality rate. The fatality
rate is multiplied by total pre-failure, non-evacuated
population at risk (PAR) to obtain an estimated number
of lives lost due to the flooding from the dam breach.
Similar to the probability distributions for peak flood
elevation, the HEC RAS model can be used to obtain a
probability distribution for fatality rate at a given
location. Figure 11 shows the result for 3 of the cases for
the Froehlich model, at a location about 3 km
downstream of the dam. This uses the upper suggested
limit from Figure 2 [18], which is for cases for both
  ing.
The results shown in Figure 11 illustrate the
uncertainty related to estimating fatality rate can range by
a factor of nearly 3. Note that the fatality rate is
multiplied by the PAR, which could also vary based on
the downstream flooding levels (Figures 9 and 10).
Finally, the fatality rate is usually expressed as a range
from the lower to upper bounds from [18]; Figure 11
represents the upper bound only.

  -       &   
        )  
 

The results of the dam breach analysis are input to a
HEC RAS model of the river channel and overbank areas
to estimate downstream flooding. These calculations are
carried out for each of the eighteen sets of outflow
hydrographs. The result is a corresponding set (18 in
total) of probability distributions on the peak flood
elevations. Figures 9 and 10 shows these results for 3 of
the cases for the Froehlich model, at locations about 3
and 18 km downstream of the dam, respectively. For both
models there is aleatory variability in the estimate of the
peak flood levels that may occur downstream. As
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deviation of ten percent. In each of the three cases the
coefficient of variation in the damage ratio is kept
constant. Figure 13 illustrates this model for a flood depth
of two foot above the first floor elevation.

  -           
 3/24    ,      
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6.3 Flood Damage Estimates
To demonstrate the implementation of a Bayesian risk
model, the assessment of economic consequences will be
carried out for an individual reach in the inundation area
where there is primarily residential construction. The
objective is to demonstrate the contribution of different
sources of aleatory and epistemic uncertainty to the risk
results. Figure 12 shows the mean and standard deviation
of the damage ratio for residential construction used in
this analysis. This is a curve typical of what is used by
the NFIP. It is a Bayesian estimate of the expected
damage ratio using NFIP and USACE data.

7 Summary
The assessment of downstream risks due to dam
failure involves a number of uncertainties. A framework
for addressing these uncertainties is presented. A key
element of the framework is the distinction that is made
between different types of uncertainty and how they are
incorporated in the risk analysis. In full Bayesian
approach, the objective is to utilize all levels of
information and evidence in assessing the outcomes that
may occur, their frequency of occurrence and the level of
confidence (certainty) that we have in these results.
Typical risk analyses for dams do not explicitly address
these uncertainties (aleatory or epistemic) as part of risk
analysis. The implications of this can be important in
some applications and likewise influence decision
making. For instance, point estimates of risk do not full
describe the scale of the consequences that may occur in
the event of an uncontrolled release of the reservoir.
Similarly, the failure to address epistemic uncertainties
can lead biased estimates (low or high) of what is often
referred as expected annual losses.
In this analysis, important contributors to the
epistemic uncertainty in economic risk is the frequency of
uncontrolled release of the reservoir. For the cases
considered, the uncertainty in the flood damage and in the
dam breach and inundation mapping are secondary
contributors. However, the consideration of the aleatory
uncertainty in economic risks is important in reporting
the full distribution on economic risks that may occur.
In the case presented herein is a site-specific
evaluation, both in consequence and uncertainty
estimates could vary significantly. For example, the
reservoir is not particularly large compared with the size
of the river on which it is located (i.e. the river at the
location of the dam has a contributing drainage area of
over 5,000 square miles). This results in significant
attenuation of the dam breach flood wave within a
relatively short distance (about 10 miles) of the dam.
Therefore, the uncertainty in consequence estimates may
not be as significant at locations further downstream. For

  $        
            
         ! 
 &   

In this analysis, a flood damage model is used that
accounts for the randomness (aleatory uncertainty) in
flood damages based on the expected value and standard
deviation of the flood damage ratio as derived from
empirical data. Epistemic uncertainty is considered by
assuming there is epistemic uncertainty in the estimate of
the expected value mean damage ratio. As a means to
assess the sensitivity of this uncertainty to the risk results,
the uncertainty in the mean is assumed to be ten percent
at the one standard deviation level. Three alternative
estimates of the expected value of the damage ratio as a
function of flood depth will be considered. These
estimate will correspond to the 0.05, 0.50 and 0.95
estimates of the expected value, assuming a standard
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a larger reservoir or smaller river, the uncertainty could
be significantly larger.
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