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Abstract
A formulation to treat aleatory and epistemic uncertainties, in a separate way, on infra-
structures is proposed and applied to a dam and a breakwater in Mexico. The purpose
of that is to determine 2nd order bounds on the reliability estimation due to the incom-
plete knowledge of some design parameters. These bounds provide a quantitative ba-
sis for risk management according to the risk-aversion of owners and operators of the
infrastructure. Also, acceptable values of reliability, are assessed in terms of conse-
quences costs, and an initial cost curve for a breakwater is presented, as they may
contribute to enhance the decision making process.
The incorporation of epistemic uncertainty makes the reliability index to become a ran-
dom variable and its histogram is obtained to estimate percentiles as a means to mea-
sure a new additional room for decisions as compared to the traditionally used mean
value of the reliability. Conservative decisions are illustrated for design and assessment
of structures like a dam and a breakwater.
The procedure involves a double loop of Monte Carlo simulation and represents a basis
for the optimal design and risk management of dams and breakwaters.

Keywords: Structural reliability, aleatory and epistemic uncertainty, failure probability,
risk management, Monte Carlo simulation.

Abstract

Se propone una formulacién para tratar separadamente las incertidumbres aleatoria y
epistémica en obras de infraestructura y se aplica a una presa y un rompeolas. El
propdsito de lo anterior es determinar limites de 20. orden en la estimacion de la
confiabilidad, debido al conocimiento incompleto en algun(os) parametro(s) de disefio.
Estos limites proveen bases cuantitativas para una administracion de riesgos de
acuerdo a la aversion al riesgo de duenos y operadores de infraestructura. También se
evallian valores aceptables de confiabilidad y se presenta una curva de costo inicial
para un rompeolas, como elementos que pueden contribuir a mejorar el proceso de
toma de decisiones.

La incorporacion de incertidumbres epistémicas ocasiona que el indice de confia-
bilidad se convierta en variable aleatoria y su histograma se obtiene para estimar
percentiles que pueden usarse como medios para medir el espacio nuevo para
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decisiones como alternativa al uso tradicional del valor medio de la confiabilidad. Se
ilustran decisiones conservadoras para disefio y evaluacion de estructuras como una
presa y un rompeolas. El procedimiento implica la realizaciéon de un doble ciclo de
simulacién de Monte Carlo y representa la base para el disefio éptimo y la adminis-

tracion del riesgo en presas y rompeolas.

Descriptores: confiabilidad estructural, incertidumbres aleatoria y epistémica, pro-
babilidad de falla, administracion del riesgo, simulaciéon de Monte Carlo.

Introduction

In all the fields of engineering, planning, design, in-
spection or maintenance, the risk appears as an
evidence of the degree of exposure that a facility
faces due to a hazardous or adverse event (Ang,
1984).

A quantitative risk measure is usually consid-
ered as the product of the probability that the haz-
ard occurs, along with its consequent structural
damage or failure, and the cost of the conse-
quences derived from those damages or failure.

This probability is a scientific way to model, in
the planning and design process, the uncertainties
inherent to the demand that the hazard imposes
against the structure capacity. However, especially
for natural hazards, the calculated probability de-
pends on the parameters used for the demand es-
timation. This requires a prediction effort which is
not perfect and, therefore, contains epistemic un-
certainty. It is commonly recognized that there are
two sources of uncertainty: aleatory (from the natu-
ral or inherent variability of the random variable)
and epistemic (from the imperfection of analytical
tools, limited samplings or observations, errors on
recording devices, etc.) and that the epistemic un-
certainty is the one that may be reduced up to
some extent.

From the above, the calculated probability may
be interpreted as a random variable associated
with the epistemic uncertainty. Similarly, the con-
sequences of the damage or failure may also be
characterized throughout aleatory and epistemic
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uncertainties. The calculated risk may be, there-
fore, considered as a random variable, with a prob-
ability density function, from which specific pro-
babilities to achieve a target risk may be deter-
mined.

For this work, the separation between aleatory
and epistemic uncertainties is convenient because
it makes it possible to generate 2nd order esti-
mates on the reliability value given that the epis-
temic uncertainty is the one that may be reduced
through additional research or information. The
variability on reliability permits the interpretation of
bounds according to a desired confidence level.

For decision making purposes, the appropriate
risk may then be specified as a particular percentile
or confidence level; for example, for risk-aversive
managers, the percentiles 90, 95 or 99 may be
adequate. The decision may be either applied to
design or assessment. Depending on the degree of
conservatism desired for a design, a proper option
may be selected. This provides the owner, or man-
ager of an important facility, a flexible way to make
decisions which are more consistent with his par-
ticular perception of the risk, and his willingness to
take it, as compared to the traditional use of the
mean value of the risk or annual reliability. This ap-
proach appears to be tuned up with the trend of
the modern philosophy of risk management.

A formulation for the separate treatment of ale-
atory and epistemic uncertainties for engineering
structures has been previously presented for infra-
structure facilities where the mean reliability is not
enough as a safety measure (Ang et al., 2005).
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Important engineering works, like dams and break-
waters, require careful safety estimations for de-
sign and assessment purposes. Structural reliabil-
ity techniques constitute the proper framework to
make those estimations. In the past, several reli-
ability procedures have been proposed (Castillo et
al., 2004), (Hudson, 1959), (Melby, 1997) and
(Nagao et al., 2005). However, a separate treat-
ment of aleatory and epistemic uncertainties, with
its advantages, has not been included for dams
and breakwaters.

In this work, those advantages are explored
from the point of view of the calculation of the ef-
fect that an imperfect knowledge of the hazards
has over the variability of the annual structural reli-
ability. Allowance is made for conservative deci-
sions because, instead of taking the mean value of
the reliability, percentiles determined in terms of
confidence levels may be used for risk-aversive op-
erators or managers.

In the future, this type of study may contribute
to enhance the decision making process for own-
ers, managers or operators willing to tailor and im-
plement risk management programs or controls
containing a specific degree of over protection to
their facilities. Also, the cost-effectiveness of ad-
ditional research may be appraised to devise
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optimal funds allocation for a cost-effective risk ma-
nagement.

Futuristic designs and safety assessments for
this kind of structures may resort on the described
procedure to calibrate prescribed degrees of over
protection and to be consistent with the specific
risk management plans considered by owners and
operators.

Formulation of annual failure probability
for a dam

The selected dam is a rock curtain with concrete
face dam for power generation and flood control. It
was built between 1991 and 1994 and its height is
187 m, one of the world-highest dams.

Figure 1 shows the typical cross section of the
dam.

In the following paragraphs, an application is
made of the design of the Aguamilpa dam (Maren-
go, 2005), specifically the design of the curtain
height against the maximum flood, where the alea-
tory and epistemic uncertainties are treated in a
separate way. The limit state F is expressed in
terms of the curtain height, H,, and the maximum
level of flood transit, h,.

A
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N

Figure 1. Cross section of the dam

Vol.IX No.? -julio-sepTIEMbRE- 2008 261



EFFECT OF IMPERFECT KNOWIEAGE OF HAZARdS ON THE RELIADILITY OF CONCRETE FACE ROCKFILL ...

F=H, —h, (1)
where:
h, = Q,f (0.0000476 / b*>*)+0.776694n° / b*>™*" +
Q,(-00185 /b7 +0.085n% / b**M) +
2.1642b°°° +0.00252n°p°- 1% (2)

Q, = peak flowrate,

N = manning roughness coefficient,

B = average width of failure surface in the

shunt tunnel, numerically estimated from

the peak flowrate and the tunnel geometry,
H, = 37m.

Equation (2) has been used by CFE (Comisién
Federal de Electricidad, the Mexican State Power
Energy company,) experts (Marengo, 2005) in pre-
vious works.

As an illustration, the aleatory uncertainty is
modeled on the variable of the peak flowrate and
the Manning roughness coefficient (both are as-
sumed lognormals) and epistemic uncertainty is
considered only on the mean value of the peak
flowrate (which is also lognormal).

Hypothesis and notation:

a. The coefficient of variation & represents
the aleatory uncertainty.

b. The coefficient of variation A measures
the epistemic uncertainty and represents
the error on the calculation of the mean
value.

c. For simplicity, it is assumed that there is
no bias on the calculation of the means.
The formulation may be extended to the
case where a systematic bias exists.

As mentioned above, epistemic uncertainty is
considered on E[Q, ] associated to imperfection on

262 INGENIERIA INVESTIGACION y TECNOlOGIiA

the calculation of the mean peak flowrate, repre-
sented by AQD .

In this work, the coefficient of variation AOP is
taken as 0.3 as obtained through a personal com-
munication (Cano, 2006) for typical peak flowrates
in Mexican dams.

Given that there is no bias on E[Q, ] and that
this mean value is assumed lognormal, due to the
epistemic uncertainty, E[Q, ] may be represented:

LN 05, (1,0.3)

From data gathered by CFE (Marengo, 2005),
the statistics for Q, and n were computed

Therefore, the aleatory variabilities on Q, and n
may be represented

LN, (9300,0.286)
LN,(0.0326,0.0326)

From the above, the failure probability or reli-
ability index become a random variable, and its cal-
culations acquire the form of a double Monte Carlo
simulation loop because, for each trial of the mean
value (epistemic uncertainty) of Q,, for example, an
additional simulation is required due to the aleatory
uncertainty on Q,.

As a result, a histogram may be drawn for either
the failure probability or the reliability index.

The same procedure may be applied to the
Manning coefficient n although this is not done in
the present work.

Calculation of annual failure probability
for a dam

From the limit state in equation (1), the failure
probability is given by:

P, = P[F < 0] (3)
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and the Cornell s reliability index is
B=-D"(P) 4)

The calculation procedure to build the annual
reliability index histogram may be outlined as follows:

1) Simulate nt mean values of the variable
with epistemic uncertainty, say E[Q,]

2) For a simulated value of E[Q,]/, a trial of
the random variables with aleatory uncer-
tainty is performed, in this case, Q, and n.

3) For each trial on the simulation 2), inner
loop, the limit state function F is assessed.

4) It is counted the number of times, nf,
when F<O0. The ratio nf/nt represents the
failure probability conditional to the simu-
lated value of E[Q,]. Also, the conditional
reliability index is obtained.

5) The outer simulation loop is performed
by repeating the process for all possible
mean values of Q, obtaining a series of
conditional reliability indices.

0.5

The reliability index histogram is built and the ap-
propriate percentiles are estimated.

Figure 2 shows the histogram of the dam reli-
ability index. The values marked with the red arrows
are the probabilities that the dam available reliabil-
ity value is larger than the target (demand) value
pointed by the arrow. It represents the confidence
level that the dam (available) reliability may satisfy
the specified target value. For the cases where the
target is located within the left tail, with a value
smaller than the mean, the confidence that the
available reliabilities shown under the histogram
will meet the target value becomes higher. In the
classical interpretation, the percentiles for the avai-
lable reliabilities (the values pointed by the arrows)
would be 1, 5, 10 and 25%. However, the proba-
bilities that the available reliabilities exceed the
specified target reliability are 99, 95, 90 and 75%,
res- pectively.

The interpretation of reliability indices and the
probabilities in figure 2 is as follows: the distribu-
tion of reliability indices mean the variations on the
reliability due to the epistemic uncertainty included
on the mean peak flowrate. The probability that the
dam reliability is over any specified target is the
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Figure 2. Histogram of reliability index for a dam including epistemic uncertainty on Qp
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area under the histogram from the target to the
end of the histogram.

See table 1 for the mean value and the proba-
bilities that the dam reliability satisfy the potential
targets marked with arrows in figure 2.

Table 1. Mean and percentiles of B for a dam in Mexico

p
Mean 2.93
75% 2.89
90% 2.87
95% 2.85
99% 2.84

Acceptable annual reliability for both
structures

For several costs of consequences, C,, (without un-
certainties involved), the acceptable annual reli-
ability level may be estimated for dams.

The well-known (Sthal, 1986) acceptable failure
probability is obtained from the standard minimi-
zation of the expected life-cycle cost:

EC,1=C, +(PVF)EIC, 1P, (5)
where

C, =C, —AC,In(P,) (6)
and

AC, is the cost to reduce the structure failure
probability on the order of “e” because of
the natural log scale chosen to represent
the initial cost. (In this work it is assumed
to be 23 million pesos for the dam and 10
million pesos for the breakwater), and
PVF is the present value factor:

PVF =[1—exp(—T)1/r (7)
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where

r is the net annual discount rate (0.08 in this
case), and T is the nominal operating life of the
structure (200 years for the dam and 1500 years
for the breakwater).

Therefore,

EIC,1=C, —AC,In(P;)+(PVF)EIC, 1P, (8)
By applying the minimization rule to (8):
OE[C,1/0P, =0 9

the acceptable (or target) annual failure probability
is obtained:

P, = AC, /[PVF(E[C, )] (10)

and, from (4), the acceptable or target annual reli-
ability index is calculated.

Figure 3 shows the acceptable reliability indices
for several costs of consequences and for the dam
and breakwater.

For the considered dam, if a C, of 400 million
pesos is considered, the target annual reliability is
2.88, whereas the actual mean value of the dams
reliability is 2.93, according to figure 2. These val-
ues show that there is a reasonable confidence
level that the dam satisfies the target value: i. e.,
there is a 90% confidence that the dam reliability
index is at least 2.87 while its mean value is 2.93.
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Figure 3. Target reliability index for several costs of consequences for the dam and breakwater

Therefore, a risk-adverse decision maker would see
that the actual mean reliability, 2.93, is slightly
over the acceptable or target value, 2.88. In addi-
tion, given that the target value 2.88 is located to
the left side of the actual mean, there is a confi-
dence greater than 50% that the dam fulfills the
acceptable reliability. Actually, the approximate
confidence level is 82%. However, if the target reli-
ability would have been 2.96, for example, the de-
signer would have only a 23% confidence level that
the reliability of the dam met the target value.

If a higher confidence level about the accept-
able value would be desired, the dam should be
designed for a higher curtain such that the whole
reliability histogram could shift to the right and then
it could produce a larger area to the right side of
the acceptable value.

For design of future dams, the acceptable reli-
ability curve may be used to specify the desired re-
liability level, in addition to a prescribed percentile
to be applied to the histogram that corresponds to
the reliability assessment appropriate to the spe-
cific type of dam.

The latter calculations may be further extended
to generate optimal design criteria for new dams.

Formulation of annual failure probability
for a breakwater

In order to calculate the AC; cost for breakwater, a
curve of initial cost is developed by assuming that
the limit state that governs its design is the stability
of the core rock elements that provide protection to
the breakwater body against sea waves.

The wave height, H, is considered a random
variable and it is assumed to be lognormal. The fol-
lowing statistical data are used, as estimated for
the Tampico’s breakwater in Mexico. Tampico’'s
breakwater, built in 1895, is a 1 mile length, 10 m
width structure with core protection elements
(tetrapods) at its sides. The purpose of this impor-
tant infrastructure facility is to provide protection to
the ships entering the Tampico “s port, by reducing
the wave 's energy.

See figure 4 for a typical cross section of the
breakwater.

By considering the statistics of wave height at
the site of the structure,

LN, (5,0.2)
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Also, epistemic uncertainty is included into the es-
timation of the mean wave height:

LNg4,(1,0.3)

By following a similar sequence as for the dam
reliability calculation, the initial cost curve is devel-
oped for several values of E[H]. In this case, AC, =
10 million pesos. See figure 5.

The limit state considered for the stability of the
core components of the breakwater is:

Core elements

F=W,-W
where
W, = actual design weight and,

from well-known recommendations (Hudson, 1959),
(Iribarren, 1931), (US Army, 1977):

W =y, H? /1K, (S, —1)° ctgd] (12)

2

e st

Figure 4. Cross section of breakwater
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Figure 5. |Initial cost of breakwater per m. of length
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where

vs = the volumetric weight of the core ele-
ment, in this case, 2.4 tn/m3,

K, = stability constant = 21.82,

0 = 45°

S, = specific weight of core element = 2.4,

W, = 32 ton.

Calculation of annual reliability for a
breakwater

The histogram of the breakwater annual reliability

follows the sequence described for dams. See fi-
gure 6 and table 2 for the results.

Table 2. Mean value and percentiles for the

breakwater
B
Mean 3.27
75% 3.19
90% 3.16
95% 3.14
99% 3.12
6

It is observed, from figure 3, that the breakwater’s
annual acceptable (target) reliability is, for a C, of
1000 million pesos, about 3.1, which is below the
actual mean value of the reliability, 3.27. In fact,
the confidence level that the available reliability will
meet the demand value of 3.1 is 99%. As in the
case of the dam, if the acceptable value would
have been 3.32, for example, the confidence level
that the breakwater would meet the acceptable
value would be only 31%. Also, it is observed that
as the target reliability value is lower, the confi-
dence level of the breakwater’s available reliability
gets higher.

Discussion

The histograms calculated for both the dam and
breakwater make transparent and objective the de-
gree of conservatism taken about the decision to
over design them and provides a mean to objec-
tively measure this degree.

Also, the effect of the amount of epistemic un-
certainty considered on the design process is sys-
tematically reflected on the variation range of the
reliability index.

5 n
4 9% 95%

Relative frequency
w

3.12 316 3.2 3.24 3.28 3.32 336 34 344 348 3.52 3.56
5

Figure 6. Histogram of annual reliability index for breakwater including epistemic uncertainty on H
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For the cases shown, it looks like the structures
were designed with a reasonable conservative mar-
gin, from the point of view of percentile values.
More specifically, the dam reliability shows a mod-
erate extra safety margin, whereas the breakwater
may be considered a very conservative or risk-
aversive design. Of course, as may be proposed for
the case of the dam, the reliability of any structure
may be raised throughout structural upgrading.

The formulation may be also used to assess the
economic effectiveness of research investment in-
tended to further reduce the epistemic uncertainty
and enhance the structural reliability of the facility.

Also, optimal design and maintenance criteria of
dams and breakwaters may be developed on the
basis of the relationships described. Damage crite-
ria, fragility curves and expected loss functions
need to be detailed in order to provide the neces-
sary elements for risk management on the design
stage.

Also, alternative repair or damage mitigation
schemes may be weighted, from the viewpoint of
cost-benefit analysis, to generate optimal strategies.

Conclusions and recommendations

The calculation of the distribution of the reliability
index allows room for conservative decisions of op-
erators or managers for the dams and breakwaters.
Risk-aversion may be objectively and systematically
included on the decision making process to select
a design safety level for dams and breakwaters.
The approach may contribute to manage the risk
according to the preferences and risk perception of
owner and operators.

For the analyzed cases, the mean reliability of
the structures exceeds the target value. The dam
design has a mean reliability index slightly over the
acceptable one (with a confidence level of about
82%) whereas the breakwater design has a very
conservative extra safety margin and may be con-
sidered a risk-aversive design (with a confidence
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level of 99%). If such status is desired for the dam,
the results may be used to upgrade the structure
and reach a desired confidence level for its reliabil-
ity index.

The procedure may be adapted, with the corre-
sponding extensions, to consider other probability
distributions for the random variables.

Further developments, with adequate estimates
of costs of consequences, may contribute to com-
plete the risk analysis on the dam and breakwater
and to support the risk management strategy es-
tablished by the owners and operators.

Similar formulations may be derived for optimal
inspection and maintenance schedules, especially
for older dams approaching the end of their nomi-
nal operating life and for which the owner desires
to extend this life.
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