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Dams are civil engineering structures to hinder water flows. Criteria such as purpose, size and construction material
are useful to categorise them. The latter is used to classify ‘earth dams’, which tend to have higher risk levels than
other types. The failure of a dam leads to significant economic loss and usually to catastrophic impacts. In an effort
to comprehensively examine the variables that influence earth dam breaks and describe their interactions, a model
has been developed in such a way that it allows to assess risks and to prioritise the allocation of resources for
maintenance activities. The research was carried out by systematically reviewing the literature, which led to the
choice of Bayesian Networks (BNs) as a tool for assessing risks. Using data from seven case studies in Mexico, a
model was built, which helped to rank the dams under study, leading to results comparable with those reported in
the literature. While the particular type of BN used and its quantification is presented more extensively in an
accompanying paper, the model may be of interest for dam owners, managers, practitioners and academics on their
efforts to manage earth dams’ risks.

Keywords: Bayesian analysis; risk management; dam safety; embankment stability; flood frequency; expert systems

Introduction

The International Commission of Large Dams
(ICOLD, 2008) defines a dam as an artificial obstruc-
tion to natural water flows constructed for one or more
specific purposes such as accumulating water for farm
irrigation, generating electricity, creating artificial
lakes for navigation and leisure activities, supplying
water to cities or industry, preventing floods, diverting
river flows into canals and keeping a reserve of fresh
water.

In terms of size, the same source differentiates
among two types: small and large. Small dams are
structures with 5 15 m of height. Large dams, in
contrast, are those with 15 m or more from the
foundation to the crest or, between 5 and 15 m with
a capacity of more than 3 million m3. Based on their
structure, they can be categorised as: embankment,
gravity, arch and buttress dams (Emiroglu, Tuna, &
Aislan, 2002).

Regardless of their construction materials, these
structures may well fail. A failure is a ‘collapse or
movement of part of a dam or its foundation, so that
the dam cannot retain water. In general, a failure
results in the release of large quantities of water,
imposing risks on the people or property downstream’

(ICOLD, 1995). A statistical analysis published in the
mid-1990s (ICOLD, 1995) revealed that the frequency
of failure was higher in embankment dams (85% of the
cases studied) than in the other types (10% gravity, 3%
arch and 2% buttress). However, Donnelly (2006)
stated that simple statistics can be misleading because
they have not considered the fact that embankment
dams are the most common type of water retaining
structures. In this sense, he noted that 2.6% of the
concrete buttress failed. This is a percentage greater
than that of embankment dams (1.2%), concrete arch
(0.7%) and concrete gravity (0.3%). In any case,
failure has negative effects and costs.

The impacts of a dam collapse can be enormous,
comprising the destruction of private housing, trans-
port and public infrastructure, industrial facilities and
agricultural land (Pistrika & Tsakiris, 2007). The losses
may also include human harm and serious disruptions
in infrastructure operation, leading to significant total
economic damages (sometimes reaching hundreds of
USD millions). Risk may be viewed from two
perspectives: qualitative and quantitative (Modarres,
Kaminskiy, & Krivtsov, 1999). The first entails the
existence of a danger source (hazard) when there is no
protection against it, leading to the possibility of loss.
Then, ‘risk can be formally defined as the potential of
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loss (e.g. material, human or environment losses)
resulting from exposure to a hazard’ (Modarres
et al., 1999). From the quantitative viewpoint, the
same source defined risk as the following set of
triplets ‘R ¼ 5Si, Pi, Ci4; i ¼ 1, 2, . . . , n’, where
Si is a state of events that lead to a dangerous situation,
Pi is the likelihood of state i and Ci is the consequence
of state i.

In this paper, the quantitative approach will be
used to estimate the degree of loss in seven Mexican
earth dams, and the discussion will be centred on the
costs (human and economic) produced by the even-
tuality of a failure in any of them. The seven structures
under investigation are located in areas exposed to
natural hazards, such as seismic activity and excessive
rainfall rate. Probable scenarios for the area of interest
with respect to seismic activity, rainfall rate and
maintenance will be investigated with the model
presented, in order to determine the risk levels in
monetary terms.

One of the central motivations for carrying out this
investigation was the scarcity of systematic research to
date, to comprehensively examine the variables that
influence dam failures, describe their interactions and
combine them into a model that allows to assess risks
and to analyse risk reduction alternatives. The
literature reports various studies within the dam
industry, centred on the analysis of specific failure
modes, but very few on mathematical models for dam
risk assessment, that make use of continuous Bayesian
Networks (BNs). Precisely, the originality of this work
is that it utilises this powerful tool to model continuous
variables, avoiding the cumbersome work implied
when using their discrete counterparts.

Overall, the study aims to develop a quantitative
model to assist dam engineers, in particular those in
Mexico, on their risk assessment practices. Although
the main emphasis of this paper is on the application of
the model to the case of seven earth dams in the State
of Mexico, in an accompanying paper, the non-
parametric approach for continuous BNs and its
quantification techniques through expert judgements
is discussed (Morales-Napoles, Delgado-Hernandez,
De-Leon-Escobedo, & Arteaga-Arcos, 2012).

The following section describes the selection
process of the seven structures in central Mexico,
which were used as a basis for carrying out the
research. A review of risk assessment methodologies
and their application in the sector, along with their
advantages and limitations will then be highlighted.
Next, the model constituent elements will be described
in detail together with its use in one of the seven
Mexican earth dams. Finally, the discussion, compar-
ison of the results with previous failures, and conclud-
ing remarks will be presented. This work forms part of

a bigger research project to develop a comprehensive
model for assessing risk in various types of dams.

Dams in the State of Mexico

In order to develop a quantitative model for risk
assessment, some dams located in the State of Mexico,
a territory in the heart of the country (just next to
Mexico City), were chosen. The criteria for such a
selection were as follows: (i) height (between 15 and 30
m), (ii) age (more than 30 years old), (iii) construction
material (earth dams) and (iv) location with exposure
to hazards (e.g. earthquakes and excessive rainfall).
These conditions, according to international dam
failures statistics (Foster, Fell, & Spannagle, 2000;
ICOLD, 1995), have significant influence in collapse
events. Therefore, it was believed that the earth dams
in the central Mexican province fulfilling these
circumstances were special candidates for risk analysis.

Among the 56 dams built in the State of Mexico
before 1976 (30 years prior to starting the current
study, which began in 2006), seven structures were
identified. Their names are: Embajomuy, San Joaquı́n,
José Trinidad Fabela, Dolores, José Antonio Alzate
(San Bernabé), Ignacio Ramı́rez (La Gavia) and El
Guarda, details of which can be found in SRH (1976).
Their heights range from 15 to 24 m, their ages from
36 to 66 years, their capacities from 0.55 to 52.5 million
m3, and all of them are exposed to the same hazards
due to their close locations. Irrigation, flooding
prevention and hydroelectric power generation can
be remarked among their main purposes.

After visiting each structure, it became evident that
maintenance activities were not frequent in the vast
majority of them. Because of its relative position with
respect to inhabited communities downstream, the
José Antonio Alzate dam is perhaps the most
important structure of the ones under study. Figure 1
shows two recent photographs, the first pointing up the
embankment’s downstream slope, and the latter both
the reservoir and the spillway. It should be noted that
the water surface close to the embankment’s upstream
slope is totally covered by aquatic iris. This is mainly
because of the discharges of the nearby industrial
complex, which also results in odour pollution in the
zone.

Regarding its objectives, design values, dimensions
and construction materials, the dam was built for
power generation and irrigation in the Lerma River,
with 27.3 million m3 of design capacity, 17.2 million m3

of overflow capacity, 52.5 million m3 of total reservoir
capacity, height of 24 m, length of 282 m and a free
board of 1.8 m. With regard to the embankment, it is
composed of a combined volume of 168,000 m3 of
impervious core (compacted with heavy equipment),

2 D.-J. Delgado-Hernández et al.
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sand transition zones, rockfill shell, and an upstream
concrete block between the embankment and the clay
foundation (see Figure 2). The chute spillway is located
on the left-hand side, and has a maximum capacity of
254 m3/s, crest length of 75 m and maximum water
surface elevation of 1.42 m.

In terms of the other six structures, they all have
similar design characteristics to those of the José
Antonio Alzate, which can be found in SRH (1976),
being the main difference the amount of people living
downstream. In fact, for these dams, it is estimated
that the existing population in potential risk range
from a few dozens to 20,000 people. With regard to
infrastructure, it is common for them to have high-
ways, electrical transmission towers and, again, var-
ious settlements downstream. In addition, there are
corn farms and other lands used for agricultural
purposes. Having described the selection process for
the seven earth dams of interest, some risk assessment
methodologies will now be presented, highlighting
their advantages and drawbacks.

Literature review on risk assessment methodologies

The literature reports various studies within the dam
industry, centred on the use of specific methods to

perform dam risk assessments. Tree events, influence
diagrams and Monte Carlo simulation were applied by
Stedinger, Heath, and Thompson (1996). Within their
framework, they were able to establish the relation
between rainfall depths as well as both fatalities and
expected damages to property.

Similarly, McCann, Franzini, Kavazanjian, and
Shah (1985) summarised the Federal Emergency
Management Agency/Stanford approach which is a
tool for generating preliminary dam safety evaluations
based on quantitative observations of the structure
state. Basically, this instrument allows the estimation
of the probability of dam failure as a frequency per
unit time. Fell, Bowles, Anderson, and Bell (2000)
reviewed the methods for estimating dam failure
probabilities, and concluded that the most commonly
used were: failure modes identification and probability
analysis.

Failure modes can be obtained from historical dam
collapses, and used for constructing fault trees (Fell
et al., 2000). Another option is to employ expert
judgment (Johansen, Vick, & Rikartsen, 1997) to
generate the distributions of variables for which hard
data do not exist. For instance, it has been utilised to
estimate the probability of dam failure due to piping
(Fell et al., 2000). Formal probabilistic methods have

Figure 1. Recent photographs of the José Antonio Alzate dam (San Bernabé). (a) Downstream slope (embankment). (b)
Reservoir and spillway.

Figure 2. José Antonio Alzate dam (San Bernabé).
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also been used in the dam industry for calculating the
probability of failure due to loss of global stability (see,
for example: Mostyn & Fell, 1997).

Another tool that could be used in the exercise is a
BN. Bayesian networks are directed acyclic graphs
whose nodes represent random variables and whose
arcs (arrows) depict probabilistic relationships
amongst them. The direct predecessors (successors)
of a node are called parents (children). When all nodes
in a BN are discrete (Pearl, 1988) probability tables
need to be specified for each node. Marginal distribu-
tions are specified for each node without parents, and
conditional probability tables are specified for each
node given its parents.

One disadvantage of discrete BNs is, however, that
the number of parameters to be specified for each node
grows exponentially with the number of states of each
variable and its parent set. Therefore, the quantifica-
tion of models that use continuous quantities reduced
to discrete BNs, imposes difficulties for the reason
stated above. Fault trees may be specified by discrete
BNs and hence, its limitations are similar to those
described.

In order to avoid this drawback, BNs that can
handle continuous nodes have been developed for joint
normal variables, which are known as Gaussian BNs
(Shachter & Kenley, 1989). In these kinds of models,
the arcs in the BN represent the partial regression
coefficients applied to the normal units of the
transformed variables, and not to the original units.
As will be seen later, the variables entering the model
are non-normal. When statistical data are scarce,
modelling arcs as partial regression coefficients, as
explained in the previous sentences, place a heavy
burden on expert elicitation processes which is a
disadvantage of the approach.

Non-parametric BNs have been developed to cope
with some limitations that both discrete and Gaussian
BNs present for handling continuous variables (Hanea,
Kurowicka, & Cooke, 2006; Kurowicka & Cooke,
2006). In fact, they have been applied in a large-scale
model for air transport safety (Ale et al., 2007). Here,
nodes represent continuous and/or discrete random
variables and arcs represent rank and conditional rank
correlations between parents and children.

The specification of the graph, the marginal
distributions for each node, and the rank and
conditional rank correlations attached to the edges of
the graph, together with a copula for which zero
correlation entails independence, are sufficient for the
construction of the joint distribution. Once such a
distribution is available, it may be updated whenever
evidence is available to the analysts. Alongside,
techniques for the elicitation of marginal distributions
from experts have been developed before (Cooke,

1991). Additionally, methods for the elicitation of
dependence information in the form of conditional and
unconditional rank correlations have been proposed
and used elsewhere (Morales, Kurowicka, & Roelen,
2008).

A similar technique as the one presented in Morales
et al. (2008) was used in this study and is presented in
the accompanying paper (Morales-Napoles et al., in
press). It consists of constructing the dependence
structure on the basis of asking experts about ratios
of unconditional rank correlations. Because of its
advantages, it was then decided to use non-parametric
BNs to build the model presented here. Whenever data
were not available, the previously described techniques
for expert elicitation were used. In the next section, the
model variables will be presented.

Model variables

Once the literature on earth dam failures was reviewed,
10 variables were identified as relevant for this study
(Foster et al., 2000; ICOLD, 1995). They are sum-
marised in Table 1, along with their operational
descriptions, the source of data used to calculate their
marginal distributions and the measurement units
selected for quantifying them. Note that some of the
available statistical data consisted only of short records
(e.g. earthquakes – 8 years; rainfall rate – 37 years),
which may not give a precise assessment of the hazard,
but it was felt that this information would enable
important insights and results to be obtained in the
risk assessment exercise. It is worth noting here that
human costs were quantified by the consulted experts
in current USD, because alternative methodologies to
estimate them were considered to be time-consuming
and costly. This allowed to combine both human and
economic costs in a variable called ‘total costs’. These
total costs refer to the concept ‘life-cycle costs’, in
order to include all potential costs and consequences of
the undesirable dam behaviour within the dam
lifetime.

There are more factors than those presented in
Table 1 that can influence a dam’s failure, e.g.
cracking, static loading, structure problems and soil
liquefaction on foundation to name a few (Moser,
2001). However, they have not been considered in this
research, because international statistics have shown
that earth dam collapses are caused, generally, by those
already summarised in the Table 1 (Foster et al., 2000;
ICOLD, 1995). Moreover, the consulted experts
ratified that cracking problems were unlikely in the
seven Mexican structures due to the features of their
construction materials, and that aspects such as
liquefaction had been considered in their design. Also
environmental costs were left out intentionally, mainly

4 D.-J. Delgado-Hernández et al.
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Table 1. Model variables and their descriptions.

Variable name Operational description Source of data Units

(1) Seismic frequency It is related to the
distribution of
earthquakes �5.5 per
year, in Richter
magnitude scale, between
2000 and 2008 for the
locations of interest

Mexican National
Seismographic System

(# earthquakes �5.5)/year

(2) Rainfall rate It refers to the average value
of the seven-basin-five-
days moving averages per
year

‘ERIC’ Mexican database
from 1961 to 1998

mm/day/year

(3) Maintenance It is the number of years
between maintenance
activities, which would
lead the dam to an as
good as new condition

Expert judgment # years between
maintenance activities

(4) Loss of global stability
(safety factor)

It is the distribution of the
factors of safety (resisting
moment/causing
moment), for each of the
seven dams, based on
their design geometrical
features. The ‘Swedish
method’ is used for
calculating such factors

Original design data (SRH,
1976)

Unit less

(5) Overtopping It is the water level, from
the crest, during an event
in which such a level may
increase beyond the total
embankment height

Expert judgment mm

(6) Piping It is the distribution of
water flowing through
the embankment that
causes its internal erosion
(apart from the spillway
and outlet pipe torrents)

Expert judgment lt/sec

(7) Breaching It refers to the distribution
of the average breach
width, i.e. the mean of
both superior and
inferior breach widths,
due to embankment’s
crest erosion. Calculated
with the methods
reported in Wahl (1998)

Original design data (SRH,
1976)

m

(8) Flooding It is the average water level,
per day, in the
downstream flooded
area, during a dam
failure event per year

Expert judgment mm/day/year

(9) Economic cost It refers to both public and
private total costs, due to
all possible damages in
infrastructures (e.g.
schools, hospitals,
bridges, roads, transport
systems), fields (e.g.
farms, crops), housing,
supply, commercial and
entertainment centers,
caused by a flooding,
consequence of a dam
failure. It includes

Expert judgment $ (USD)/year

(continued)
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due to the difficulty of measuring them. Nevertheless,
future research should explore this aspect in detail.

Having identified and analysed the variables, they
were grouped into three categories: (i) contributing
factors (seismic frequency, rainfall rate and mainte-
nance), (ii) failure modes (loss of global stability,
piping, overtopping and breaching) and (iii)

consequences (flooding, human and economic costs).
Such a classification helped to generate the model.
Figure 3 shows a scheme of the proposed model, which
includes the variables recognised. The figure was taken
from UNINET, an uncertainty analysis software
package for managing both discrete and continuous
distributions, using BNs (Hanea, 2008). As can be

Table 1. (Continued).

Variable name Operational description Source of data Units

disruption costs, and is
measured in current
USD/year

(10) Human cost Since human life is
invaluable, estimating
this kind of cost is a
difficult task, in such a
way, it is mainly related
to the cost due to the
payment of pensions and
compensations, and to
both public and private
total costs, over a time
period equivalent to the
maximum human
remaining life span, due
to all possible damages,
health and life losses,
caused by a flooding,
consequence of a dam
failure. It is measured in
current USD/year

Expert judgment $ (USD)/year

Figure 3. Model for earth dam’s risk assessment.

6 D.-J. Delgado-Hernández et al.
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seen, the nodes are linked by arrows that represent
rank and conditional rank correlations between vari-
ables. The rank correlation between two variables is
the product moment correlation applied to the
distribution function of each variable. The conditional
rank correlation is the same as a rank correlation, but
measured in the conditional distribution.1

For example, looking at the values of Table 2:
rainfall rate (2) has a direct impact not only on
overtopping (r5,2j4) (5), but also on the loss of global
stability (r4,2j3) (4) and piping (r2,6j3) (6). Observe that
all these three influences are modelled as conditional
rank correlations. All conditional variables are shown
next to the small vertical line included in the
correlation sub-index. Thus, r4,2j3 means ‘correlation
between the loss of global stability (4) and rainfall rate
(2), given the presence (or absence) of annual main-
tenance’ (3). Similarly, flooding (8) has implications for
economic (9) and human costs (10). In this case, both
are represented as unconditional rank correlations as
r9,8 and r10,8, respectively.

The arcs between both human and total costs, and
economic and total costs lack rank correlations,
because the total costs are simply the sum of human
and economic expenses and hence the relationship is
functional (Graham, 2001). It should be recognised
that there might be more interactions among the nodes
in the previous figure. However, they have not been
expressed in the model because (correlations being
small) their exclusion does not affect the patterns of
dependence between the main variables.

The quantification of rank and conditional rank
correlations was carried out by means of structured
expert judgments. Details are provided in the accom-
panying paper. With reference to the one dimensional
margins of each variable, the following paragraphs
describe the process employed to produce two of them,
i.e. seismic frequency (based on statistical data) and
maintenance (based on expert judgment). Note, how-
ever, that similar steps were followed to build the other
eight distributions.

Seismic frequency

To generate the one dimensional marginal distribution
for the seven structures, and considering that they all
are located in a zone where seismic activity is frequent
(DDF, 1988), data from the Mexican National
Seismographic System limited to the 2000–2008 period
were utilised, mainly because no access to a more
extended record was feasible. Basically, the database
contains the magnitude of all those movements
registered in the stations positioned in the area of
interest, regardless of their intensity. Hence, the
number of earthquakes �5.5 per year, in Richter T
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magnitude scale, was used to construct the distribution
presented in Figure 4. This marginal distribution is
essentially discrete, however, a continuous distribution
to approximate it has been proposed. The fit is carried
out by finding the parameters of a number of
distributions which minimise the sum of squared
difference with respect to the empirical distribution.
Then, the one with the smallest sum of squared
difference is chosen.

As the figure illustrates, in any one year of the eight
analysed, at least one and no more than 21 earth-
quakes �5.5 have been registered in the region. In fact,
the mean for the probability density distribution was
about 6.7 and the standard deviation was 2.1. More-
over, the 5th, 50th and 95th percentiles of the
distribution are reported. In this case, the 5th
percentile was 3.63 which means that in only 5% of
the years, there are less than 3.63 earthquakes �5.5 in
the area. Similarly, it is expected that in 50% of the
time, there are less than 6.47 movements above that
magnitude and in 95%, they will not exceed 10.49
events. This is not surprising since the zone of
attention is known within the country as one of the
most dynamic, in terms of seismic activity.

Maintenance

To create the probability distribution for the Mexican
dams, the classical method for expert judgment was
used (Cooke, 1991). It is important to state that the

question used for generating the information in this
case was:

What is the current (correct but unknown) number of
years between maintenance activities, that would lead
any of the seven dams of interest, to an as good as new
condition?. To express the uncertainty associated with
the response, please provide the 5th, 50th, and 95th
percentiles of your estimate.

Figure 5 presents the results of the investigation.
This distribution (as all others obtained with the
classical method for expert judgment) uses the equal
weight combination, i.e. each expert’s opinion has the
same weight. For an overview of the classical method,
see Section ‘Variables of interest’ in the accompanying
paper. For details about the method, see the references
therein (Morales-Napoles et al., in press). The data
from four Mexican specialists were processed in
Excalibur software. The mean, standard deviation,
5th, 50th and 95th percentiles of this variable are
shown in Table 2 along with the correspondent values
for the other nine variables that were under investiga-
tion. Now that all variables and their respective
distribution values have been summarised, the applica-
tion of the complete model will be discussed.

Discussion of the results

Making use of UNINET, the model was manipulated.
It should be noted that its final version can predict, or

Figure 4. Seismic frequency probability density and cumulative distribution for the seven dams under study.

8 D.-J. Delgado-Hernández et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

id
ad

 A
ut

ón
om

a 
de

l E
st

ad
o 

de
 M

éx
ic

o]
, [

D
av

id
-J

oa
qu

ín
 D

el
ga

do
-H

er
ná

nd
ez

] 
at

 1
7:

55
 1

5 
O

ct
ob

er
 2

01
2 



diagnose, the performance in any of the seven Mexican
structures, as it was built considering data from all of
them simultaneously. Although the model was also
intended to better understand the failure mechanisms
of the structures under analysis (e.g. the way in which
seismic loading may produce loss of global stability),
such mechanisms are not comprehensively explained in
the paper. Therefore, further analysis is required to
determine, for instance, whether more warning should
be available for a flood breach than for an overtopping
event. To limit the explanation, its use will only be
illustrated here, with information related to the José
Antonio Alzate dam, i.e. the one previously presented
in Figure 1.

Because of its geometry and year of construction,
there are two variables that can immediately be fixed
for the dam under analysis. Firstly, the loss of global
stability can be quantified by means of the safety factor
of the structure, i.e. 1.95, which is to be used as the
‘observed value’ in the model (see cumulative distribu-
tion values of the loss of global stability in Table 2,
1.95 is between the 50th and 95th percentiles).
Secondly, the age of the dam is 46 years, which can
be associated with the number of years between
maintenance activities. Assuming that there has not
been any conservation actions since its final construc-
tion year (see the distribution values for maintenance
in Table 2, 46 is above the 95th percentile), the
‘maintenance observed value’ can then be established
as 46. Figure 6a presents the original model, and
Figure 6b presents its adaptation to the dam of interest

with both values, i.e. loss of global stability and
maintenance.

When the two abovementioned values are fixed, the
probability density distribution of all the variables
interrelated with them, are updated. This is the reason
why there is a ‘shadow’ in some nodes, showing the
original distribution and the one re-calculated (e.g.
rainfall rate and overtopping in Figure 6b). To
demonstrate more clearly how the model can be
used, suppose that a hypothetical extraordinary rain-
fall rate of 15 mm/day takes place in the dam zone and,
concurrently, it is known that the seismic frequency in
the region corresponds to eight earthquakes � 5.5 per
year. Figure 6c shows the results of the exercise. As can
be seen, the anticipated flooding value has increased
from 1.71 m/day (Figure 6b) to 2.22 m/day (Figure 6c).

Similarly, the predicted human cost moved from $
13.9 to $ 14.7 USD million, and the economic loss in
turn from $ 29.4 to $ 30.1 USD million. This means
that the intensification of rain, and the presence of
earthquakes at the same time, are expected to produce
higher levels of water in the potential flood area and,
consequently, superior amounts of both human and
economic losses. Note that implicitly, risks are
compared by the annualised consequences obtained
by the model, while hazard exposures, probability of
failure and costs have been considered in the BN.

Since one of the main objectives of this research
was to determine which of the seven dams required
more attention, a risk assessment exercise was carried
out. In the event, the impact of a hypothetical

Figure 5. Maintenance probability density and cumulative distribution for the seven dams under study.
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Figure 6. Original and complete model adapted to the case of the José Antonio Alzate dam. (a) Original model (applicable to
the seven dams). (b) Model for José Antonio Alzate dam. (c) Complete model adapted to the case of the José Antonio Alzate
dam.
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overtopping incident of 100 mm was employed to
analyse its effects not only in the flood water level
downstream, but also in human and economic costs.
So, for each of the seven structures, three values were
set, i.e. loss of global stability (factor of safety),
maintenance (dam age using the assumption above
mentioned) and overtopping (100 mm). Again, while
this is a hypothetical example, the total costs showed
that the two dams demanding more consideration
were: ‘San Joaquı́n’ and ‘José Trinidad Fabela’, as they
obtained the higher consequence costs i.e. $46,246,000
USD and $46,186,000 USD, respectively. In contrast,
the two relatively best ranked with the lower total
costs, and therefore needing less concern, were: ‘José
Antonio Alzate’ ($45,574,000 USD) and ‘El Guarda’
($45,525,000 USD). Table 3 summarises the values
generated by the model, which helped to prioritise the
seven dams based on the amount of expected
consequences.

The mean was used in all cases to perform the
evaluation, and the total costs for all seven cases were
compared against the unconditional value, which
refers to the situation where no data about any
particular dam are available (see second to last row
of Table 3), and the BN has the default values. As it
can be observed, the ‘worst’ dam (San Joaquı́n) would
be expected to have 5.91% more costs than the
unconditional scenario. On the other extreme, the
‘best’ dam (El Guarda) percentage corresponds to
4.2% above the reference value ($43,663,000 USD). It
was no surprise to see that the costs were very similar,
as the infrastructure and population features down-
stream the dams shared common characteristics, a fact
ratified not only by the experts but also by the
researchers during the visits to the structures.

The exercise was repeated now using an over-
topping value of 700 mm, but the difference between
the ‘best’ and the ‘worst’ dam still remained close to
the 1.6% ($46,246,000/$45,525,000 with 100 mm
versus $47,023,000/$46,293,000 with 700 mm) already
calculated. Therefore, based on the anticipated con-
sequences for each structure, the dams should be given
the priority shown in the last row of Table 3. It is
important to note that ‘San Joaquı́n’ dam had the
lowest factor of safety and, concurrently, it is almost
the oldest structure analysed. With regard to ‘El
Guarda’, it has the second best factor of safety and is
the youngest of the sample used, so these results were
expected. The model could be used in a similar fashion
to perform more analysis. In fact, a wide variety of
scenarios could be constructed to determine the level of
impact of other particular incidents (such as piping or
breaching), or a combination of them, in the expected
consequences (i.e. total costs). To do so, the analyst
should use the model as previously illustrated. T

a
b
le

3
.

S
u
m
m
a
ry

o
f
re
su
lt
s
(m

ea
n
v
a
lu
e)
.

D
a
m

U
n
co
n
d
it
io
n
a
l
(U

C
)

Jo
sé
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Comparison with documented failures

It is worth comparing at this point, the model results
with previous and documented earth dam failures.
None of the events analysed, as far as the authors are
concerned, has been registered in the State of Mexico.
Nevertheless, there was a recent collapse in Hawaii, on
14 March 2006 (ASDSO, 2007), in which the ‘Kaloko’
earth dam, a 14 m of height structure built in 1890 with
a capacity of 1.5 million m3, failed because of heavy
rains causing seven fatalities and the following
damages and related costs:

(1) 33 USD million for disaster aid.
(2) 20 USD million for repairing damaged infra-

structure (Kuhio highway).

Thus, in total, $53 USD million was spent to
improve the situation, a quantity analogous to that
obtained in this work. For instance, from Table 3, the
mean values for human and economic costs, in the
‘San Joaquı́n’ case (age: 64 years, total capacity: 1
million m3, height: 20 m) were $15.4 USD million and
$30.8 USD million in that order. The sum of these two

amounts equals $46.2 USD million, a quantity
comparable to that registered in the documented
case. Although there were more costs associated with
the Hawaiian tragic event, they have not been
considered here for the comparison, because most of
them were related to environmental costs (e.g. com-
pensating sugar growers), which were not taken into
account, as already stated, in the model.

The Kaloko dam’s case is useful because the
magnitude of the population and infrastructure down-
stream are very similar to those present in the
structures located in the State of Mexico, i.e. agricul-
tural fields, communication roads, electrical infrastruc-
ture and spread houses. Leaving aside the Kaloko
example, related cases have been reported by the
Association of State Dam Safety Officials (ASDSO,
2007), which has created a database that contains
information about dam failure incidents in the US
from 1874 to 2007. While not all the events have
occurred in dams such as the ones studied here, the
costs reported by ASDSO can also be considered
equivalent, ranging from a few thousand USD to $400
USD million. Table 4 summarises some of the failures

Table 4. Sample of documented earth dam failures in the US and Mexico.

Dam Country
Construction

year Failure year
Height
(m) Failure mode

Costs
(million USD)

South Fork, Pennsylvania USA 1838–1853 31 May 1889 22 Piping and breaching 417
Austin, Pennsylvania USA 1909 September 1911 15 Overtopping N/A
Castlewood, Colorado USA 1890 3 August 1933 21 Overtopping 1.7
Baldwin Hills, California USA 1947–1951 14 December 1963 20 Breaching 11
Buffalo Creek, Virginia USA 1945–1947 26 February 1972 14 Overtopping 450
Kelly Barnes, Georgia USA 1899 6 November 1977 12 N/A 30
Lawn Lake and Cascade Lake,

Estes Park, Colorado
USA N/A 15 July 1982 8 y 11 N/A 25

Evans and Lockwood, Fayetteville,
North Carolina

USA N/A 15 September 1989 10 y 10 N/A 10

Silver Lake and Tourist Park,
Marquette, Michigan

USA N/A 13 May 2003 10 y 8 N/A 102

Big Bay Lake, Purvis, Mississippi USA N/A 12 March 2004 17 Piping N/A
Upper Jones Tract,

Stockton, California
USA N/A 3 June 2004 15 N/A 490

Kaloko, Kauai, Hawaii USA 1890 14 March 2006 30 Overtopping 467
Needwood, Gaithersburg,

Maryland
USA 1946 29 June 2006 21 Rainfall excess N/A

El conejo y La llave, Guanajuato Mexico N/A 1975 N/A Overtopping N/A
Laguna I, Necaxa, Puebla Mexico N/A 1969 N/A Piping and breaching N/A
Laguna II, Veracruz Mexico N/A 1972 N/A Piping and breaching N/A
La Escondida, Tamaulipas Mexico N/A 1972 N/A Breaching N/A
Pescaditos, Oaxaca Mexico N/A 1953 N/A Sliding N/A
El Estribón, Jalisco Mexico N/A 1970 N/A Sliding N/A
Santa Ana, Hidalgo Mexico N/A 1952 N/A Piping N/A
Abelardo L. Rodrı́guez, Sonora Mexico N/A N/A N/A Sliding N/A
El Azúcar, Tamaulipas Mexico N/A N/A N/A Sliding N/A
Unión-Calera, Guerrero Mexico N/A N/A N/A Sliding N/A
Necaxa, Puebla Mexico N/A 1909 N/A Other causes N/A
Tlalpujahua, State of Mexico Mexico N/A 1940 N/A Other causes N/A
Cacaloapan, Puebla Mexico N/A 1952 N/A Other causes N/A

12 D.-J. Delgado-Hernández et al.
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encountered in the US, and some in Mexico (Delgado-
Hernandez et al., 2009). When the information was
Not Available, an ‘N/A’ was used.

Again, the consequence costs found are compar-
able to those produced with the model, and the failure
variables have been present in Mexico. Unfortunately,
the information about Mexican failures is limited as
there seems not to be systematic records of the events.
Nevertheless, these results show that the model
provides a rational method to assess risk and to
quantify it with subjective probabilities, combined with
more objective marginal probabilities by means of a
BN. This is an important outcome for the involved
Mexican dam owners, and it is hoped that they can
make better decisions when the time to allocate
maintenance budget for their structures come. In
short, they can prioritise each construction and
generate a preference list of dams requiring main-
tenance, based on the results generated with the
model’s simulation of various scenarios.

Conclusions

This document has dealt with earth dams and their
failure modes, emphasising risk assessment in a group
of seven dams within the State of Mexico. After
reviewing the risk literature, it became evident that the
combination of BNs and expert judgment could lead to
the development of a model for earth dams risk
evaluation. The resultant model incorporates seismic
frequency, rainfall rate, maintenance, overtopping, loss
of global stability, piping, breaching, flooding, human
and economic costs. Having quantified all 10 variables,
by means of either statistical historical data or
systematic expert judgment, their probability distribu-
tions were established. In fact, all of them were
represented by continuous rather than discrete dis-
tributions, which means that this is probably the first
model in the Mexican dam risk assessment literature
employing continuous BNs.

Some scenarios were simulated with the model and
the results were comparable to those reported in
previous documented dam failures. Essentially, the
seven Mexican dams could be initially prioritised so as
to help decision makers in the resources allocation
based on hard data. Therefore, it is strongly believed
that the methodology utilised to build the model can
be applied to carry out similar exercises in different
locations. While the key objectives of this research
have been achieved, there were a number of limitations
associated with the work, which could be addressed in
further research. Firstly, the available records for
quantifying the variables were normally scarce. How-
ever, using the experts’ judgement has proven to be an
important aspect for collecting information. With

reference to the comprehensiveness and validity of
the model in the dam community, more variables and
data should necessarily be investigated in the future. In
spite of this, it is strongly believed that the potential
contributing factors and dam failure modes relevant to
the context of the State of Mexico have been
considered in the model.

Overall, this research has demonstrated that the use
of continuous probability distributions, generated
through either systematic expert judgment or statistical
data, in Mexican dams’ risk assessment is not only
feasible but also beneficial. This work forms part of a
bigger project aimed at developing a more compre-
hensive model applicable to different types of dams in
the country and more infrastructures such as bridges.
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presented at the XVII National Congress on Seismic
Engineering, Mexican Society for Seismic Engineering,
(Congreso Nacional de Ingenierı́a Sı́smica, Sociedad
Mexicana de Ingenierı́a Sı́smica), Puebla, Puebla, Méx-
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