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Summary

The concept of reliability of a water resources system is examined from the point of
view of hydrologic design, within a model-based system framework. Four levels of
design are distinguished and illustrated. Level I is the classical method of design by
exceedence probability; level II consists in design by Gaussian probability of failure (or
its complement, the reliability); level III is design by actual probability of failure; level
IV requires the minimization of a consequence or loss function, whose estimation may
require the decision maker to quantify social values. If this quantification is not feasible,
level III design by reliability is recommended.
Two examples illustrate the concepts. First the design of a bridge pier is presented
under both randomness of flood occurrence and parameter uncertainty, because of the
short record of extreme events. Second, the design of a foundation that is to withstand
corrosive ground water is described to demonstrate the interrelationship between the
design decision or action and the mode of failure.
1. Introduction
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This article is a follow-up of Article “Water Resources Systems Analysis”, where a
system framework was provided to evaluate risk and reliability-related criteria
(performance indices PI, figures of merit FM), among other usual measures of water
resources systems performance such as cost/benefit. In order to specify how the concept
of reliability enters into systems operation, the main approaches to water resources
system design will be briefly presented and then two examples will be given.
2. Levels of Water Resources System Design
2.1 The Four Levels of Design
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The estimation of reliability procedure can be formulated in terms of the general
systems approach presented in Article “Water Resources Systems Analysis”. Depending
on the performance index that has been selected, one can distinguish a number of
different design approaches. Four different performance indices are used, which define
different design levels, where the understanding is that the higher the level, the more
data are required for its application:
•
•
•
•

Level I uses the exceedence probability PE as performance index.
Level II uses probability of failure PF as performance index, but assumes all
probability densities to be Gaussian (or to be convertible to Gaussian distributions).
Level III uses the probability of failure PF as performance index, where all
probability distributions have their true shape.
Level IV uses the generalized risk RI as performance index, with special cases
included.

Plate and Duckstein have extended the design methods to the use of reliability RE as
performance index. This index RE relates the failure or exceedence probabilities to the
life expectancy of the structure and should include uncertainties.
2.2 The Classical Approach (Level I)

Level I constitutes the classical approach to water resources systems design and is based
on the exceedence probability, PE. Consider the example of flood levee design: in this
level I approach, the levee height is the height required to accommodate a design
discharge Z, which has a preassigned recurrence interval of T years, such as the
T = 100 year flood. To this height, a freeboard is added, which allows not only to
account for design uncertainties due to the flood itself, but also for changes in the levee
height caused by other than flood-related causes. Because this design requires only that
the exceedence probability of the flood stages of the extreme floods be known, it is the
design at the lowest design level, level I. The probability of failure in itself is not
flexible enough as a design criterion for the general case. According to the usual
definitions, it is based on a year as the time unit. Hydraulic structures or water resources
systems should be designed not for 1 year, but for their life expectancy: a probability of
failure of once in 10 years on average, has a different meaning for the safety of a dam
which has to last for 100 years, as for a coffer dam with a life of about 2 years. This fact
leads in a natural way to the concept of reliability as a design criterion.
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2.3 Reliability-based Procedure (Levels II and III)
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In the general system framework, the reliability RE is considered as a performance
index PI to evaluate the performance of a water resources system. In this section (levels
II and III), reliability is considered directly with a focus on the design and operation of
structures as the figure of merit (FM) for the design; it is the criterion which rates the
performance of the system, as well as the value of the performance. We shall not
consider more than one load, i.e., the generalized load vector L reduces to a onedimensional random variable. Similarly, only one resistance is considered, so that the
generalized resistance vector R also reduces to a one-dimensional random variable. The
reliability is calculated as the ratio of the average number nf of failures to the number n
of events that may cause failures. From Article “Water Resources Systems Analysis”,
the reliability FM is obtained as n = infinity, i.e., for the ensemble of system
experiments or simulation runs. Henceforth, RE is understood to be an FM unless noted
otherwise.
On the other hand, for a continuous load function L(t), the reliability must be expressed
as the probability of the first time that the structure, say a flood levee or a supply
reservoir, fails, i.e., the probability of reaching the condition L ≥ R over time. This time
has a distribution function Ft(t) where t is the time from the beginning of service of the
structure to first failure.
The reliability RE(T) of the structure at any time t is defined through the probability
density function f(t) = dF(t)/dt as:
RE(t) = 1 – f(t).

(1)

In reliability theory, it is useful to distinguish between f(t), which is a function that
varies with time, and B(t), the hazard function or hazard rate, also called the failure rate,
which is defined as the conditional probability density for the failure event to occur in
the time interval (t,t + Δt) if it did not occur before time t.

In the design of a flood levee (or another hydraulic structure) the so-called probability
of failure PF(t,Δt) is customarily used instead of the failure rate B(t). Here PF(t,Δt) is a
dimensionless quantity that is, the integral from t to t + Δt of the failure rate B(t) defined
in the time interval (t,t + Δt).
The dependency of PF(t,Δt) on t here expresses the fact that, in general, PF is nonstationary. The dependency on Δt results from the time scale chosen for defining PF.
For example, if Δt (as is customary in structural design) corresponds to one year, then
PF = 0.01 means that the failure event occurs once every [(1/PF)Δt] = 100 years on the
average, where [(l/PF)Δt] is called the recurrence interval.
One of the most serious shortcomings of the traditional hydraulic design involving
probabilistic components results from equating PF with the exceedence probability
PE(Xe) of a design load component L = Xe. Taking reliability as the design criterion,
the structure must then be designed so that the actual reliability RE based on the design
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life TD exceeds a reliability RED, which is given as part of the design information, or
from standards:
RE(TD) > RED

(2)
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In general, both load and resistance are random variables, whose probability can be
modified by changing design parameters. The set of all design parameters is combined
into a decision vector u, which is one of the inputs into the system model. For each
choice of design parameters one obtains a particular value of PF. Since the design
condition of Eq. (2) can be met for many sets of parameters, it is useful to impose a
second condition that optimizes some parameter. For example, one might seek a set of
parameters that leads to a minimum cost design. Furthermore, the set of parameters may
be subject to constraints u ≤ uc imposed by external or internal factors. With these
conditions in mind, we may formulate the design problem in a slightly different way to
read:
Find u* subject to u ≤ uc such that RE(TD) > RED

(3)

Eq. (3) embodies the concept of design by reliability.

The main improvement over previous design concepts based on PE lies in the fact that it
corresponds exactly to the failure that the design is supposed to avoid. Since it has been
shown that RE bears little relation to PF, design, according to Eq. (3), seems preferable
to a design based on PF.

Why is design by Eqs. (2) or (3) more realistic than using a design based on PF only?
The reliability is defined over the whole design horizon T, whereas PF(t,Δt) is only a
temporal quantity which may vary during the life of the structure.
The concept of calculating the probability of failure PF yields, in spite of the variability
of both load and resistance, a single value of PF for the set of experiments. If all the
assumptions leading to the calculation of PF were correct, then such a value could be
trusted. In actual cases, however, this true value cannot be found because of
uncertainties; consequently, PF and thus also RE are random variables, PF and RE,
whose probability density function (pdf) may not be known.

The uncertainty of PF is mainly caused by two effects: the uncertainty in the data and
the uncertainty of the models. The data uncertainty is due to measurement errors or to
the fact that there is usually insufficient time to collect enough data to get stable
estimates of parameters of input pdfs. For example, for the design of a flood levee, we
need long series of extreme values, or rainfall data, which are converted into runoff data
through conceptual models. The model uncertainty is caused by our not knowing, for
example, the true extreme value distribution for our situation or by the fact that we
approximate the essentially non-linear rainfall-runoff process by a linear model, such as
the unit hydrograph.
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The effect of uncertainty can be analyzed by different methods. Second moment
analysis has been extensively used. Bayesian analysis, which usually requires a loss
function as described in the next section, can also be applied. These methods serve to
estimate ranges and perhaps pdfs of PF, but the decision on what is acceptable cannot
be made by any such method. Ultimately, the final decision of an acceptable design
must come from the engineering judgment of an individual, or from past experience of
the profession as codified in standards and regulations.
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Because the analysis of uncertainty deals mostly with unknown probability distributions
on all variables, one finds that there exists certain arbitrariness in allocating the
uncertainty to load or resistance, or to hydrological or hydraulic models. This is
exemplified in the freeboard for the flood levee, which includes allowances for many
uncertainties. It is therefore suggested to proceed for the calculation of PF as follows:
all uncertainties which can be associated with non-hydraulic features (such as, for a
levee, settlement, permeability, propensity to erosion) are allocated to the resistance
uncertainty, whereas all phenomena which influence hydraulic phenomena (such as
roughness changes, waves and wind effects) are parts of the hydraulic uncertainty. In
effect, this definition separates resistance and load according to the types of experts:
again for a levee, the soil mechanics expert is responsible for the resistance and the
hydraulic engineer, for the loads.
-
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