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Some Thoughts on Optimization in Civil Engineering
Réflexions sur |'optimisation aans le génie civil

Einige Gedanken zur Optimierung im Bauingenieurwesen

G. AUGUSTI F. CASCIATI
Prof. Ing. Dr. Ing

Universita di Firenze Universita di Pavia
Florence, Italy Pavia, ltaly
SUMMARY

The present contribution emphasizes the doubts and open questions that trouble anybody who investi-
gates the optimization of structures under random uncertainties. The technical aspects of such a pro-
blem are often secondary in comparison with the weight of social and economic parameters, whose de-
finition is analysed.

RESUME

On présente les doutes et les aspects troublants pour celui qui étudie |'optimisation des structures défi-
nies par des parameétres aléatoires. Les aspects techniques du probléme sont souvent secondaires par
rapport aux aspects économiques et sociaux, dont on analyse la définition.

ZUSAMMENFASSUNG

In dieser Abhandlung werden die Zweifel und offenen Fragen behandelt, mit welchen alle diejenigen
konfrontiert werden, die sich mit der Optimierung von Tragwerken bei zufalligen Parametern befassen.
Die technischen Gesichtspunkte des Problems sind oft zweitrangig, verglichen mit der Bedeutung so-
zialer und wirtschaftlicher Parameter, deren Definition untersucht wird.
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1. INTRODUCTION

The determination of safety and reliability from a "probabilistic" viewpoint is
becoming more and more widely recognized as a rational basis for design of struc
tures and, more generally, of "constructions". Before it can be generally used
in actual design, however, it is necessary not only to collect more statistical
data and to develop better analytical and numerical procedures, but also to e-
stablish unambiguously a few basic principles and methodologies. The discussion
and the exchange of opinions between experts of different backgrounds,which will
take place at the 11th IABSE Congress on Theme X (Safety Concepts), will certain
ly be a great occasion in this respect. Therefore, the main aim of this contri-
bution is not to present answers, but rather to formulate doubts and open que-
stions as part of a hopefully stimulating discussion.

2. PROBABILITY OF FAILURE

The first point to be underlined is that, at the very high levels of reliability
required in civil engineering, the calculated "probabilities of failure" have no
objective, statistical meaning but are rather reference values: as such, they
are very important because they allow, when calculated and used in a consistent
(and honest) way, quantitative comparisons between alternative designs, thence
the "optimization" of the design with respect to some rational "objective func-
tion". If this point is not understood from both perspectives, probabilistic me
thods can become very misleading in civil engineering, or conversely remain at
the level of generic, qualitative (and sometimes trivial) statements.

3. EXPECTED UTILITY

In optimization of structures under random uncertainties, the objective function
is usually identified with the expected utility, defined as the expected benefit
B, minus the cost of construction and normal maintenance HI, minus the expected
loss L:

U=B - HI - L (1)

In turn, the expected loss L is usually given the form

L =H P, (2)
where H_ and P_ are respectively the cost and the probability of failure. Howe-
ver, one should not overlook the fact that in most actual cases failure is not a
"yes-or-no" event, but rather a "progressive" one, which happens through several
"degrees of damage" corresponding to different "limit states" (e.g. minor crac-
king, unserviceability, major structural damage, catastrophic collapse, ...):
sometimes, a type of damage can only occur after another one (e.g. plastic col-
lapse is usually preceded by unacceptable deformations), in which cases one
speaks of "limit states in cascade"; other types of damage are completely inde-
pendent on each other |1]| |2].

Each degree of damage implies a different cost: all corresponding "expected
costs" (in general, cost of each damage Hf. times probability of that damage P_.;
. . i - . fi
but only the difference of the respective P_.'s must be taken into account in
the case of "limit states in cascade") shoufé be summed up to form the expected
loss. This is in principle possible, as it has been demonstrated by the wri-
ters: in particular the guidelines for selecting the structural design that ma-
ximizes expected utility taking account of three limit-states have been illustra
ted, with reference to a simple example, in Ref. |1|, where a single design pa-



4 G. AUGUSTI — F. CASCIATI 967

rameter was considered and the "optimal" point was chosen by direct comparison

of possible designs. Later, this approach has been extended to more design para

meters by means of a suitable procedure |2|, based on the introduction of appro
ximating analytical relations that allow the use of a library optimization algo
rithm. However much more research is needed to obtain results that can be used
in actual design practice:

- quantitative data of sufficient generality on costs of failures are lacking;

- the numerical procedures, still very cumbersome, have not been applied to "con
crete" examples;

- further difficulties in the formulation of the "expected loss" can be envisa-
ged if the "damage", rather than increasing in finite steps, is to be conside
red as a continuous (but certainly non-linear) function;

- the cost of maintenance should alsc be given a "probabilistic" format;

- etc. etc..

4. CHOICE OF THE UTILITY FUNCTION

Besides improvements in its definition and calculation, the very choice of the
"expected utility" as the objective function in structural optimization can be
questioned on several grounds. First, each interested party (owner, contractor,
prospective tenant, the society at large) may have a different view of what is
the "benefit" to be expected or hoped from a construction, and evaluate diffe-
rently the costs and the losses. Also, each party has a maximum amount of damage
(monetary or other) whose risk is willing or capable of affording: therefore a
"minimax" design rule should be in some way integrated into the "maximum utili-
ty" concept |3|.

Perhaps, the objective function should not be the "expected utility", but some
sort of "characteristic utility" corresponding to a predetermined probability of
being attained ... Furthermore the interests of all parties should be taken into
account, with appropriate weights. All these questions certainly go well beyond
the usual playing grounds of structural engineers, but we must contribute to
their answers.

5. DEPENDENCE ON ECONOMICS

In decision theory the utility approach is regarded as an axiomatic method. One
states a set of axioms on the effects of his "strategies" and on the behaviour
of the environment, so that some decisional rules can be derived |3|. However
the above utility approach to the structural optimization problem contains im-
plicitly a dependence of the technical problem on the economical trends at the
time of design. So the maximum utility design depends on the present interest
rate and on the present ratios between the monetary values of the different ele-
ments (material, labour, personal property involved by a failure, ...) that de-
fine the problem. Some case-studies |1||2| showed that thus different optimal
designs are obtained, that generally correspond to different safety degrees.

With reference to the steel portal frame of Fig. 1, some of the results obtained
in Ref. |2| are plotted in Figs. 2 and 3. They were determined under the assump
tions that the mechanical and geometrical properties of the frame are determini
stic, while both lcocads are random variables distributed according to an extreme
law of type II (maxima). In Fig. 2 the expected utility U is plotted versus the
probability of failure rate P, per year, fatlure being defined by either the
buckling of the right-hand pin-ended column or the development of two plastic
hinges, involving a collapse mechanism. The economical loss when total failure
occurs is denoted by H_. An excessive permanent deformation limit state was also
considered in the calculations: the loss associated with its occurrence is deno-
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ted by H_. The curves shown represent the envelopes of the curves (P_,,U) obtai-
ned durlng the performance of the last step of the numerical optimization proce
dure proposed in Ref. |2| It is worth noting that each of these curves was ob-
tained allowing the value of the design parameters s, Sy (see Fig. 1) to
vary within a cube (in the s,, s,, s, space) of 51de 1 2% cm. This cube was the
smaller neighbourhood of the maxImum utility point considered by the optimiza-
tion algorithm that consists in gradually reducing the cube side from 20 cm to
1.25 cm, to restrict the optimal design point.

Comparison of the curves obtained for different values of the interest rate y
illustrates clearly the dependence of the maximum utility design on the economi-
cal trends at the time of design. For instance, if y is assumed equal to 15%
instead of 5%, for both the considered cases H_ = 3 and H_= 15 the initial steel
weight of the structure decreases by about 10%, the maximum expected utility in
creases by 0.5%, but the probability of failure per year increases from 3x10~

to 3x10-6 approximately. This result was obtained under the assumptlon that in
both cases, a successful structure yields the same total benefit B® ;however, if
the same yearly benefit is assumed, the only consequence is a higher total bene-
fit for the structure characterized by a lower interest rate, and Ref. |1] poin-
ted out a very little dependence of the optimal design on the variable B°

If the optimum design is regarded as the most suitable distribution of the avai-
lable resources capable of providing safety to the analysed structure, the di-
scussed utility approach must be completed by a constraint on the failure pro-
bability relevant to the maximum utility design. Without this constraint, in
fact, the solution of structural optimization might be an economical optimum

that defines a design unsatisfactory (unsafe) from a social requirement viewpoint.

6. SENSITIVITY TO PERTURBATIONS

It may be of interest to indicate a possible handicap, sofar not examined to the
writers' knowledge, of structures designed to the "maximum expected utility" ru-
le. It is known in deterministic structural theory that an apparent "optimal"

design can be very sensitive to structural "imperfections" or other forms of

"perturbations" Perhaps, a "probabilistically optimal" design might result
very sensitive to human gross errors, and other abnormal events, usually neglec
ted in the calculations. -

This possibility is evident also from Figs. 2 and 3. In the design parameter
space, some of the different descent paths from the optimal design point (in a
neighbourhood such as the analysed cube of side 1.25 cm) involve very little de
creases of the expected utility. But, in the same neighbourhood, there are al-
so some other descent ways that lead to very small (sometimes negative) values
of the objective function. In other words, the structural problem is very sensi
tive to some sort of perturbation, and a high risk is associated with the opti-
mal design. To avoid this danger, one can search the maximum expected utility
point in the design parameter space in order to define the region of the sati-
sfactory designs, but, once the optimum is determined, the stability of the so-
lution must be investigated and, if necessary, improved.

7. TAKING ACCOUNT OF INTANGIBLES

Some of the contradictiors between "expected utility" and "maximum acceptable da-
mage" can be removed if itisunderstood that some damages cannot be assigned a
"price" in monetary terms: human life is the foremost example, as it indeed
should be obvious. On the contrary, many researchers have tried to include it in
the formation of an objective function, obtaining absurd results,as underlined
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FIGURE 1 (from Ref. |2|) - Example design problem (lengths is meters).Economical para
meters: total benefit in case of full success B°=3000; loss for total failure
H_=750 or 1500; loss of excessive deformation H,=3 or 15; interest rate Y=5%

o¥ 15%.Monetary unit: 1 kg of steel for B’ ::mci5l U; 1t of steel for Hf and Hy.
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FIGURE 4 (from Ref. |8|) - Expected utility U vs. prob. of failure rate P | per
year; the curves are obtained by following the slowest descent path.
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by Grandori |5| and Rosenblueth |6| among others. This occurs also when a "pri-
ce" of human life is simply thought as an additive term implicitly included in
the losses, as in the maximum utility approach of Refs.|1||2|. This point can be
illustrated with reference to Fig. 3, which shows, together with the curves

@D and @ , also the analogous curves corresponding to half the loss Hf associa
ted with structural failure (H_ = 750 instead cfH_ = 1500); however, in this way
a very little modification of Ehe maximum utility design and of the associated
probability of failure per year is obtained. In other words, the maximum utility
design is not sensitive to human life loss, when this is accounted by a conven-
tional price, unless such high prices are associated with it that the economical
aspects of the problem are certainly misrepresented.

A more rational way of formulating the maximum utility design problem avoiding
the contradictions emphasized in this Section and in the previous one, is perhaps
the one recently suggested in |7|, on which further investigation is in progress
|8|. In this approach, one finds first the "economically optimal" design, i.e.
the design with the largest expected utility; in this calculation only purely
monetary costs must be considered, including those connected with "intangible"
quantities. Then, it must be checked that the design so obtained has an accepta
bly low "probability of failure" (and consequently, the absolute value of the
latter loses statistical significance, as already discussed); if so, the design
can be varied, in the sense of increasing its "reliability" (i.e. diminishing
the risk to human life) while decreasing its expected utility. On the basis of
the comparison between the relevant marginal values, considerations of different
nature from strict economics will lead to decide how much one is willing to
"spend" in terms of utility to save human lives.

Examples of the results that are being obtained in Ref. ]8| are shown in Fig. 4,
where the expected utility of the structure of Fig. 1 is plotted versus the "pro
bability of failure" (per year): these curves have been obtained by varying the
design parameters in such a way that the loss of utility for the same increase
in reliability is minimized (slowest descent path). Inspection of Fig. 4 shows
that, for instance, for H_. = 750 and ¥ = 15%, a 10% decrease of the expected u-
tility (from 2600 to 2350 approximately) corresponds to a 100-fold decrease of
the "probability of failure" rate (from 0.5x10-5 to 0.3x107, approximately),
and a 20% decrease of utility (to 2100 approximately), to a 1000-fold decrease
of probability of failure (to 0.3x10-8 approximately). Note also that, while the
optimum design is sensitive to the value of H_, the curves for different Hf's
become very close to each other along the descent.
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