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Abstract: To optimize the investment level in projects tlivaprove structural
safety, two approaches are commonly used. Whiletibiie Cost Optimization
(LCO) balances upfront investments against a réaluah uncertain future failure
costs, the Life Quality Index (LQI) balances momg&xpenditure against changes
in life expectancy. The LQI methodology is oftemsimlered as a boundary condi-
tion for LCO by requiring that the safety investrhdoes not result in a reduction
of the LQI (LQI net benefit criterion). However,rfeafety investments defined by
a continuous design parameter, the net benefermit is often a weak require-
ment and a maximization of the LQI should be pudsua this paper the LQI
maximum societal benefit criterion is introduced as relationship with the LCO
criterion is investigated. Results indicate that dosocietal decision maker the
LCO and LQI optimum design criteria are identicdlem the costs related to hu-
man losses are evaluated in accordance with theetd8bgVillingness to Pay con-
cept. Any other evaluation method necessarily tesnla suboptimal LQI and an
unnecessary loss of societal welfare.

1 Introduction

Contemporary society emphasizes the importanceafef and sustainable construction. A
common methodology is to minimize the total expeatests during the lifetime of the struc-
ture. This methodology is referred to as LifetimesCOptimization (LCO). An alternative
methodology is to assess the societal acceptabiiitecisions by considering their effect on
the life-expectance and the gross domestic prodgahrough the compound indicator of the
Life Quality Index (LQI).

Application of the LQI to structural safety has moluconsiderable support in the scientific
community. However, generally only the LQI net bieneriterion is considered, defining a
lower bound for the safety investment. Often tlasults in a very wide range of acceptable
designs, prompting many to believe that the solcaateeptability criterion of the LQI should
not be explicitly considered when assessing themyph level of structural safety.

However, the fundamental concepts underlying the tgQuire that the level of safety in-

vestment is determined for which the LQI is maxima. maximizing societal welfare. This

‘LQI maximum societal benefit criterion’ is derivddrther and a comparison is made with
the LCO evaluation and with the LQI net benefitanibn. The conceptual application exam-
ple at the end of the paper illustrates the diffec®ncepts and their interaction.



2 The present value of future costs and benefits

Engineering problems in the field of structuralesgfare associated with the stochastic incur-
rence of costs and benefits during the lifetiméhef structure. The incurrence of damages for
example relates to the uncertain exposure to extrevents, and to the probability of failure

given the extreme event. Furthermore, if the stmgcis systematically renewed or repaired
after failure, the renewed structure is again egdda® possible damaging events. This se-
guence of renewed exposures is referred to aseavetrprocess. A systematic derivation of

the fundamental equations underlying renewal pseEgsan be found in [7].

In summary, all the stochastically incurred costd henefits have to be discounted to their
present value by a continuous discount gatBescribing the occurrence of failure by a ho-
mogeneous Poisson process with renewalrgiigen by the annual probability of failuRe,
and considering the cosk incurred at thé™ renewal (i.e. failure) to be independent and
identically distributed with mean valye;, the expected present value of the damagelxast
given by (1). When the time horizdrax approaches infinity, eq. (1) reduces to the well-
known result (2) mentioned for example in [8].
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As indicated by (1) and (2) and considering thevagions further in this paper, a traditional
cost optimization or LQI evaluation based on expeatosts does not require knowledge of
the variability ofHi. Decision making based on expected costs is hawatienal and moral
only when considering situations where no poss$ybdf ruin exists, see for example the con-
current arguments made by Taleb in [9]. If catgdtio — or more general: unacceptable —
losses are possible, the necessary actions fomeliimg these possibilities should be identi-
fied first, before continuing for example to a coptimization based on expected losses.

In the remainder of this paper the time horizgg for the assessment will be considered as
infinite, based on the observation that for langééd time horizons the present value contribu-
tion of costs incurred dhaxis very small, diminishing the difference betweelarge but fi-
nite time horizon and an infinite time horizon. Gamlering for example a discount rate of 3%,
a costH; incurred 100 years in the future has a presentevaf only 0.08li. Furthermore, as
indicated in [1] the assumption of an infinite timerizon is especially reasonable when con-
sidering a portfolio of buildings from a regulatgrgrspective (societal decision maker).

3 Lifetime Cost Optimization (LCO)

Lifetime Cost Optimization (LCO) determines thedkwof safety investment in the design and
construction stage which minimizes the total castrdahe lifetime of the structure (maximiz-
es total utility), taking into account the uncemtéuture occurrence of damage due to exposure
to adverse events. The basic formulation for teiftne utility is given by (3), witlZ the total
utility, B the benefit derived from the structure’s exister@ehe initial construction cosD



the damage cost due to adverse events duringf¢hienie of the structure, artithe vector of
design parameters considered for optimizationl{Blihe remainder of this paper only a single
design paramete? will be considered for simplicity. As the goal thfe optimization is to
maximizeZ, the optimum design criterion is given by (4).
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The benefitB accrues over the lifetime of the structure. Whenstdering a pure safety in-
vestment, the benefit derived from the structuexstence relates to the avoidance of failure
costs. Consider for example a situation where anuanfailure probabilityPro exists in ab-
sence of any safety investments. The decision terassafety investment will then result in a
change of regime from a situation governed by #ierence failure probability to a situation
governed by the new annual failure probabiRt{d). Considering the avoidance of the refer-
ence state failure costs as a benefit derived ffmmstructure’s existence, the expected pre-
sent value evaluation & is given by (5) as an application of (2), with the expected direct
and indirect material losses associated with araievent an@r the expected costs associat-
ed with human losses. The right-hand equality inigbgiven by rewritinguv andur as a
product of the exposed populatidi) the annual GDP per capigegand failure cost indicators
éw and&r. The cost-indicatoréu and&r have the advantage of indicating the severityhef t
damages in respect to the monetary capacity aéxpesed population.
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The initial construction cost is realized at the start of the structure’s exisge The ratio of
C to the exposed populatidshand the GDR) defineséc (6). Naturally,éc is a function of.
The damage co® relates to the uncertain failure costs incurrethennew regime consider-
ing the residual failure probability«(6). Evaluating the expected repair cpstfor the struc-
ture as a ratio of the initial construction cost, the expectedspré value evaluation @ is
given by (7). Here is assumed independentéfor simplicity.

C(6) = Ngé&. (6) (6)
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The above equations allow elaboration of the LC@nogm design criterion (4) to (8), where
the 6-dependency afc andPr has been omitted in order not to overburden thationms.
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4 The LQI and its application to decision making

4.1 Introduction

The Life Quality Index (LQI) as introduced by Natimv et al. [4] provides a powerful com-
pound social indicator which can be applied to e&t the societal acceptability of decisions
related to Life Safety. As stated by Lind et al, fBe underlying goal of safety investments
and risk management should be to cost-effectivalyrove the overall societal welfare. Con-
sequently, key parameters incorporated in the Li®Ilthhe annual GDP per capigaand the
life expectancye. These parameters are considered together witlx@anentq defining the
trade-off between work and leisure to form the LiQex (9). Derivations of the LQI index
are given amongst others by [4], [6] and [8]. Nibiat slightly different definitions of the ex-
ponentq exist, with a recent definition given in [6]. Tleedifferences are, however, of little
importance for the discussions in the current paper

LQI =g’ (9)

4.2 TheLQI net benefit criterion

Investment in a safety measure will generally tesul change of the LQI, as given by (10).
Generally, the investment results in a reductigof the GDP, while on the other hand result-
ing in a small increasde of the life expectanceg. If both dg andde apply on a yearly basis
(10) can be evaluated directly (see [4] for exas)pl€he societal acceptability of the measure
is then defined by requiring that the change in ig)positive, resulting in (11) as the com-
mon formulation of the “LQI net benefit criterionWhendLQIl is zero, the safety measure
has no net benefit for society, but neither resaltsloss of societal welfare.
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In the field of structural safety the costs and dfés accrue stochastically over time, and
therefore the present value of (11) needs to bsidered. Denoting with PV(.) the present
value evaluation and considering bgtandg to be constant, results in (12).
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The present value evaluationdyg is equivalent to the per capita present valuédhefrhone-
tary costs and benefits accrued uptige This results in (13) (considering the evaluations
above in Section 3 and an infinite time horizgg, while dividing byN for a per capita eval-
uation and omitting the costs to human life whioh @valuated separately throudg).
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As discussed in [1], [4], [8], the relative changdife expectancy can be related to a change
in mortality dM, through the demographic const&iv, giving (14) with Nt the expected
number of casualties in case of a failure events Tésults in (15) for the present value of
dele.
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Requiring that the present value difQl is positive, the LQI net benefit criterion for eaf
investments, where costs and benefits stochastiaadirue in the future, is given by (16).
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4.3 TheLQI maximum societal benefit criterion

As applied in [4], the LQI net benefit criterionasrational tool for evaluating the acceptabil-
ity of binary safety decisions (e.g. “is the propdsseat cushion flammability regulation’
beneficial for society?” see [4]). The LQI net b&neriterion has, however, also found gen-
eral acceptance in the literature on structurattgafWhen considering a single continuous
safety parameted, the LQI net benefit criterion is used to definlewer boundfmin (See e.g.
[1] and [8]), leaving the field open for an LCO &ation foré > Omin.

The underlying goal of the LQI application is, haw@g to maximize societal welfare, in
agreement with the fundamental principle statedLiog et al. [3] that safety investments
should improve overall societal welfare. Therefavben determining the appropriate level of
investment in a safety parametethe present value oflLQl / LQI as given in (12) should be
maximized. This consideration results in the gdrie@l maximum societal benefit criterion’
of (17), resulting in (18) when taking into acco¢h8) and (15).
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Elaborating (18) gives (19), which has been arrdrigdollow the same structure as the LCO
criterion of (8).
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5 Comparison between LCO and LQI optimum solutions

Comparing the LCO and LQI optimum design criterfa(® and (19), similarities are ob-
served. The parameters applied in both equations hwwvever, have different values, de-
pending on the viewpoint of the decision maker. Example, the parametéy associated
with direct and indirect material losses will gealbr be evaluated differently by different
private stakeholders, and will have yet anotheu@dtom a societal viewpoint. Considering
the background of the LQI as an indicator for s@atieelfare, the LQI is necessarily evaluat-
ed from a societal perspective. More precisely Li¢ should be evaluated from the perspec-
tive of the group of persons bearing the costsraaging the benefits of the safety measure
(note that this does not imply that every persaaribg the costs also has to be a beneficiary).

Often the investment in structural safety is fullgtermined by a societal decision maker. On
the one hand the performance specifications fgelaafety projects (e.g. surge barriers) will
generally be set by a governmental decision, whiilethe other hand the safety levels ob-
tained in common structures are (in general) ddfitneough the applicable codes, standards
and regulatory requirements. In current practiqaigate evaluation of the optimum safety
level is conceivable only for exceptional situaio@onsequently, the societal decision maker
Is the most relevant point of view both for the L@@d the LQI assessment. For the societal
decision maker, the evaluation of the parameferéwm, r, andy are the same in both (8) and
(19). Comparing (8) and (19) for a societal decisiaker, the LCO and LQI optimum design
criteria are identical if Equation (20) holds fataduating the human consequences.
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Multiplying (20) with Ng gives (21), an evaluation of the expected cpstassociated with
losses of human lives and limbs in case of a faikuent. Considering failure events to occur
with renewal rate,, the present value evaluation of (21) is given(28), in accordance with
Section 2 above. The approximations on the rigindhaf (22) are introduced through (14).
Multiplying all members of the equation withand acknowledging thatr.A is monetarily
equal toN times an expected annual lakgsof GDP per capita, results in (23). The right hand
equality in (23) is identical to the Societal Whlliness to Pay (SWTP) as derived by Pandey
and Nathwani [5], proving that the LCO and LQI optim design solutions of (8) and (19)
are identical for a societal decision maker whendbstgur (i.e. &r) associated with losses to
human life and limb are evaluated in accordanch thié SWTP principle.
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The above indicates a perfect compatibility of &0 and LQI optimum design solutions
when evaluating loss to human life and limb in adaace with the SWTP. Other LQI-based
methods for evaluating losses to human life and laxist (see the literature study in [1]), but
these different evaluations will necessarily result suboptimal LQI.

Note that the conclusions above are valid only wimmestment costsé€), repair costsry,
material damagesiy) and discount rateg)(are the same in both the LCO and LQI evalua-
tion. As mentioned earlier, this will generally no¢ the case for a private decision maker.
Currently, the compatibility of a private LCO withe LQI is considered to result from apply-
ing the LQI net benefit criterion as a boundaryditan. This is however not recommenda-
ble, as discussed further. To discern a possiblefaravard, consider that amongst others the
variability of costs and the uncertainty with resip® the discount rate imply that the future
LQI realization is stochastic. Consequently, decissupport methods as in [10] can be ap-
plied to determine an acceptable range for thesawtiparametef based, for example, on a
maximum acceptable deviation between the optimunh &G the LQI resulting from the
private decision. Within this acceptable rangeyaie LCO evaluations can be considered
acceptable. This is not further elaborated here.

6 Discussion on the application of the LQI net benefit criterion

Recent literature applying the LQI in the fieldstfuctural safety considers the LQI net bene-
fit criterion of Equation (16) as defining a loweound for the safety investment, see e.g. [1]
and [8]. Furthermore, the LQI net benefit criterieroften applied neglecting the benefit term
(i.e. the reduction in material damages). Occadiprven the present value evaluation is
omitted. A number of objections can be raised t® application:

* When considering investments in a continuous sgfatgmeter the LQI net benefit
criterion may result in a very wide range of acebpg designs, i.e. accepting design
options far from the societal optimum, resultingigrmecessary loss of life.

* When costs are stochastically incurred over thaetifife of the structure, the present
value of the future material losses and (redudmymisk to human life and limb have
to be considered. Neglecting the present valueuatiah will result in a distortion of
the LQI cost-benefit evaluation.

* The LQI net benefit criterion of (16) is dependentthe reference failure probability
Pro. The acceptability of a final safety design acawydto the net benefit criterion
may therefore depend on any intermediate safesldesbtained. See Section 7.3 for
an application of this path-dependency.

* Neglecting the reduction of material damages wheatuating the LQI net benefit cri-
terion results in a weakening of the criterion.(aecepting lower levels of safety in-
vestment). Consider for example a situation whereegpensive safety investment
monetarily ‘pays for itself’ by reducing the presemlue of future material losses. In
this situation every associated risk reduction wébpect to human life and limb ef-
fectively comes at zero cost, and therefore thistgdanvestment should be imple-
mented in accordance with the LQI principle, eviethe ‘crude’ investment per life
year saved is very high.



7 Example application

7.1 Problem statement

The example application presented here is an atlaptaf the flood protection problem in
[8]. A town has an annual probability of floodifgo of 0.1 due to the bad shape of the exist-
ing dams. New dams will be constructed and thenapth dam height should be determined.
Values of relevant parameters are given in Tabkot the newly constructed dam, the annual
probability of floodingPs will be governed by the dam height through (24)e Tlnstruction
cost is a function of the dam height through (25).

Table 1: Parameters governing the flood protectiooblem

Parameter Symbol  Value Dim.
Dam height h TBD m
Overtopping parameter b 3 m
Dam cost per f c 150  USD/nd
Dam length L 10000 m
Relative repair cost dam after overtopping r 0.2 -
GDP per capita g 25000 USD
Work-leisure trade-off factor q 0.143 -
Discount rate y 0.05 1/year
Population distribution constant Crm 19.2 -
Expected number of casualties in case of a flood Nt 50 persons
Total population town N 200000 persons

Expected direct and indirect material losses ddttming M 5.10 UsD

_ o (DY
P, —exp( (bj J (24)
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7.2 LCO andLQI evaluation

The total utilityZ.co is evaluated in function of the dam height in adeoce with (3) and the
derivations in Section 3. Results are visualizeBigure 1 for differentr. The optimum dam
heightshLco according to the LCO optimum design criterion &f &re indicated for eacfk.
Furthermore, Figure 1 visualizes the present vauguation ofdLQI / LQI according to (12)
and the derivations in Section 4.2. The minimununegl dam heighbmin according to the
LQI net benefit criterion of (16) is indicated inet graph, as well as the optimum dam height
hLqi according to the LQI maximum societal benefitaran. As visualized in Figure 1, the
optimum heightdi.co andh.qr match whenés = 0.0336, i.e. whedr is determined through
(20). As in [8], the LQI net benefit criterion iednd to impose only a very limited restriction
on h (discussion further in Section 7.3). For complets note that the LQI net benefit crite-
rion of (16) is positive only in the range {4.01@¥.04m}. In casu only the lower bouhglin

is of importance as the upper bound is considewside the range of reasonable valueshfor
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Figure 1: Total utility Zco and LCO optimum design.dd) in function ofé:. Present value evaluation of dLQI /
LQI and LQI optimum design (&)

7.3 Discussion on the LQI net benefit criterion

In this Section’r is considered in accordance with (20), resultmb.to = hig and the total
utility Z.co being (up to a constant factor) equalPid(dLQI / LQI). Consequently, the LQI
net benefit criterion is identical to the requiremh& co> 0. Results are visualized in Figure 2
considering differenPso. For largePso the net benefit criterion results in a low valoe Hmin,

far from the optimum valub.g:. It can be argued that this weak requirement tscompati-
ble with the philosophy underlying the LQI. For dhf& o however the upper bourghax for
the net benefit criterion comes into play as wed. Pro = 0.02). And for even smalld?o
(i.e. Pro = 0.01) the net benefit criterion indicates thatatceptable dam height exists as all
investments result id.co < 0. Note however that in the simplified exampie,deterioration

or damage of the existing dams has been considieeethe decision to build a new dam was
a priori assumed as a given). Therefore, the résulP;o = 0.01 should be considered as a
theoretical and illustrative result only. Applicati of the LQI maximum societal benefit crite-
rion is, on the other hand, independenPgf In conclusion, it is suggested that the LQI max-
iImum societal benefit criterion is more relevant goiding investment in a safety parameter,
while the net benefit criterion is most benefidmlsupport binary decision making. Referring
to the result folPrp = 0.01 in Figure 2, the binary evaluation indisatkat currently no in-
vestments should be made (for the simplified malésicribed above). When the decision to
build a new dam is a given, the LQI maximum sotieémefit criterion guides the decision.

8 Conclusions

Application of the LQI net benefit criterion in tHeeld of structural safety may result in a
weak requirement serving as a boundary conditiorL@O with respect to a continuous de-
sign parameter. In agreement with the philosophgnakimizing societal welfare, which un-
derlies the LQI, an LQI maximum societal benefitteston is presented. For a societal
decision maker the resultant LQI optimum safetyestinent is identical to the optimum safe-
ty investment obtained through LCO if the costasged with human losses are evaluated



according to the Societal Willingness to Pay cohc@pher methodologies necessarily result
in a suboptimal present value for the LQI changailteng from the safety investment. Further
developments are required for integrating the sakleQl evaluation with private LCO. The
current concept of applying the LQI net benefiterion as a lower bound for the private LCO
may be too weak a requirement.
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Figure 2: Total utility Zco for & = 0.0336 for different R. Minimum dam heightn (LQI net benefit criterion)
and hnin, optimum dam heightbo = hior (LQI maximum societal benefit criterion).
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