The total loss in a building

exposed to earthquake
hazard

Part I: the model
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SUMMARY — In this paper, a probabilistic model for assessment
of the losses of a single building exposed to strong earthquake
ground motion is presented. The model is general and can be
applied to other systems exposed to natural hazards, such as
fire, tsunami, wind etc. The losses include structural and non-
structural damage, damage to equipment, loss of function, and
other indirect losses that can be translated into monetary costs.

In the model, the building is considered as a system consi-
sting of subsystems which, themselves, consist of elements at
risk. The elements at risk are those that suffer physical dama-
ge and contribute to the monetary loss of the subsystem to
which they belong. The total loss of the system is represented as
a sum of the losses of the subsystems. The subsystems can be
different floors of a building, or functional units such as tele-
phone lines, electrical lines, or air conditioning and heating
systems. The losses are treated as random variables, and are
described by their probability distribution functions. So far,
empirical probability distribution functions are not available for
such a detailed analysis. Therefore, analytical physically admis-
sible probability distribution functions are suggested to be used
on an interim basis. In the subsequent paper, these functions
have been used in an application of the method to a hypotheti-
cal building.

The presently used procedures and computer programs esti-
mate only generic losses of buildings belonging to one of pre-
viously defined classes. The presented method, interfaced with
an appropriate database, will be able to estimate the losses of a
particular building. Therefore, it can be used by large private or
public organizations as a decision making tool in developing
their own standards for the optimum design strength of new
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buildings (bevond the minimum requirements specified by the
building codes). and for the optimum investment in strengthening
of existing buildings, that would reduce possible losses from fu-
ture earthquakes.
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Introduction
MOoOTIVATION FOR THE WORK PRESENTED IN THIS PAPER

The purpose of this paper is to present the first pha-
se of our investigations, for assessment of the total fi-
nancial loss to a Large Private or Public Organization
(LPO, for example, a university campus, a major hospi-
tal complex, a manufacturing facility, a freeway system
including bridges and tunnels, aqueducts, communica-
tion systems, etc.) caused by earthquakes. The work is
motivated by the need of LPO administrations for a
tool that could provide a rational basis, and that could
assist in decision making and in long range planning
for mitigation of the financial losses that could be cau-
sed by future earthquakes. To be specific, our hypothe-
tical LPO is located in a seismically active region (Los
Angeles, California) and strong carthquakes are a se-
rious threat.

The state of California, and particularly the City of
Los Angeles, have strict code requirements for design
of new buildings. The City of Los Angeles building
code also requires strengthening of old, unreinforced or
inadequately reinforced masonry buildings. However,
the required structural strength is only to the level of
preventing total collapse and eliminating hazard to
human life. It is up to the building owner to decide
whether to invest in higher strength than the minimal
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values specified in the building code, that would save
human life only. To comply with the code requiremen-
ts, we will assume that many unreinforced buildings
have been already demolished by the LPO, and those
of historical importance have been strengthened or are
in the process of strengthening. Therefore, the threat to
human life has been reduced. At this stage, of primary
concern are the possible financial losses caused by
structural and nonstructural damage during possible
future earthquakes, loss of equipment, and, more im-
portant, the long and short term indirect losses caused
by loss of working space and interruption of work. The
interruption of the work will seriously imbalance the
LPO budget, and fatalities will have serious and, may-
be, irreparable long term consequences. Continuity in
the operation in various clinics, for example of the
LPO’s hospitals, are vital not only for the LPO’s finan-
ces, but also for the proper functioning of the whole
metropolitan area. In modern technologically developed
societies, the indirect losses may often exceed, by seve-

ral times, the direct losses (Tiedemann 1984a, b, 1987,
1989). In spite of this fact, the indirect losses are often
not considered in the prediction of the losses, probably
because of the lack of empirical postearthquake data.

An example of how large and serious the consequen-
ces of a moderate earthquake may be for an LPO is the
experience of a private university during the 1989,
Loma Prieta, California, earthquake. This earthquake,
with magnitude 7.1 and with epicenter at about 50 km
from the university, produced extensive damage, and
24 of 240 major buildings had to be closed. While no
deaths or serious injures occurred, the damage was esti-
mated at 160 million dollars.

A way to reduce the high financial stress immedia-
tely following a destructive earthquake, is to acquire
earthquake insurance, which is equivalent to distribu-
ting the future losses over a longer period of time.
However, the earthquake insurance in California appe-
ars to be very expensive. For an LPO, the earthquake
insurance might be of the order of several million dol-
lars per year. In the long run, it may be financially
better either to create an emergency fund (self-insuran-
ce), or to invest in better performance of the buildings
during future earthquakes.

The funds that the LPO may spend for new con-
struction and for rehabilitation of existing buildings that
do not meet the code requirements can be extensive.
The total cost of new buildings could be of the order of
$ 50 million/year, for example. The construction of the
building structures (typically 0.20 to 0.40 of the total
cost) is usually only a small fraction of the total finan-
cial losses, that may result from ecarthquake shaking.
The indirect losses, caused mainly by interruption of
work and by loss of working space, can exceed many
times the replacement value of the whole building. In
spite of this, so far, the indirect losses have not recei-
ved adequate attention, and have not been considered
as a significant factor in decisions on the standards for
new construction. Results of previous studies have
shown that, by a small additional investment, to incre-
ase the strength beyond the code level, the future los-
ses can be reduced significantly.
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The LPO should also consider developing its own
standards for new construction, and for strengthening of
existing buildings. The questions that need to be an-
swered are what these standards should be like, and
what the optimum sum for the self-insurance fund
would be. This constitutes a difficult n-dimensional
optimization problem. A decision making tool is nee-
ded, a system consisting of a methodology and a data-
base that could assess the losses for individual buildin-
gs with accuracy beyond the current engineering prac-
tice.

In Part I of this paper a methodology is presented
for assessment of the losses of individual buildings, and
possible applications are suggested. The method is ge-
neral and can be applied for various natural and man-
made hazards. In Part II, some admissible probability
distribution functions for the losses are suggested and
discussed, and, to illustrate the method, it is applied to
a hypothetical building, exposed to a given ground
motion at the base.

OptiMuM DEsiGN Loabs For BUILDINGS

The code provisions for earthquake safer structures
have evolved several times since the 1930’s (Leslie and
Biggs 1972). The most recent provisions are described
in the 1988 Uniform Building Code. The survey of
damage after the San Fernando, 1971, California, ear-
thquake showed that those buildings that have been
built following the most recent provisions have suffered
less damage than the buildings built prior to 1930’s
when there were no such provisions (Whitman et al.
1973). Guidelines have been established for seismic
evaluation of existing buildings (ATC, 1987), and pro-
visions have been defined for strengthening of existing
buildings that do not meet the code requirements (Sa-
bol et al. 1988a, b). However, the code requires stren-
gthening only to the nominal level which improves the
safety of human life. Considering the high cost of labor
and the cost of interruption of work during the time of
the construction (Sabol et al. 1988a, b), the code requi-
red level of strengthening is probably not the optimum
one in the long range. Once the rehabilitation process
of a building is started, with a slight increase of the
investment, the financial losses from future earthquakes
may be significantly reduced. The question, then, arises
what is the optimum level of strengthening from the
financial point of view, and what is the optimum desi-
gn level for new buildings (Whitman et al. 1974, Fer-
rito 1984). Also, building owners and administrators
have to decide on the priority in the order and in the
distribution of the available funds for strengthening of
a group of buildings, to minimize possible future losses
from earthquakes. One of the key motivations for the
work presented in this paper has been to develop a
method, based on a detailed analysis, that could help
guide such decisions and answer the related questions.



DEsIGN SPECTRA FOR VARIOUS BUILDING CODES AND SITE
SPECIFIC SPECTRA FOR AN LPO

So far, the standards for new construction and for
rehabilitation of older buildings are determined by the
requirements of the building code. The code provides
for the minimum requirements, that take into conside-
ration mainly the life safety. These code requirements
change with time, and, in many instances, may not be
even adequate for the expected ground motion at the
building site. To illustrate this, Fig. 1 compares the
amplitudes of the design acceleration spectra (in units
of G = 9.81 m/sec?, and plotted versus the first natural
period of building vibration in seconds) for the Uni-
form Building Code (UBC) of 1979, with spectra of
representative (recorded) strong earthquake ground
motions, and with the Uniform Risk Spectra (URS)
computed for the site of the LPO, assumed to be just
south of downtown Los Angeles. The URS represent
weighted and balanced contributions to shaking for all
possible earthquake sources surrounding the LPO site
and for the assumed exposure during the next 50 years
(LLee and Trifunac 1987, Trifunac 1990). The URS
spectral amplitudes are shown for the probabilities of
exceedance equal to 0.1, 0.5 and 0.9. It is seen that the
amplitudes of future shaking can be 10 times larger
than the amplitudes for which the buildings are typical-
ly designed (UBC).

VULNERABILITY OF EXISTING BUILDINGS

There are, typically, three approaches to estimate the
damage of existing buildings caused by earthquakes: 1)
using theoretical analysis, 2) using analyses of empiri-
cal data, and 3) using judgment of experts. The theore-
tical approach consists of estimating the structural re-
sponse to the prescribed ground motion first, and, then,
correlating it with the damage of the individual elemen-
ts (Blejwas and Bresler 1979, McCabe and Hall 1987).
The second method consists of developing vulnerability
matrices or indices for selected types of buildings using
actual earthquake damage data (Whitman 1973, Bene-
detti et al. 1988, Petrovski and Milutinovi¢c 1987, Co-
burn et al. 1987). By the third method, damage proba-
bility matrices are developed on the basis of iterated
expert opinion (ATC, 1985). The theoretical models
can be used to calculate the structural response to any
level of loading. However, these are limited in the sen-
se that they represent idealized image of the real struc-
ture and cannot handle all possible details and real life
situations. The second approach is conceptually the
most appropriate, but it is not sufficient. The compiled
damage data is incomplete (empirical data is missing
for some ranges of the input ground motion and is in-
sufficient for some types of structures). Also, results
from one part of the world are not directly applicable
to another part of the world, because of the differences
in the construction technology and in the prevailing
type of structures, and because of the differences in the
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Fig. 1 — Comparison of the Uniform Building Code (UBC 1979) design
spectrum with spectra of four recorded earthquakes, and with three uni-
form risk spectra (URS), corresponding to probability of being exceeded
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code provisions. Therefore, the other two approaches
have to be used to fill in the regions of missing or in-
sufficient data. The third method could be used as a
complement of the first method. Expert opinions are,

however, often biased and limited by the experience

and by the imagination of the experts.

At present, a fairly complete set of damage probabi-
lity matrices (including physical damage of the structu-
re and of its contents, as well as indirect losses), that is
applicable to buildings in the United States, can be
found in the Applied Technology Council Report No.
13 (ATC, 1985). These have been constructed on the
basis of iterated expert opinions, and can be used by
engineers to estimate the generic loss for types of bu-
ildings and of lifelines. An expert system has been
constructed (Shah et al. 1987) that uses these damage
probability matrices as input. Even though this is pre-
mature at present, this expert system is meant by the
authors to be used for insurance and investment risk
assessment.

A model for assessment of the total loss of a buil-
ding

DEFINITION OF THE Basic CONCEPTS

In the model, the building will be referred to as the
integral system (IS), which is composed of more subsy-
stems (§S). Each of the subsystems (SS) is itself a sy-
stem consisting of elements at risk (ER). The elements



IS

Fig. 2 — A block diagram of the integral system, IS, the subsystems, SSJ,
and the elements at risk, .

at risk are the finest subsystems in the decomposition.
In Fig. 2, a block diagram is shown of the integral sy-
stem (IS), of the subsystems (85, i =1, ..., n) and of
the elements at risk for each of the subsystems (ER,,
=1, ..., n,j=1, k, where k is the number of elements
at rlsk for the i-th subsystem)

The subsystems could be physical divisions of the
integral system, such as floors of a multi-story buil-
ding, or functional units that run throughout the whole
building such as, e.g., electrical installations, telephone
lines, heating and air-conditioning systems. A subsy-
stem could be a laboratory with expensive equipment
and, perhaps, toxic materials that could be released as
a direct or indirect consequence of the shaking, and
which can represent additional hazard and, possibly,
cause additional losses. The elements at risk are those
that suffer physical damage, and contribute directly and
indirectly to the physical damage of the subsystem to
which they belong. Elements at risk are, for example,
structural elements, such as columns, beams and shear
walls, or particular pieces of laboratory equipment.

The input ground motion at the site of the building
is described by the shaking parameter Y. Y is a random
variable which can be a scalar or a vector, depending
on the level of sophistication of the description of the
ground motion. ¥ can be or can have as components
the earthquake intensity at the site, the peak accelera-
tion, the uniform risk spectrum (URS), the duration of
shaking etc.. The damage of the elements at risk depen-
ds on the level of their input hazard. The input hazard
level (H) for a subsystem is the level of some parame-
ter of the response of the integral system (to the level
of shaking Y) that is best correlated with the damage of
the elements at risk of the subsystem. In the model, it
represents the input excitation that can cause damage to
the elements at risk. For example, the inter-story drift
at the floor can be used as the input hazard level for
the structural and nonstructural elements of a particular
floor. The equipment may be sensitive to the absolute
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floor acceleration. The input hazard level is a random
variable and it is a function of the shaking parameter Y.
In simplified analyses, for assessment of generic losses
for example, the shaking parameter ¥ would be used as
the input hazard

The following convention in the notation will be
used in the subsequent mathematical expressions. F,
and f, will indicate the cumulative and the density pro-
bability distribution functions of the random variable V,
and P{-} will indicate probability of the event in the
brackets. E[V] and Var[V] will indicate the expected
value and the variance of the random variable V. All
the random variables will be denoted by capital letters
and the values that they can take by lower case letters.

ProBABILITY DISTRIBUTION FUNCTIONS OF THE ER’S, THE
SS’s, AND OF THE IS

The Loss Associated with an Element at Risk

The loss LER associated with the physical damage of
an element at risk ER, is a continuous random variable
that depends on the input hazard level. It has a condi-
tional cumulative probability distribution function (de-
pendent upon the input hazard level, H)

({\hy = P{LER < (\H = h} (la)

LER 11

and a density probability distribution function

d

e (OOR) = — 4 Fy g (0 1), (1b)

The input hazard level, H, for en element at risk
depends on the level of the site shaking parameter, Y.
Let

F,(hly) = P{H < hIY = y} (2a)

and

Jin (R ) = " my(h'y) (2b)

be the conditional cumulative and conditional density
probability distribution functions (dependent upon the
input shaking parameter, Y) of H. Then, the total den-
sity probability function of the loss of the element at
risk, LER, conditioned upon the level of shaking at the
site, Y, is

Jrery (llh):I}Lsklﬁ(llh)'fmy(hly)'dh' (3)

Further in the text, for the purpose of brevity, the con-
dition upon Y will be omitted in the notation. It should
be implicitly understood until stated otherwise.



The Loss Associated with a Subsystem

The loss LSS associated with the physical damage of
a subsystem SS is some function g of the losses asso-

ciated with the damage of its elements at risk ER,, i =
1, ...,n

LSS = g(LER, LER,, ..., LER ) 4)

This functional relationship, in a real life situation, is
not a simple function such as summation. For example,
it would cost less to repair a group of elements all at
one time, than to repair them one by one, separately.

Let the element losses, LER i =1, ..., n, be jointly
continuous with joint density function
Jrex, .. er, (€1> €25 oo €,). Then, the probability that
the subsystem loss will be less or equal to ¢ is

P{LSS </{}=P{g(LER,,...,LER )< [} 5)

= ”...L(LERN Lok e Jior, oo (65 lys oo 8,)dlde, . dl, .

If the element losses LER, i = 1, ..., n are independent,
then their joint probability distribution function is a
product of the individual probability distribution func-
tions of the element losses, f,,, i=1.....n

f; LER|, LER,, ... LER, f LER, -, LER, - f, LER, " (6)
Recalling that by definition
P(LSS < ¢} = F, (V) (7

where F, ({) is the cumulative distribution function of

the subsystem loss LSS, from Eqs. (5) and (6) it fol-
lows that

K, 1SS (0)= J. J " J o(LER;, LER,, ., LER, )<

Foen, () frg (£,)dE, .0, ®

Then the density distribution function of the subsystem
losses can be calculated as

d
fLSS(g):%FLSS(E)' “

The simplest form of the function g is a simple summa-
tion. Until g is more precisely defined, the simplest
form will be assumed here.

Losses of the Integral System

The probability distribution function of the total loss
due to physical damage of the integral system can be

derived similarly, from the probability distribution fun-
ction of the subsystems. If the system loss LS is a fun-
ction G of the subsystem losses LSSj, j=1, .., N

LIS = G(LSS,, LSS,, ..., LSS,), (10)

then the cumulative distribution function of LS, F, (s),

and the corresponding density function, f, (s), are

FL,S(S) - J‘-l‘.“v[G(LSSI, s LSSy)<s
e tdede, . de,. (D

fLssl, LSSy, .., LSSy (61 ’ Ez

and
d
fL[s(s)z_—Fus(s)- (11(1)
ds

where fLSSI,LSSZ,"., LSSN(él’ £ysesly) s the joint distribu-
tion function of all the subsystem losses.

The subsystem losses are, in general, not indepen-
dent of each other. For example, if the subsystems re-
present different stories in a building, then extensive
damage at the first floor can cause interruption of
work at the other floors, which will induce indirect
losses at these floors. At this time, neither the function
G nor the joint probability density function
Jiss, 155, 155y Lis s es €y) are known for buildings
subjected to damaging earthquakes, and, therefore, as-
sumptions have to be made in order to develop further
the model. Suppose that the interaction of the subsy-
stem losses with each other is negligible (the subsy-
stem losses are independent), and that the total loss of
the integral system is a sum of the losses of the su-
bsystems. The assumption of the independence implies

fLSSl,LSSZ,,..,LSSN (4l )=
:fLSSI(gl)'fLSS2(€2)”'fLSSN(EN)5 (12)

and the additional assumption that G(LSS,, LSS, ...,
LSS,) is a summation of the LSS, i =1, ..., N implies
that the integral on the right hand side of Eq. (8) is a
convolution of the losses of the subsystems.

IDENTIFICATION OF THE INTEGRAL SYSTEM AND OF THE SU-
BSYSTEMS

In the previous section, Eqs. (1) through (12) are
applicable to any integral system, subsystems and their
elements at risk, regardless of what they actually are.
This way, in the implementation of the theory, flexibi-
lity is allowed in the selection of those elements. Also,
the theory can be further generalized so that the inte-
gral system defined here is one of the subsystems of
some higher order integral system.

In this study, the integral system is the whole buil-
ding. The subsystems can be selected so that they re-
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present either logical physical units of the system or
functional units. In this study the subsystems are the
individual floors and the basement of the building. This
choice of the subsystems seems logical, because the
shear and moment envelopes and the building response
(relative displacement, absolute acceleration), which
would be used as input hazard levels for the elements
at risk, are normally estimated at the floor levels. Also,
the direct and indirect losses, such as loss of equipment
and interruption of work, heavily depend on the type of
occupants of the subsystem and on the type of activi-
ties. The fact that different type of residents of the
building may occupy different floors supports this choi-
ce.

The elements at risk of a given floor are then grou-
ped into classes according to the following general cri-
teria:

1. they belong to the same functional class, and
2. they respond and are vulnerable to the same input
hazard parameters.

In the examples in this study, it is assumed that the
losses associated with different elements and with dif-
ferent floors are not correlated, so that Egs. (8) and
(12) hold.

THE INPUT TO THE MODEL

The input to the model, in general, consists of: 1)
the conditional probability distribution functions, F,,
of the input hazard level H for different elements at
risk, 2) the conditional probability distribution func-
tions of the element losses, F ey 3) the joint probabi-
lity distribution function of the losses of all the elemen-
ts at risk in a subsystem, for all the subsystems
Jfiw. 1em,, . 1w, » and 4) the functions g and G in Egs. (4)
and (10).

In the examples in this study it is assumed that the
functions g and G are simple summations, i.e.

LSS=Y LER, (13)

i=1

and

N
LIS=} LSS,. (14)

J=1

It is also assumed that the losses associated with diffe-
rent elements in a subsystem, and with the different
subsystems in the integral system, are independent, so
that Eq. (8) and (12) hold. Then, from Egs. (8), (11)
and (12), and from Eqgs. (13) and (14) it follows that

FLSS(K):fLERI*fLERZ*"'*fLER,, (15)

and
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Fuus($) = frss, * fiss, ™+ " fiss,» (16)

where the symbol * indicates convolution.

RESISTANCE CLASSES

The structural elements of a building sometimes may
not have the design strength, because of the human
factor involved in the construction process. Elements of
the same kind may have different vulnerability in dif-
ferent subsystems. Three possibilities can be suggested
to account for this difference:

1. independent probability distribution functions have
to be defined for different elements or groups of ele-
ments,

2. one distribution function can be used for all the
elements of a given kind, but with a larger standard
deviation, and

3. same analytical probability distribution function
can be used, e.g., the Beta probability distribution fun-
ction, but with parameters that depend on the vulnera-
bility classes.

In the hypothetical example in Part II of this paper,
the third possibility is employed, with the following
three resistance classes:

a) poor resistance class,
b) fair resistance class, and
¢) good resistance class.

Accounting for the difference in the vulnerability of
the elements of a given kind by assigning it to different
resistance classes is physically more reasonable than by
increasing the variance, because through the resistance
classes the variance of the overall distribution function
of the elements (including the distribution functions for
the classes) is increased at all values of A, uniformly.
This would not be the case if a standard shape, is assu-
med.

MODELING OF THE INDIRECT LOSSES

So far, in the description of the model, only the los-
ses (in monetary units) due to physical damage of the
elements at risk have been considered. These losses
may include, for example, structural and nonstructural
damage of the building, and loss or damage of stock
and equipment, and are referred to in the text as pri-
mary or direct losses. The losses because of interrup-
tion-of work, legal fees, renting temporary space, lost
opportunities, disability premiums, medical expenses to
treat injury, and other losses of similar nature, are cal-
led indirect or secondary losses. The loss of life has not
been included so far in the model, because of the diffi-
culty in transforming it into monetary units (this task
raises many ethical questions). We suggest that the loss
of life could be treated separately, rather than together



with the monetary losses.

The indirect losses are correlated with the direct los-
ses, but also depend on other factors of local or regio-
nal nature. For example, the loss due to interruption of
work depends on

I. the type of activities that are interrupted and the
amount of income that they generate, and
2. how soon the facilities can be repaired.

The time required to repair the building depends on
the degree and on the distribution of damage, but also
on the availability of construction companies and requi-
red materials and equipment at the time immediately
after the earthquake, which depends on the extent of
the overall damage in the region. Because of this com-
plexity, the indirect losses must also be treated as ran-
dom variables and their probability distribution func-
tions have to be defined.

It would be most appropriate if the probability distri-
bution functions for the indirect losses are defined by
regression analyses of empirical data. Unfortunately, so
far only limited post-earthquake data on indirect losses
is available. Damage probability matrices for the indi-
rect losses for several ranges of values of the Modified
Mercalli Intensity have been developed for different
classes of buildings only on the basis of iterated expert
opinions (ATC 1985), and, so far, it has not been pos-
sible to verify those. Because the available damage
probability matrices for the indirect losses have been
developed for large classes of buildings, the estimated
indirect losses are very sparse and can be used only for
very general studies, to estimate regional losses, for
example.

Collecting data on indirect losses and making it avai-
lable to the whole engineering community is a very
difficult if not an impossible task, mainly because of
the fact that most of the valuable information is confi-
dential and is not disclosed even to the engineers per-
forming the assessment. Therefore, for practical purpo-
ses it would be convenient if some simple procedure
could be developed which could be used by the buil-
ding owners directly, without the need to disclose con-
fidential information. The following procedure has been
suggested.

Indirect Loss Proportionality Factor

The indirect losses of a subsystem, ILSS, can be
expressed as a product of a factor ILF > 0 and the di-
rect losses LSS, i.e.

ILSS = ILF - LSS

where the factor ILF can be a given number or a ran-
dom variable. The value of /LF (or its expected value,
if it is a random variable) should be larger for a floor
with expensive laboratory equipment and multi-million-
dollar projects going on, than for some other floors.
ILF could be called the Indirect Loss Proportionality
Factor, and it could be assigned by the building owner

mn

or by his representative.

The Indirect Loss Proportionality Factor may signi-
ficantly influence the total loss of the building and,
therefore, its nature should be carefully studied using
actual post earthquake damage data or through simula-
tion. In general, /ILF is a function of the direct loss of
the subsystem. However, in the examples that follow, it
is assumed that /LF is a uniformly distributed random
variable over the interval of losses. For the user, the
ILF can be defined descriptively. For example, three
classes could be defined:

1) low indirect loss proportionality class with ILF €
[0, al,

2) average indirect loss proportionality class with
ILF € (a, b] and

3) high indirect loss proportionality class with /LF €
(b, cl.

The density probability distribution functions for

these three classes could be, for example, fro=——>
1 1 a-0

Jur = b and Jur = _p» Tespectively. In general,

ILF needs not to be uniformly distributed, and it can be
defined on any closed interval. This approach leaves
open the possibility to apply the fuzzy sets theory in
the further development of the model. In the example
discussed in Part II of this paper we choose a = 1, b =
2 and ¢ = 3.

THE ToraL SysSTEM Loss
The Total Direct and Indirect Losses

The total loss of the integral system, TLIS, is a sum
of the total direct loss, LIS, and of the total indirect

loss, ILIS. Assuming that it is a simple sum of the su-
bsystem losses, it can be written that

N

Jj=

The total integral loss of the system can have values in
the interval (¢__, ¢ ) where

N
z jmm jmin (1861)

and

Z[H' /m.ix ]max’ (18b)

with T mi and € . being the lowest values that ILF
and the direct loss LSS can take for the J-th subsystem,
and with r, _ and £, being the highest values of the
indirect 10ss factor, 'ILF, and of the direct losses LSS,
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for the j-th subsystem. Rearranging the terms on the
RHS of Eq. (17), it follows that

TLIS = LIS + ILIS (19)
where
N
ILIS =) ILSS, (20)
=
is the indirect loss of the integral system, and where
ILSS, = ILF, - LSS, 20
is the indirect loss of the j-th subsystem. The cumula-

tive probability distribution function of ILSS]., F,Lssj(s),
then is

FILSS, (8) = P{ILSS/. <s)=
=P{ILF,- LSS, <s}

= J‘J‘rléx ‘fILF/ LSS; (r’ g) ' dr . dg’ (22a)

where f, . o (r,£) is the joint density function of ILF
and LSS for the j-the subsystem. If ILF, and LSS, are
not correlated, then

f1LssJ (s)= .['[r%s;‘flLF/- (r)'fLss, (0)-dr-dt. (22b)

The cumulative distribution function of the indirect
losses of the integral system, given in Eq. (20), can be
evaluated in a similar manner as for the direct losses,
i.e. by convolution

Fyis = fILSS1 * f/Lss2 ook fILSSN‘ (23)

Similarly, the cumulative distribution function of the
total integral system loss, TLIS, defined in Eq. (19),
can be calculated as

Frs = s * fus (24)
In Eq. (23),
dF, .. (s)
Fuss, (8) = ——— (25a)
ds

is the density probability function of the indirect losses
of the j-th subsystem, and in Eq. (24)

dF,
Fuis(8) = W) (25b)
ds
and
fus(s)= iFL(S) (25¢)
ds

EUROPEAN
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are the density probability functions of the indirect and
direct loss, respectively, of the integral system.

Total System Losses for a Given Exposure Time

We recall that the probability distribution function
F,, ¢ of the total losses of the integral system and the
previously defined subsystem losses distribution func-
tions are, in fact, conditioned on the value of the site
response parameter Y, but «|Y = y» has been omitted
for the purpose of brevity.

The losses caused by earthquakes are usually asses-
sed for a limited time interval, T, the exposure time,
which is usually the expected service time for the bu-
ilding, e.g. T = 40, 50 or 100 years. This requires the
probability of occurrence of Y to be determined for that
exposure time. Let

Fo Ol =Ply<ylt <T<t +1t} (27)

be the cumulative distribution function of Y for a given
exposure time, and let

d
For O =—F,; (1), (28)
dy

be the corresponding density function. Then the proba-
bility distribution function of the total losses for that
time interval is

Jruusr (410) = _l.f'rusty(s'Y = Y)fyr (Y11)dy. (29)

For decision making in optimum seismic design,
optimum investment in strengthening, emergency plan-
ning and other related areas the following two quanti-
ties are usually calculated

(@] TL X

Fig. 3 — The cumulative probability distribution function of the total loss
for a building, F,,(xIY), for the next ¥ years. F,, (xIY) is the probability
that the total loss will not exceed x monetary units in the next Y years.
TL in this figure is the loss that will not be exceeded with probability p.



1. The expected value of the total system losses for
the exposure time f

E[TLISIT =] = [ 1f, o, (A1)dL, (30)

2. The value of the losses, fﬂ, that will not be exce-
eded with confidence level p during the exposure time,
satisfies the following equation

p:.].(:prLlsn'(élf)d@ G1)

and can be graphically determined from the cumulative
probability distribution function of the total loss as
shown in Fig, 3.

Possible applications of the model

To implement the proposed methodology (i) an ex-
tensive database is needed on the buildings of the LPO,
as well as (ii) computer programs to evaluate the bui-
lding response at different levels in the linear and
nonlinear range, (iii) realistic fragility curves for the
elements at risk, (iv) a computer program to estimate
site specific ground motions, and (v) a computer pro-
gram that would calculate the probability distribution
functions of the total loss for the individual buildings.

The building database should contain information
about the building structure and history of prior stren-
gthening, as well as information on the inventory and
on the various activities in the buildings. This informa-
tion is specific for the LPO. Computer programs for
linear and nonlinear analyses of response of buildings
have already been developed. Fragility curves for va-
rious structural and nonstructural elements and sensitive
equipment can be constructed from available informa-
tion in the literature, based on results of laboratory
experiments or via theoretical investigations. The pro-
bability distribution functions of the damage can be
constructed, for example, by theoretical estimation of
the uncertainty, or by simulation. To estimate in a pro-
babilistic manner the site specific motions, the
«EQRISK» approach (Lee and Trifunac 1985, Trifunac
1990) can be used, for example. The original computer
program EQRISK and the updated version NEQRISK
evaluate site specific uniform risk spectra with a given
probability of being exceeded and for a specified time
of exposure. To estimate the losses for the whole bui-
lding the interactive computer program EQLOSS has
been developed by the authors of this paper, based on
the model described in this paper. The different steps
required to estimate the losses of a building are illustra-
ted in Fig. 4.

The anticipated uses of this approach are many. The
important applications will be:

1) In detection of the buildings at an LPO that may
represent relatively higher risk during future earthquake
shaking.

2) In the development of general standards for ear-
thquake design criteria for the LPO facilities.
3) As a decision making tool to:

a) optimize the strength of new buildings and the
investments in strengthening the existing buildings (by
providing the facilities construction standards via the
proposed analyses, leading to optimum design criteria,
which can be incorporated into future contract specifi-
cations for new facilities, or for rehabilitation of the
existing structures),

b) estimate the losses from future earthquakes,

¢) plan additional space that can be used in emergen-
cy situations after a larger earthquake,

d) enable estimation of required funding for self
earthquake insurance.

4) For quick post-earthquake evaluation, to find if
the buildings at the LPO are safe for occupancy.

OpTiMIZATION OF THE ToraL Cost

To reduce the physical damage of the building and
of its contents and, consequently, all of the direct and
indirect monetary losses (Fig. 4) to the building owner,
it is necessary to strengthen the structural elements and
their connections, as well as to revise and make neces-
sary modifications to the configuration of the equip-
ment inside (for example, to bolt equipment and furni-
ture to the floor or to the wall). A more radical impro-
vement (and more costly) of the susceptibility of the

ESTIMATION OF LOSSES FOR A
BUILDING

BUILDING
PO

BUILDING
EXISTING OR A NEW
BUILDING
GIVEN BUILDING —_— | MODEL
STRENGTH

NONLINEAR ANALYSIS
BUILDING RESPONSE

PHYSICAL DAMAGE
"EQLOSS"

WA~

SITE SPECIFIC

EARTHQUAKE
SHAKING

$ "EQRISK"

INDIRECT
- LOSSES

Building Strength

Fig. 4 — Steps required to estimate the indirect losses and the direct los-
ses in a building as functions of the building strength.
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building to damage would be by base isolation of the
whole structure, or base isolation of expensive equip-
ment inside the building, for example.

The improvements of the quality of the elements at
risk and reduction of their vulnerability to the ear-
thquake hazard require investment, and a proper balan-
ce between the investment and the reduction of the los-
ses should be made. The optimization process of the
investment in rehabilitation consists of finding the state
for which the total cost to the building owner, equal to
the sum of the investment in rehabilitation and the ex-
pected total losses (or the losses that will happen with
some given level of confidence) is at a minimum.

To optimize the investment in rehabilitation of the
building, the minimum of the utility function ®(a) =
E[TLiISla] + B(o) has to be found over all possible
values of o, where a is a vector whose components are
the input parameters for the building (the resistance
class and the indirect loss proportionality class for the
elements at risk), E[TLISla] is the expected value of
the total loss, and B(w) is the investment in rehabilita-
tion. The solution of the optimization problem is a
vector a* such that

P(a*) < Do), forall ¢ € A 32)
where A is the set of admissible values of a.

A simplified representation of required analyses for
finding the optimum design standards for new buildings
and for strengthening of the existing buildings is shown
in Fig. 5. In the graph at the bottom of the figure, the
total cost of the construction, and the total financial
losses are shown as functions of the building strength.
The total cost to the LPO is the sum of the building
construction cost and the expected losses. As the buil-
ding strength increases, the construction costs increase,
but the expected losses decrease. Because of uncertain-
ties in the size of the largest earthquake that can occur
on the nearby faults, and because of the smaller proba-
bility of occurrence of very large earthquakes during an
interval of 50 — 100 years, the additional strength is
effective in reducing possible losses only up to some
limit. Thus, there is a critical point, where the additio-
nal investment is larger than the anticipated financial
return. With further increase of the structural strength,
the expected losses will reach some threshold level of
«acceptable loss». The total cost to the LPO has a mi-
nimum at some building strength. This is the optimum
design strength that has to be determined. This can be
done by a computer search estimating the losses for
different scenarios, until the optimal configuration is
reached.

Summary and conclusions

As a result of the advancements in the construction
technology and of the more strict code provisions for
the design forces, the human casualties and the material
damage caused by earthquakes in a modern society
have been reduced significantly. However, in spite of
this, the modern society is still vulnerable, even to
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EARTHQUAKE LOSSES
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/
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Optimum
Design /
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Building Strength

Fig. 5 — A loop of the procedure for determination of the optimum bu-
ilding strength, that minimizes the total cost to the building owner. The
total cost is a sum of the building cost and the expected losses.

moderate earthquakes, because of the large losses that
may result from interruption of work, legal fees, loss of
important equipment etc. To abate the damaging conse-
quences of earthquakes in the long run, adequate prepa-
redness and planning are required. To accomplish this,
a tool (consisting of a methodology, computer pro-
grams, and a database) is needed that would estimate
the possible losses and assist in the decision making.
Initial investment in strengthening of existing buildings
will reduce future losses. However, the long range fi-
nancial gain is not a linear function of the initial inve-
stment and the optimum investment has to be determi-
ned.

The decision making tool for prediction of the losses
should consists of a user-friendly computer program, a
database on the building, probabilistic description of
the earthquake hazard at the site, and damage probabi-
lity distribution functions for given levels of the ground
shaking. The computer program should be interactive
and easy to use not only by earthquake engineering
professionals, but also by the building owner or by an
executive, which would secure the confidentiality of the
gathered information and of the prediction.

The database on the building should contain infor-
mation on the structural properties and on the proper-
ties of the soil on which the building has been founded
(so that the response to earthquake motion can be esti-
mated), the inventory and the various functions of the
structure, so that the indirect losses can be predicted.
The description of the earthquake hazard consists of the
probability of occurrence of ground motion with given
intensity (MMI, peak acceleration or uniform risk re-
sponse or Fourier spectrum) at the site during the ser-
vice time of the structure. This probability of occurren-
ce can be calculated from geological data and/or from
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data on the seismic activity in the past. A methodology
and a computer program have been developed by the
authors to calculate uniform risk spectra and Modified
Merecalli Intensity at a site with given confidence that

those will not be exceeded during a given exposure
time. This methodology has been applied to microzona-
tion of the Los Angeles Metropolitan Area (Lee and
Tritunac 1987, Trifunac 1990). The damage probability
functions can be determined from post earthquake da-
mage data, by simulation, or from expert opinions.
Damage probability matrices have been constructed for
structural and non-structural damage of high-rise buil-
dings for given range of MMI at the site, from damage
data gathered after the 1971 San Fernando, California,
earthquake. Such damage probability matrices are di-
rectly applicable to damage assessment in California.
However these are incomplete and do not include the
indirect losses (no significant empirical data on indirect
losses has been gathered so far). Damage probability
matrices have been constructed for the direct and indi-
rect losses of different types of buildings, life-lines and
other type of structures, based on expert opinion. Those
are presently used by the practicing engineers as the
most complete set to estimate the losses of given type
of buildings (the buildings have been classified accor-
ding to structural type and size and according to their
function). However, these can be used to estimate only
roughly the generic losses for given type of buildings
and there is a large uncertainty associated with these
estimates.

In this paper, a method has been developed to esti-
mate in more detail the total loss of a specific building
exposed to given level of hazard. The hazard to which
the building is exposed could be an earthquake, fire,
tsunami, wind or other natural and man-caused hazards.
The unit for which the losses are assessed is called an
integral system, and it could be a building, a group of
buildings, a whole community, a life-line or any other
vulnerable system. The integral system is made of su-
bsystems which consist of elements at risk. The dama-
ge probability distribution functions for the physical
damage of the elements at risk must be given, and also
the input hazard level for the elements. The input ha-
zard level is the level of a response parameter of the
system with which the damage of the element is corre-
lated. The input hazard level is a function of the level
of shaking at the site. To distinguish between different
quality of the elements at risk of a given kind and their
susceptibility to damage, resistance classes have been
defined. The resistance class of an element may be a
function of the level of the forces for which the ele-
ment has been designed, of the past experience of the
element, of its relation to the other elements at risk etc.
The indirect losses for the subsystems are calculated
from the direct losses, given a proportionality factor.
The proportionality factor can be a fixed number or a
random variable specified by a probability distribution
function. This factor depends on the importance of the
function of the subsystem, but also on the overall da-
mage in the region which affects the time required to
restore all the functions of the subsystem. The total loss

of the integral system is some function of the subsy-
stem losses.

An interactive computer program EQLOSS has been
written to estimate the earthquake losses for a commu-
nity of buildings. This program can be interfaced with
the bank of data on all the buildings at an LPO, which
can be easily updated by the user. It also allows graphi-
cal representation of the damage probability functions
for the integral system. Such a computer program can
be used by the owner or by an executive as a decision
making tool for mitigation of the losses caused by fu-
ture earthquakes. By executing the program for diffe-
rent scenarios, the optimum steps for future action can
be determined. At present the program estimates the
losses for given level of shaking at the site. However,
it can be easily interfaced with the computer program
NEQRISK (Lee and Trifunac 1985) so that, then, the
expected value of the losses or the losses that will not
be exceeded with a given level of confidence during
the service time of the building can be estimated.

What is missing at present are the probability distri-
bution functions (or matrices) of the direct losses asso-
ciated with damage for the elements at risk, and proba-
bility distribution functions for the indirect loss propor-
tionality factors for the subsystems. This task requires
at least several years of extensive research and data
gathering, and is left for future work.
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