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1. INTROBUCTION

Statement of the Problem

Earthquakes have and will continue to occur around the world inflicting
great losses on societies both in terms of lost human 1ives and pro-
perty losses. The severe earthquake of 1964 in Alaska and the

moderate earthquake of 1971 in San Fernando, California, accounted

for nearly 200 deaths, thousands of injuries and a combined property
loss of approximately 1 billion dollars. An earthquake in San Francisco
of a magnitude similar torthe 1906 earthquake could cause death and
injury to thousands and property losses in the billions; such an event
has a high probability of occurrence. Can these expected losses be

minimized?

The degree of losses suffered from earthquakes is amplified due to
lack of any premonitory signs or seasonal chafacteristics associated
with other natural disasters such as tornados and floods. This random
characteristic of earthquakes makes it necessary for the Disaster
Preparedness Agencies and the society in general to estimate the
degree of exposure they have to possibie future earthquakes and take
necessary actions well in advanée to minimize the loss of life and

property.

In recent years, considerable work has been done to determine or pre-
dict the exposure of regions to future earthquakes. Some of the work

has been directed toward determining Tong-term seismic exposure based



1

.2

on historical seismicity of the region (ambient seismicity) and
others have been directed towards short-term prediction of large
earthquakes. The results of the former type of studies are already
available for certain regions. Short-term earthquake prediction is
expected to become possible within the next quarter century or even

sooner,

The degree of usefulness of the ambient seismicity information or a
short-term earthquake prediction depends on the society's ability

to utilize this information to decrease the potential 1oss from the
forecasted earthquakes. Responsible governmental agencies have already
issued reports on how to guard against death or injury from future

earthquakes (e.g., Disaster Preparedness and Meeting the Earthquake

Challenge). Similarly, procedures to reduce the expected property
losses from future earthquakes should also be developed. While some
studies on possible modification schemes have been published, property
owners are presently without a comprehensive guide to decisions on

the protection of their property from earthquake damage.

Need for Methodology

In a region exposed to high ambient seismicity or for which a specific
short-term earthquake prediction is made by credible sources, the

owners or the administrators of structures in the exposed area face

a decision as to what course of action to take to minimize the potential
Toss to their property and danger to occupants. In the case of a short-

term earthquake prediction, possible socio-economic chaos following

2.



the prediction will make the probliem very far reaching and complex.
The decision-maker will require answers to the following questions
as well as a methodology for reaching a rational decision based on
these answers:
+ What are the possible improvement schemes appiicable to
the buildings?
- How much will each of these schemes cost?
* How much will each of these schemes reduce Tosses if the
predicted earthquake occurs?
* Which scheme, including doing nothing, will minimize
expected losses?
* In case of a short-term earthquake prediction, is there
time to implement the most beneficial scheme?
- Is financing available for improvements and if so, on what
terms?
- Can earthquake insurance be obtained?
- Is the building’'s present insurance policy adequate?
- Could it be worthwhile to invest in improvements even though

the predicted earthquake may not occur?

Presently, no methodology exists describing how to answer these
questions and how to use the answers in deciding which course of action
to take for minimizing Josses. As the ability to successfully determine
the ambient seismic hazard at a site or to predict specific earthquakes
is realized, the need for such a methodology increases. Therefore,

society has to develop the methodology to utilize the seismic hazard



1.3

information in mitigating the earthquake losses so that the infor-

mation can be used if and when it is available.

Objective

The objective of this study is to develop a methodology to aid owners
of existing buildings in seismic regions in deciding what action to

take to minimize their expected losses due to future earthquakes.

Development of such a methodology requires consideration of the following

items:

Probabilities: Seismic hazard at a site due to ambient seis-

micity or due to a predicted earthquake has to be defined in
probabilistic terms. Significant parameters defining the
earthquake effects at a site (e.g., peak ground acceleration

or intensity) should be associated with appropriate return
periods Or probabilities of occurrence. Specific short-term
earthquake predictions should include a confidence factor as
well as appropriate probability distributions of the significant

parameters.

Type and extent of expected earthquake damage: In the develop-

ment of a method to rationally decide which; if any, modifica-
tion scheme should be used, it is important to classify the

type and extent of damage (structural or non-structural) expected
from a given earthquake to the specific building. The information

from earthquake damage histories for similar buildings provides



some of the necessary input for identifying areas most in

need of modification. Fortunately, some efforts have been made
in recordinglthe nature of the damage resulting from past
earthquakes (5, 6, 14, 36, 40, 47).* The data from these

must be organized into a format useful in the decision analysis
procedure. Further damage information can, of course, be
obtained by an engineering analysis of the specific structure

under étudy.

Evaluation of possible modification schemes: The major pre-

requisite for success in diminishing loss will be the develop-
ment of feasible modification schemes for various structural
types. There are many factors which will have to be considered
in determining the feasibility of modification schemes, whether
temporary or permanent:

+ There are schemes that may or may not affect the
structural integrity of the building, but which could
prevent injury or loss of 11ife.

* Modification schemes must consider damage to non-
structural as well as structural elements.

- Manpower, materials and equipment must be available in
the necessary quantities.

- For obvious reascns, time available from prediction
warning to implementation of the modification procedure
is a critical factor.

+ Economics will undoubtedly play a significant role in the

*Numbers in parentheses refer to references listed in Section 4.
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comparison of possible avenues of action to.diminish

the expected loss due to a future earthquake. Any
modification scheme will require cooperation in terms of
financing, insuring and constructing the modifications.
Whether sufficient cooperation will exist after an earth-
gquake prediction must be examined. Inflation and interest
rates must be considered in the evaluation of the losses

due to future earthquakes.

The process considering the factors described above can be summarized

schematically as shown in Figure 1. This study attempts to describe the:

" steps involved in this process and, in doing so, evaluates the feasibility

of developing such a decision analysis methodology.

Scope

The work presented in this report is Phase I of a two-phase study. The
purpose of Phase I is to study the feasibility of developing a Rational
Decision Analysis Methodology to evaluate possible modification schemes
for existing buildings exposed to a predicted earthquake. In this
phase, the parameters involved in such a methodology are identified.
Available procedures to determine the expected earthquake hazard at a
given site are studied, and a methodology to apply the results of these
procedures to the decision-making process is presented. A procedure to
calculate the damages to various components of a building due to
different levels of ground shaking is developed. To provide flexibility

for future development, the indirect damages related to events 1like

-6-
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fire and substructure failure and their respective probabilities

are also included in the methodology.

A computer program (DAMSTAT) is developed to automate the calculation
steps for the proposed methodology. A description and listing of
this computer program are presented in Appendix C. Appendix D describes

an application of DAMSTAT to a hypothetical example.

The usefulness of the methodology greatly depends on the ability to
estimate the damages to the building due to a given earthquake intensity.
In order to successfully estimate the expected damage, a study of the
performance of similar buildings in past earthquakes is necessary. In
Appendix B, a method to generate damage matrices from historical damage
data is developed. The method is applied to masonry buildings, and a
number of damage statistics curves are generated for four classes of

masonry buildings.

One of the building types of great interest is the older masonry Type III
Tow-rise building. This building type is prevalent throughout the

United States and has been found to be highly susceptible to earthquake
damage and occupant injury. An extensive literature search was performed
to gather information on the performance of these buildings during
previous seismic events. Results of this literature search are reported,
and the major weaknesses of this type of construction are identified in

Appendix A, together with variocus possible improvement schemes.

Phase II of this study, if undertaken, will involve a further refined
development of the proposed methodology and will apply it to the study

of various common building types.

-8~



2.1

2. DESCRIPTION OF METHODOLOGY

Qutline of the Proposed Methodology

The methodology to evaluate and reduce the availabTe information to
a meaningful form to the decision-maker for selection of the most
feasible structural improvement scheme is presented schematically in

Figure 2.

The first step in this process is determining the seismic hazard

at the specific site under study, i.e., determining the probabilities
of occurrence of various levels of ground shaking at the site during a
certain time period. In regions with known history of seismic activity,
available techniques can be utilized to determine the "ambient seismic
hazard" at the site based on the local seismological, geolegical and
geographical data. The end result of this step is a probabiiistic
description of the expected earthquake activity at the site for a given

period.

In the case of a short-term earthquake prediction, the authorized
agencies should provide the probabilistic description of the expected
earthquake, including the probability distributions for magnitude,
location of the epicenter and the focal depth. From this information,
seismic hazard at a specific site due to the predicted earthquake can be

estimated in a fashion similar to the ambient case.
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2.2

The next step involves the estimation of damages to the building

due to each level of intensity of ground motion. These damages can
be estimated by utilizing relevant statistical data from past earth-
quakes or by performing an analysis of the building. In either case,

engineering judgement and experience must be exercised.

Finally, the seismic hazard information for the ambient and the predicted
cases is combined with the damage estimates to determine the expected
values of damages for each modification scheme. Monetary values of damages
expected to occur in the future are converted to present values and then
combined with the expected damages due to short-term predicted earthquake
and the cost of the improvements. Resulting values are the present

values of the total expected losses for each modification scheme.

The decision-maker, presented with the expected values of losses for

each possible scheme, has to consider these values along with other
factors such as availability of funds, time limitations, insufance
coverage, liabilities, Tawsuits, and other possible subjective considera-
tions in order to finally select one scheme for implementation. The
present study concentrates only on the monetary values of the expected

losses. Treatment of other factors is 1eft for Phase II studies.

Decision-Making Process

In the previous section the basic methodology to calculate the expected
values of losses for each modification scheme was outlined. It should

be emphasized that expacted value is an artificial quantity which never

-11-



occurs in the real world. It is found by multiplying the possible
outcome of each scheme by its probability of occurrence and adding
all the products. However, expected value is a convenient and consis-

tent measure for comparing alternate schemes.

In the event of a short-term earthquake prediction, the decision-maker
will have several options available, including doing nothing, selling

the property, buying insyrance or strengthening the building to various
levels of resistance. However, for the purposes of this Phase I study,

the following simple example can be used to demonstrate the decision

analysis process.

In the simplest case the decision-maker is confronted, in the event of

- an earthquake prediction, with two main choices, a, and a,: a; repre-
sents doing nothing, and a5 represents modifying the structure. After
choosing one of the possible courses of action one of two possible out-
comes ©, or @, can occur: 0, representing no earthquake occurring, and
65 representing the prgdicted earthquake occurring. These events have
associated probabilities of P(e1) and P(ez) respectively. Also for each
outcome there is an associated monetary consequence (or loss) V(ai,ej)
which is a function of the severity of the expected earthquake and the

ability of the structure to withstand damage.

For each course of action, the expected monetary value (or cost) emv (ai)

can be written as follows:

-12-
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emy (a]) = Ci + P(e]) v (aT’eI) + P(ez) v (a],ez)

{D

3

<
—

u

3%

—~——

|

= (:2 + P(ez) v (a2’61) + P(ez) v (az,ez)

C], C2 = Cost of implementing the chosen course of action 3y

or a,, respectively,

IT the decision is made purely on the basis of expected monetary loss,
as assumed above, then the course of action with the smallest emv will

be chosen.

Determination of Seismic Hazard

Seismic hazard at a site is the 1ikelihood of occurrence of various

levels of ground shaking during a specified time period.

The ambient seismic hazard at a specific site can be determined by first
evaluating the seismic hazard at the potential earthquake sources in the
vicinity of the site (e.g., developing the recurrence relationships for
the neighboring faults) and then determining the seismic hazard at the

site through appropriate attenuation relationships.

Evaluation of the seismic hazard at a site due to a predicted earthquake
requires a knowledge of the expected 1ocation of the epicenter, focal
depth of the earthquake, probability distribution of the magnitude, and
an appropriate attenuation relationship valid for the geologic conditions

between the potential earthquake source and the site.

-13-



For a given structure, the damage expected from an earthquake is a
function of:
1) the characteristics of the ground motion at the site;
2) the resistance or strength of the structure.
The characteristics of the ground motion at the site of interest can
be described by a combination of the following parameters:
1) intensity, given in terms of any one of the several intensity
scales.
2) peak values of the ground motion at the site {displacement,
velocity or acceleration).
3) spectral values of displacement, velocity or acceleration

for the given building.

In this study, peak ground acceleration (pga) is used as the parameter
describing the level of earthquake intensity at a site. This parameter
is commonly used by engineers and can conveniently be related to the
expected damage from an earthquake. For a given building and a value

of peak ground acceleration, probable damage to the building can be
estimated either through analysis or through an evaluation of the statis-

tical data collected from past earthquakes.

Seismic hazard analysis procedures have been developed to determine the
probability that a site will be subjected to certain levels of peak

ground acceleration during a given time period (2, 15, 20, 24, 37).
Probabilities associated with a certain number of peak ground acceleration

levels (or ranges) can be calculated by these procedures to form a

-14-



probability vector for the peak ground acceleration levels. This

vector will be called P

pga’
Example:
pga level pga range (g) " probability

1 0.00-0.05 (0.01]

2 0.05-0.15 0.05

3 0.15-0.25 0.10

4 0.25-0.35 0.20% _ p
5 0.35-0. 45 10.30 pga
6 0.45-0.55 0.20

7 0.55-0.65 0.10

8 0.65- _0.04)

Each number in the Ppga vector is the probability of at least one
earthquake, with corresponding peak ground acceleration level, occurring
during the specified time period. The number of the peak ground accelera-
tion levels to be used depends on:

1) the accuracy with which the probabilities can be calculated;

2) the accuracy with which the damage to the building at each

level can be estimated;
3) the structural characteristics of the building; and
4) the relative importance of the physical damage to the

building with respect to other factors such as loss of human

lives, lawsuit costs, etc.

For an older unreinforced brick building without any ductility, three
peak ground acceleration levels corresponding to small, medium and large
earthquakes may be sufficient, whereas for a high-rise steel building,
the selection of a higher number of peak ground acceleration Tevels

similar to the one given in the example above might be justified.

-15-



2.4

Ppga vectors can be developed for any given time period. If a given

building has an expected economic 1ife of 30 years, this 1ife span can
be divided into, say, 6 periods of 5 years each. Then ppga vector
developed for five years represents the earthquake hazard during each
of these periods. This Ppga vector will be called the "ambient Ppga"
vector.

In'the case of a short-term earthquake prediction, a separate Ppga
vector can be generated using the prediction information. This informa-
tion should include the expected location and depth of the earthquake,
the probability distribution of the magnitude, and an appropriate
attenuation relationship. The Ppga vector obtained for a predicted
earthquake will be called "predicted Ppga”'

Damage Statistics and Evaluation of Total Expected Loss

In the previous section, it was noted that peak ground acceleration

Tevels could be related to the expected damages due to an earthquake.
It is almost impossible to accurately determine the total damage ex-
pected to be induced on a building by an earthquake with a given peak
ground acceleration level. However, with use of proper judgement and

experience from past earthquakes, reasonable estimates can be made.

In order to simplify the process of damage estimation, the damages
must be classified according to the type, cause and the "sub-system"

of the building by which they are incurred.

-16-



In general, damages can be classified in two basic groups:
1) structure related damages: damages incurred by
various parts of the building.
2) extra-structural damages: damages due to deaths,
injuries, lawsuits, loss of income from the building,

etc.

The latter type of damagesis extremely difficult to quantify and, at
times, controversial. In this part of the study only the structure
related damages will be considered. Inclusion of the extra-structural

damages in the methodology will be left for the Phase II studies.

2.4.1 Classification and Evaluation of Structure Related Damages

In the simplest form,the structure related damages can be expressed

as a ratio of the monetary value of the damages to the total monetary
value of the building (Damage Ratio). The monetary value of the

damages and the total building value can be expressed in several different
ways which may, under certain circumstances, vary greatly from each

other. Damage value can be based on insurance losses, 10ss as defined

by the cost to bring the structure back to its pre-earthquake condition
{not new), or on loss as defined by actual repair costs. The building
value can be -based on replacement value, market value (before or after

earthquake), or assessed value.

In this study, the monetary values of damages will be based on the
actual repair costs. Building value will be expressed in terms of the

actual replacement value. However, any combination of the definitions

-17-



for the damages and the building value can be used to express the

damage ratios.

To simplify the process of damage estimation, buildings can be divided
into major parts, or "subsystems". For a high-rise building, the
subsystems can be ciassified as:

1) Structural (beams, columns, shear walls, etc.);

2) Architectural;

3) Mechanical;

4) Electrical.
This classification is in agreement with the common practice in building

industry.

For an old, low-rise brick building a classification according to
structural elements may be more convenient for estimating damages, for
example:

1) brick walls;

2) partitions;

3) vroof and floor diaphragms;

4) columns.

In the classifications above, each subsystem can be assigned its own
replacement value. The building value, then, can be represented with

a repiacement value vector R:

-18-



Subsystem No. Description Replacement Value (§)

1 Structural (1,500,000
2 Architectural 2,400,000
3 Mechanical ] 1,200,000 - F
4 Electrical \ 900,000

It should be noted that the sum of the components of the replacement

value vector R must equal the total replacement value of the building.

For a given peak ground acceleration level I, a "damage ratio" vector DI
can be defined with each component representing the expected value of

the damage ratio for a subsystem.

Determination of the damage ratio vectors DI, for different peak ground
acceleration levels, is the most important step in the procedure. As
noted previously, these values can be obtained from the applicable data
from the past earthquakes. In the absence of satisfactory data, the
ratios can be estimated by means of an engineering analysis of the

structure.

During an actual earthquake, two very similar buildings located next to
each other are very likely to suffer different amounts of damage due to
minor differences, local soil conditions and various other reasons.
Therefore, statistical damage information for certain types of buildings
is usually given as a distribution of different levels of damage.
Expected values of the damage ratios can be calculated from this infor-

mation as follows:

-19-



Percentage of Buildings with (DI)
Indicated Damage Ratio Expected
Subsystem No. Yalue
0.00 0.25 0.50 1.00

1 0.60 0.25 0.10 0.05 0.1625
2 0.50 0.25 0.15 0.10 0.2375
3 0.70 0.20 0.05 0.05 0.1250
4 0.60 0.20 0.15 0.05 0.1750

The last column in the above example is the damage ratio vector DI for
the applicable peak ground acceleration level, 1. The expected value
of the damage ratio for subsystem 1 is obtained as a weighted average:

0.00 x 0.60 + 0.25 x 0.25 + 0.50 x 0.10 + 1.00 x 0.05 = 0.1625

After the damage ratio vectors DI are determined for each peak ground
acceleration level I, then the monetary values of the total expected
damages at these peak ground acceleration levels designated as LI’ are
found simply:

T

=0, xR

Ly =5

Further, if a “"damage matrix” D is formed by assuming DI vectors as

rows, a new vector L is calculated:

- O T
Ly D
1
L D
< 2 - 4 2 > X {R}
L Dl
3 3
2
Ly D,
\ . o
or
L=0xR

-20-



2.4.2

The vector L will be called "expected damage vector”.

The final step is to calculate the "total expected damage” by simply
multiplying the expected damage vector with the probability vector for

the peak ground acceleration levels:

T

Total Expected Damage = Ppga X L

The last two steps can be combined to give:

Total Expected Damage = nga x D xR

In the preceding, if m is the number of peak ground acceleration levels

and n is the number of the subsystems, then P

T
pga
"Total Expected Damage" is in dollars.

pga is a {mx1) vector (or

p is {1xm)), D is (mxn) and R is a (nx1) vector. The final answer

Classification and Evaluation of Damages due to Earthquake Induced Events

In Section 2.4.1 a procedure has been described to evaluate the monetary
value of the total expected damage for a given building due to possible
earthquakes. In this procedure, the actual "causes” of the damage are
not identified, or implicitly, the damages are assumed to be due to

direct ground shaking.

However, most earthquakes are followed by earthquake induced fires,
landslides or Tiquifactions, tsunamis and even floods (due to failure
of dams or dikes). In some cases, the damage to the buildings due to
these secondary events can exceed the damages suffered due to actual

ground motion.
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The exposure of a given site to any or a combination of these secondary
hazards, under certain circumstances, can be estimated. For example,
if a building is downstream from an old earth dam, the probability of
total loss due to a flood is the conditional probability of the dam

breaking in a given earthquake.

In the following, two earthquake induced events, fire and sub-structure
failure, will be considered. The damage matrix D described in

Section 2.4.7. will be modified to reflect the damaging effects of
these two secondary events. The use of the following method is depen-
dent on the ability to estimate the conditional probabilities of these
events given an earthquake, as well as the ability to estimate the
damage ratios for a combination of each event with the earthquake.

The method is simple and flexible so that if satisfactory information
does not exist or the user does not wish to consider the secondary
effects, the following steps can be complietely eliminated by assigning

zero probabilities to these secondary events.

The damages suffered by the subsystems of a building can be due to
direct earthquake effect only, or it can be due to earthquake combined
with fire, substructure failure (liquifaction, landslide, etc.),
tsunamis or other similar phenomena. If only fire and substructure
failure are considered, then the damages can be due to four possible
combinations of events (damage states) conditional on the earthquake

happening:

~722-



1)
2)

4)

damage due to earthquake only;

damage due to earthquake combined with fire;

damage due to earthquake combined with substructure
failure;

damage due to earthquake combined with both fire and

substructure failure.

If fire and substructurefailure are assumed to be independent events

and they are assigned conditional probabilities (i.e., probability of

fire, given an earthquake occurring with a certain peak ground

acceleration level), then the probabilities associated with each of

the four "damage states" can be calculated.

Let:
F = Event that fire occurs
F = Event that no fire occurs
SS = Event that substructure failure occurs
SS = Event that no substructure failure occurs
P(F) = Probability of fire occurring
P(SS) = Probability of substructure failure occurring
P1,P2,P3,P4 = Probability of each damage state
Then,
Py =P (FNSS) =P (F) x P (55)
P2=P(Fﬂ§'s‘)=P(F) x P (355)
Py =P (FNSS) =P (F) x P (SS)
Py = P(FNSS) =P (F) xP (SS)
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For a given subsystem (e.g.,larchitectural) and a certain peak ground
acceleration level, if d], d2’ d3 and d4 describe the expected percentage
damages for that subsystem due to states 1, 2, 3 and 4, respectively,

and if each of these states has the probability of occurrence as described
above, then the expected damage for this peak ground acceleration level

can be expressed as:

i

Expected Architectural Damage = P1d1 + P2d2 + P3d3 + P4d4

4
=§-1Pidi

This procedure can be repeated for each subsystem. Each of these
values is a component of the damage ratio vector DI corresponding to

the peak ground acceleration level I, as described in Section 2.4.1.

It should be noted that the effects of fire and substructure failure
can be completely eliminated, if so desired, by simply assigning

zero probabilities toc these events, i.e.,

P(F) = 0 P(F) = 1.0

P(SS) = 0 P(35)= 1.0
and

P, = 1.0
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The procedure described in this section can be summarized in matrix
form:

Dy = Dps,1 * Pps,1

where:

L)
L
1]

0S.1 (n x 1) vector, each component of which represents
the probability of a damage state occurring for a peak

ground acceleration level I.

DDS,I = {(m x n) matrix. A component dDS,I(1’j) represents
the percentage damage expected for subsystem i, in
the event that damage state j occurs for a given peak
ground acceleration level I.
D; = Damage ratio vector (m x 1) as described in Section 2.4.1.
m = Total number of subsystems.
n = Total number of damage states. (For the case considered,

n=4)

2.4.3 Calculation of Total Expected Losses

For a given modification scheme the total expected Toss due to seismic
hazard can be divided into the following components:
1) Cost of modification.
2) Losses due to structure related damages for:
a) Short-term earthquake prediction.
b) Ambient seismic hazard during the useful Tife of the

building.
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3} Losses due to extra-structural damages.

Since the monetary value of the losses is a function of the time
these losses occur, all componants should be expressed in terms of a
common monetary unit. The present value of the local monetary unit

(Dollar)} can conveniently be used for this purpose.

In this study it is assumed that the selected modification scheme
will be implemented immediately following the decision. Therefore,
the cost of such a scheme can be estimated in terms of "present value"

directly, by using the present time material and labor costs.

In Sections 2.4.1 and 2.4.2 a methodology to calculate the expected
value of the structure related damages is presented. This methodology
iskapplicab1e to both a predicted earthquake and the ambient seismicity
case provided that the probability vector for peak ground acceleration

1 1 p is given.
evels ( pga) g

For the predicted earthquake case, the ca?cu]afion is straightforward
if the prediction period is assumed to be short compared to the useful
life of the building. With this assumption, present values can be
used in the replacement value vector (R), and the expected damages are

calculated directly in terms of present values.

No earthquake prediction can be made with 100% confidence. Therefore,
the expected loss due to a predicted earthquake should be reduced by

a "confidence factor" before it is summed with the other components.

-26-



For the ambient case, the procedure can best be explained with an
example:
Assume that a building with a certain modification scheme
is given and the expected useful 1ife is 30 years. This
life span can be studied in 6 periods of 5 years each.
For each of these 5 year periods, the vector Ppga (probability
of peak ground acceleration Tevels) is identical. By using
this Ppga vector and the present value of R (replacement
value} vector the expected loss for a 5 year period can be
calculated in terms of present values. This value of
expected loss represents how much the losses would be if the
seismic hazard expressed by the Ppga vector for a 5 year
period had happened at present time. Next step is to answer
the question: "How much would the same damage be worth in
terms of today's money if it were to happen in the middle of

each 5 year time period?"

If the inflation rate (or the rate of increase of the cost
of repairs) is "i" per year, a certain amount of physical damage
worth "D" dollars today will be worth "Dn" dollars in n years

where Dn is given by:

Dn = Dem

In order to have Dn dollars available to do the repairs at the
end of n years, "Dpn" dollars should be invested today with a

1H 9

return rate of "p" per year.
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From the two equations above:

in _ pn
De Dpn e
D, =D ¢ o peli-pin

or,

- (i-p)n
Dpn De

where Dpn is the present monetary value of expected damages

~ occurring n years from today.

The last relationship can be applied to damage estimates for each
time period and summed to obtain the present value of the expected

loss for the useful 1ife of the building.

The Total Expected Loss is the sum of the cost of modifications,
expected losses due to predicted earthquake, and the present
value of the expected losses due to ambient seismicity during

the useful l1ife of the building, i.e.,

TEL=C +D + 2D
m p _.pn
n=ngsn,. . .
where:
TEL ='Tota1 expected loss
Cpn = Cost of modifications
Dp = Expected losses due to predicted earthquake
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Dpn = Present vaiue of expected démages if they
occurred in n years from now
Nysfpe .. = Time in years from today to the middle

of each time interval

With the methodology described above, the total expected loss for
various modification schemes can be calculated. These values then

can be used to identify the economically most feasible modification

scheme.

As noted in Section 2.4, losses due to extra-structural damages are

not considered in this study and will be considered in Phase II studies.
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3.1

3. DISCUSSION AND CONCLUSIONS

Discussion

The objective of this two-phase study is to develop a methodology to

be used by bui]ding owners Or managers as a decision-making tool in the

selection of the economically most feasible course of action to minimize
their financial losses from future earthqqakes. Phase I work described

in this report was undertaken to study the feasibility of developing

such a methodology.

In Section 2 of this report, a rational decision analysis methodology
to evaluate possible seismic improvement schemes for existing buildings
is described. Based on this methodology, a computer program {DAMSTAT)
was developed. The flow chart and the computer 1isting of this program

are presented in Appendix C.

To check the practicality of the program "DAMSTAT", several hypotheti-
cal example probliems were studied. One such example is presented in
Appendix D. In this example, a hypothetical building with a present
value of $5.9 million and a useful lifetime of 20 years is considered.
Seismic hazard due to a predicted earthquake as well as the ambient
hazard is taken into account. It is assuhed that there are three
possible schemes (including doing nothing) to be considered and compared
for final selection. The results of the computer analysis for this

probTem are summarized in Table 1. Four different cases representing
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different combinations of earthquake hazard with fire and substructure
failures are tabulated. These results are also plotted as shown in

Figure 3.

Table 1 and Figure 3 are the typical analysis results to be presented
to the decision-maker. From Figure 3, it can be seen clearly that
Scheme No. 2 minimizes the total expected losses due to the predicted
and the ambient earthquake hazard. Therefore, if the decision-maker is
going to make a decision purely on the basis of this economic compari-
son, Scheme No. 2 will be selected for implementation. However, for
the specific example shown in Figure 3, the decision-maker may wish

to analyze an intermediate scheme between Scheme Nos. 2 and 3, which
may reduce the total expected Toss even further with a nominal initial

cost increase over Scheme No. 2.

As part of this study, a panel of consultants in the economic, financial
and real estate fields was formed. The objectives of the study and
the outline of the proposed methodology were described to the panel,
and the opinions of the panel members were solicited on the following
basic questions:
- Is there a need for the methodology being developed by
this study?
- If the methodology is further developed, will the building
owners be willing to use it as a tool in their decision-making

process?
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TABLE 1
SUMMARY OF EXAMPLE ANALYSIS

CASE SCHEME NO.
NO. COST/BENEFIT T 5 3
CcoM 0.0 0.5 2.0
1
TEL 7.2 2.9 3.8
COM 0.0 0.5 2.0
2
TEL 6.0 2.1 3.2
COM 0.0 0.5 2.0
3
TEL 6.6 2.5 3.4
COM 0.0 0.5 2.0
4
TEL 5.4 1.6 2.8
NOTES:
1. COM = Cost of Modification ($ Millions)
TEL = Total Expected Loss ($ Millions)

2. Case numbers correspond to the following:

1 = Probabilities of fire and substructure failure are considered.
Probability of fire is disregarded.
Probability of substructure failure is disregarded.

Probabilities of both fire and substructure failure are disregarded.

2
3
4
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3.2

- What other segments of the building and financing industries

may have use for this or a similar methodology?

The responses to the first two questions were affirmative. It was
agreed that building owners presently did not have any rational too}
to analyze the economic cost-benefit relations for various alternate
schemes. It was suggested that the use of such a methodology by
building owners should be strictly on a‘voluntary basis and any regula-
tion attached to the studies (similar to OSHA regulations) would dis-
courage the use of the methodology. It was also suggested that the
methodology could be applied to new construction at the design stage,
in order to determine the most cost-effective performance levels above
and beyond the levels provided by building codes. The potential use
of the methodology by insurance and financing companies was thought to

be a good possibility.

Conclusions

The work described in this report intended to study the feasibility of
developing a rational decision-making methodology to be used by building
owners (or managers) in seismically active regions. The methodology
would be a tool in the selection of the economically most feasible

course of action to protect their investments from earthquake hazards.

The approach adopted to study the feasibility of developing such a
methodology was to attempt developing a preliminary methodology that

could be applied to realistic problems. Opinions of the potential users
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of the methodology were alsc an important factor in the conclusions

of the study.

In this report, a preliminary methodology has been developed and
described. The process has been fully computerized and successfully
applied to several realistic problems. Opinions of the panel of
consultants from economic, financial and real estate fields have indi-
cated that there was a need for a rational decision-making methodology,
and it would be used by building owners and managers as well as the

financing and insurance industries.

Therefore, it is concluded that there is a national need for the method-
ology this work has attempted to develop, and futhermore, such a method-
ology can be developed and applied to practical problems. Hence, it is
recommended that Phase II studies be conducted for further development of

the ideas and procedures described in this report.

Phase II studies should refine and further develop the ideas and pro-
cedures described in this report. The following subjects are recommended
for further study as part of Phase II work:
1. Incorporate seismic hazard determination procedures into
the methodology.
2. Develop actual damage matrices for a number of building types
from past earthquake data. Efforts should be made to include
the effects of earthquake triggered events on the damages

(e.qg., fire, flood, soil liquifaction, etc.).
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3. Attempt to develop analytical models for predicting
earthquake damage on structures. Describe the methodology
for developing damage matrices in the absence of statisti-
cal data.

4. Incorporate "extra-structural” or non-physical damages, such
as loss of life, injuries, lawsuits, lost wages and rent,
and insurance into the methodology.

5. Further study the improvement schemes for various building
types.

6. Apply the methodology to an actual building.

A proposal for the Phase II work is being prepared by Earthquake Engineering

Systems, Inc., and will be submitted shortly following this report.
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Appendix A

DAMAGE TO TYPE III BUILDINGS IN PAST EARTHQUAKES
AND POSSIBLE MODIFICATION SCHEMES

Description of Type III Buildings

The particular group of buildings designated as Class C in many of the
older building codes and as Type III in the Uniform'Bui1ding Code (39).
is defined by R. R. Martel (36):
Class C or Type III buildings - ordinary masonry construction;
i.e., exterior masonry bearing walls with interior load-bearing
construction of wood, steel or masonry. Partitions, roof, and
floor framing may be wood. Type IIl is not confined to brick;
yet, at the time of earthquake {Long Beach, 1933), practically
all Type III buildings in Long Beach were brick construction.
Type III bui]dings constructed prior to 1933 are of special interest,
since these buildings were designed for gravity loads only, without any
necessary consideration for earthquake resistance. Due to its construc-
tion simplicity this type of structure was very popular for buildings of

one to four stories in height. As a result, thousands were built during

the pre-1933 period, and most of these buildings are still in use.

A typical pre-1933 Type III building has exterior walls (12 to 13 inches
in thickness) made up of three wythes of brick (1). The outer wythes

are fully bedded in mortar while the inner wythe is usually made up of
rubble or pieces of broken bricks. The mortar has beén sloshed into this
interior space without any special effort to fill the voids. The sand
and lime mortar employed for the wall construction is exceedingly variable

in strength and quality. In some cases, it has varying amounts of cement.
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A.2

The floors and roof framing may consist of either wood joists or

nailed wood trusses. These members bear on pockets provided in the
walls. 1In most roofs,the interior wythe stops at the ceiling line in
order to provide a sill for support of the roof framing. In some
cases, cripple studs are used to raise the roof framing above ceiling
joists to provide an attic space. The floor and roof framing members
are usually tied to the walls with T-bar anchors spaced at six to eight

feet.

When steel or wood girders are used, these are also set into pockets
provfded in the walls. At these Tocations, the walls are thickened to

form pilasters.

In order to carry the brick masonry over large wall openings, steel beam
headers are provided. However, these beams are merely seated on the
brick and are not anchored to the wall by any positive means such as
straps or bolts. Typical detail drawings for these Type III buildings

can be found in Figure 1 of Reference 1.

Background

As noted in Section A.1, prior to 1933 Type III masonry buildings were
designed without any consideration of seismic resistance. After the
destructive Long Beach earthquake of 1933, the Riley Act was adopted so
as to establish minimum standards for earthquake resistance. However,
the provisions of this act were not made retroactive, and they applied

only to new construction. During the same year, the State of California
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adopted the Field Act, setting standards for earthquake-resistant

design of public schools.

Also, with the lessons learned from past earthquakes and a recognition
of the hazard in old masonry buildings, various cities have passed
"parapet laws" requiring that hazardous parapets and cornices be either
strencthened or removed. Thousands of such buildings in the City and
County of Los Angeles have had such corrections made. The results of
the program undoubtedly saved many persons from injury or death during

the San Fernando earthquake of 1971 (35).

Some cities in recent years have passed regulations requiring demolition
of hazardous buildings or the rehabilitation and repair to meet existing
standards for earthquake resistance. The program undertaken by the City

of Long Beach, California, in 1959 is an example.

Presently, over 20,000 pre-1933 buildings exist in the Los Angeles

area (35). Approximately 60% of these are residential buildings; 35%
are commercial and industrial buildings, and warehousing and storage
facilities; and the remaining 5% are hospitals and meeting or assembly-
hall facilities. The continued use of these buildings without any
strengthening involves very large risks in terms of loss of property and

human 1ives.

Within the next section, the findings of an extensive literature search
on performance of these budeings'in past earthquakes are presented. This
provides an identification of major structural problem areas and causes of

failure.
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A.3 Description of Damages to Type III Buildings

As a part of this study, a literature search was performed to obtain as

much information as possible on the performance of Type III brick

buildings in past earthquakes. The objective of this effort was to
understand the behavior of these buildings during earthquakes, and to
identify the major weaknesses of this type of construction. The findings

of this study were used to develop a list of possible fixes and modification

schemes to improve the performance in future earthquakes.

The genéra1 patterns of failure of unreinforced masonry bui]dings‘
reborted for different earthquakes are quite similar. The various authors
describing the damages due to the Santa Barbara earthquake of 1925 (6),
Long Beach earthquake of 1933 (36) and San Fernando earthquake of 1971 (1)
gave similtar descriptions of damages and agree on the major weaknesses

of this type of building.

One of the most commonly described type of damage is the failure of the
parapets, cornices and ornamentations and their lethal shower of debris
onto the sidewalks. This hazard was recognized after the Long Beach
earthquake, and improvement programs have been undertaken by some cities
as noted in Section A.1. Exterior walls have suffered various types of
damages. Most of the walls which survived the reported earthquake without
total collapse had permanent displacements in both the longitudinal and
the perpendicular directions. The former were caused by shear failure

in the form of diagonal cracking, and the latter was caused by failure of

the ties to the roof or floor diaphragms and/or by Tack of flexural
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strength of the wall in perpendicular directions. In some cases the
outer wythes of bricks fell off due to lack of ties or bond between the
brick layers. The failure of walls was almost invariably associated
with the poor quality or deterioration of Time mortar, the lack of

ties and headers between bricks, and/or the low quality of bricks and
workmanship. It is interesting to note that front walls with Targe glass
window openings suffered minimal damage even when other walls of the same
building failed. The reasons for this behavior have not been clearly
explained, but flexibility of these walls and the support provided by
adjacent buildings have been suggested. In general, buildings adjacent
to other buildings suffered less damage than buildings that were not

attached to any adjacent buildings.

Floor and roof framing separated from the walls and therefore failed to
provide the diaphragm action which is vitally necessary for wall support.
Some roof collapses were reported due to the Toss of support when the
walls separated. In some cases, failures at floors were reported where
the stairs were rigidly connected to the floor framings. In these in-
stances, stairs acted as diagonal bracing inducing large concentrated

loads on the floors.

One report (1) noted that the extent of damage was not proportional to
the maximum ground acceleration experienced at the site. Damages
suffered by buildings in areas recording 9% of gravitational acceleration
were similar to that suffered by buildings in areas recording more than

twice that acceleration. This points out the brittle nature or the lack
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of ductility in the brick walls, i.e., when the shear or fiexural
capacity of the masonry is exceeded, the walls crack and parapets fall,
regardless of the intensity of the actual accelerations beyond the low

failure level.

Reports and conclusions about the effect of soil properties on the extent
of damage vary and sometimes are contradictory. Reference 36 concludes
that in the Long Beach earthquake of 1933, the damage to buildings on
soft, waterlogged soil was somewhat less than to those on more firmily
consolidated soil. Alternatively, in Reference 48, it is noted that the
most destructive damage occurred to buildings on soft ground in the San

Francisco earthquake of 1906.

From the observations described above, the major weaknesses of this
type of building can be summarized:

1. Brick masonry walls do not have any vertical or horizontal
reinforcement. Therefore, they do not have any significant
flexural capacity in perpendicular direction and have low
shear capacity in their own plane.

2. The deterioration of the commonly used 1ime mortar causes
loss of strength and bond between bricks, resulting both in
the spalling of brick layers and a complete loss of shear
strength.

3. There is no mechanical tie between bricks, or orthogonal
brick walis.

4, There is no bond or anchorage between the headers above wall

openings and the wall.
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5. Reinforced concrete bond beams at floor levels are inadequate.

6. Floor and roof construction lacks the strength and detailing
to act as a diaphragm. No diaphragm chords or collector
members are provided.

7. Roof and floor framing members are not tied to the walls
adequately.

8. In some instances, low quality bricks have been used.

9. Quality of workmanship greatly affects the performance of the

buildings, and in many cases this quality has been poor.

A.4 Improvement Schemes for Type III Buildings

A.4.1 General

In Section A.3, the typical damages to Type III buildings in past earth-
quakes are studied, and major structural deficiencies of this building
type are identified. Most of these deficiencies can be fixed, and the
building can be upgraded to various levels of earthquake resistance. The
extent of repairs and improvements depends on the following factors, among
others:
1. Occupancy: The repairs and improvements required for a

public assembly building {e.g., a theater) can be very

extensive whereas a smaller degree of improvements may

be acceptable for a storage building.

2. Time limitations: In case of a short-term earthquake

prediction, the lead time may not be sufficient to

complete extensive improvements and repairs, therefore
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A.4.2

requiring temporary fixes.

3. Economic considerations: In many cases, especially where

danger to human lives is minima1,‘a smaller degree of
reinforcement may be justified on the basis of cost-benefit
relationships. The methodology to evaluate these cost-
benefit relationships is given in the main text of this

report.

The modifications can in general be classified as (1) temporary, or

(2) permanent.

Temporary Modifications

These modifications can be done quickly at a reasonable cost. The main
objectives are to prevent a total collapse of the building or its various
parts (walls, parapets, etc.) and to minimize the danger to human lives
as well as the financial losses. The following are possible temporary
modifications:
1. shoring interior and exterior spaces where danger of
falling debris exists;
2. shoring or bracing window and door openings;
3. external or internal bracing of brick walls- perpendicular
to their plane;
4. providing temporary timber posts at outer walls to support
the floor or roof diaphragm;
5. providing temporary in-plane bracing for the exterior

walls;
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6. shimming or wedging the gaps between interior frames and
the exterior walls and the gaps between adjacent buildings
to prevent "hammering;"

7. tying down, anchoring or rémoving,the building contents
which can create a falling hazard;

8. wusing cables to brace walls and/or diaphragm.

A.4.3 Permanent Modifications

These modifications fequire a reasonable time for design and construction.
The modifiea structure may be required to conform with the latest earth-
quake resistance requirements for new buildings. Some of the possible
permanent modifications are:
1. creating new floor or roof diaphragms by plywood overlay
over the existing diaphragms or by cross bracing in the
horizontal plane and providing new chord and collector
members (ties);
2. anchoring exterior and interior masonry walls to the
diaphragms;
3. removal or strengthening of ma§onry walls which lack
adequate strength to resist earthquake loads perpendicular
to their planes;
4. 1in-plane bracing of masonry walls or instailation of new
shear walls;
5. installation of tie-downs for overturning on walls or frames;
6. vremoval or anchorage of interior or exterior parts of

building which are falling hazards.
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B.1

B.2

Appendix B
DAMAGE STATISTICS FOR MASONRY STRUCTURES

General

In the following, a procedure to develop damage matrices for a class
of buildings using statistical data from past earthquakes is presented.
This study was conducted for EES, Inc., at Stanford University, Stanford,

California, under the supervision of Professor Haresh C. Shah.

Procedure

The study is based on actual data reported in the ltiterature for a
number of earthquakes. Subjective terms used by reporters to describe

the quantity and the extent of damage are treated as follows:

Quantity:

Single, Few 5%
Some 25%
Many 50%
Most 75%
Slight 5%
Moderate 10%
Heavy 40%
Destruction - 90%
Total Damage 100%
(Collapse)
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Masonry buildings are classified into four groups:
Masonry A: Engineered reinforced masonry with good materials
and good workmanship. Designed to resist earthquakes.
Masonry B: Reinforced masonry with good workmanship and
materials. Not designed to resist earthquakes.
Masonry C: Unreinforced masonry with ordinary workmanship
and materials. Not designed to resist earthquakes (Type III
buildings).
Masonry D: Poor materials, such as adobe, and poor workmanship.

Little or no earthquake resistance.

Data from the following earthquakes are considered in the study:

1) Owens Valley, March 26, 1872

2) San Francisco, April 18, 1906

3) Hawke's Bay (New Zealand), February 3, 1931
4) Long Beach, March 10, 1933

5) Imperial Valley, May 18, 1940

6) Kern County, California, July 21, 1952

7} Skopje, Yugoslavia, 1963

8) Lima, Peru, October, 1974

9) Caldiran, Turkey, November 24, 1976

10) Guatemala, 1976
11) Chile, 1913 through 1966.

For each of the above earthquakes mean damage ratios (MDR) applicable

to each of the four building classes are determined for varicus intensity



B.3

B.4

levels, and plotted on logarithmic paper as shown in Figures B-1 through

B-4. The curves shown in the figures are obtained by regression analysis.

On Figure B.1, curves corresponding to mean damage ratios for structural,
architectural, mechanical and electrical damages are shown in addition
to the total mean damage ratio curve. These curves were obtained by

assuming the following distribution of the damage:

Structural damage = 40%
Architectural damage = 50%
Mechanical damage = 7%

3%

ETectrical damage

IT1lustrative Example

With the curves relating mean damage ratios to intensities determined,
damage vectors with any number of peak ground acceleration levels can be
generated. Table B-1 shows a representative damage vector for Type A
masonry buildings. The peak ground accelerations (A) are related to the
Modified Mercalli Intensities (I) using the following formula by

Trifunac:

Log A = 0.014 + 0.31

List of References Used for Appendix B Study

1. "Elementary Seismology,” Charles F. Richter, 1958.

2. "Regional Earthquake Risk Study," technical report, M & H Engineering
and Memphis State University.



"Caldiran Depremi Raporu, Haziran 1977, Ankara" (translated from
Turkish).

"A Study of Earthquake Losses in the San Francisco Bay Area,"
U, S. Department of Commerce (NOAA), 1972.

"Damage to Buildings in Lima, October 1974 Earthquake," Javier
Pigue, MIT, January 1975.

"The Skopje, Yugoslavia Earthquake," American Iron and Steel
Institute.
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Table B.1
EXAMPLE DAMAGE MATRIX FOR MASONRY TYPE A BUILDINGS

MEAN DAMAGE RATIO

MMI ?g? Structural Architectural Mechanical Electrical
4.6 0.025 0. 0. 0. 0

6.6 6.10 0. 0. 0. 0.

7.6 0.20 0.005 0.006 0.001 0.001
8.2 0.30 0.023 0.030 0.004 g.002
8.6 0.40 0.047 0.060 0.008 0.003
8.9 0.50 0.066 0.085 0.011 0.005
9.2 0.60 0.090 0.110 0.015 0.007
9.3 0.65 0.098 0.120 0.017 0.007
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Appendix C
COMPUTER PROGRAM "DAMSTAT"

Description of the Program "DAMSTAT"

The methodology described in the main text of this report was fully
automated through the development of a computer program (DAMSTAT) codéd
in FORTRAN language. An effort was made to present input and output
information in a simple, tabular form so that results could be understood
and evaluated by persons without any knowledge of computers or computer

programming.

Table C.1 shows the "flow chart" for the program "DAMSTAT". Section C.2
presents the complete Tisting for the program and the associated sub-
routines. Output from the program for a hypothetical exampie problem are

presented in Appendix D.

Listing of the Program "DAMSTAT"

(See the following pages.)
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\INPUT GENERAL
\ INFO.

I=1

SCHEME COUNTER
PREDICATED
E.Q.
INPUT
DAMAGES FOR QUTPUT
» \& STORE
PRED. E.Q.

AMBIENT
INPUT
: DAMAGES FOR OUTPUT
I=I1 -—— - |
AMBIENT E.Q. & STORE
NO 43% YES o @

\“/

TABLE C-1 FLOW CHART FOR PROGRAM DAMSTAT <%




I=1

CASE COUNTER

‘

J=1
Pt
SCHEME COUNTER
TOT COST OF EXP. LOSS EXP. LOSS
= + o+
LOSS SCHEME PRED. E.Q. AMB. E.Q.
NO Ol J= J+1
YES
NO
I=I+1 .
YES
TABULATE
RESULTS

STOP

TABLE C-1 (CONTINUED)
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C

[

(]

110

o

PENGRAM DAMSTAT { InNPUT. QUTPUT )
COMMON/ S1LDG s RVY(ars NiIFEs NPER.
CALL DATAY

o 190 I= e rSCH
point g

CrtL PREDICT (¢ I )
Cabl AMBIENMT ( [

ComMTIMUE
CALL SUMMARY

ForMas ( 1H1 )
STOF

EnD
SUBROUTINE DATA)

MSCHe CECH(A)

COMMON/ ACCEL / NFPs PPCAR(1NM) s NPA, PPGAB(LIM)

COMMUN/ BLDG s kY{a)s NLIFEs MPER,
ComMGOnNys PRED / PPRED

COMMON/ MONEY 7 DTOT( 6294 Y wB
DIMENSICN TITLE (%)

FeEAnN Te TITLE
paInTt 2 TITLY

REAND 2 { 2Y(T)e Iz 1o 4 )
Po T 4
PRINT Se¢ ( RV(I)se I= 1a & )

READ A+ NLIFE. NPER
PRINT 7 NLIFE
PRINT R8s NPER

READ e RINFs RINT
PRINT 22+ RINMF
PSINT 21« RINT

RN = RINF = RINT

RFAD A NSCH
PRINT 9, NSCH

READ 3a { CSCH(IYe I= ls NSCH )
PoInT 10

e 1920 I= 1. NSCH

PRINT 11e Is CSCH{D)

READ e PPREY

READ A NPP

PRINT 12+ PPRED

PRINT 12

Do 110 IP= 1 NPP

REAN 3 LOws HICHs FPRGAP(IP)

P2INT 14y 1Py LCuW,s HIGH, PPGAP(IP)
COMTINUE

READ B MPA

PrINY 1E

PNt 13

Do 120 IP= 1s NP4

RFAD 3 LOWs HIGHs PPGAALIP)

PRINT léde IPs LCWs RIGH, PPGAL(IP)
CoN TN

NSChe CSCHI{H)

=



]

PRINT 16

1 Foemat ( =A10 )

2 FOorMAT ( 1HMle R&1L )

3 FapMaT { &F10.0 )

4 FORMAT (// # REPLACEMENT VALUES ARF A8 FOLLOWS :#)

8 FasMaT (= STRUCTLRAL =HeF 14,23 UDLLARSH/.
1 T OARKCHITECTURAL =%+F14,2.% DOLLARS®/.
P ® MECHANICAL =R Fi4 .2t DOLLARSH /o
3 * ELFCTRICAL =HeF [4,2e% DOLLARSH® /)

A FARMAT ( 612 )

7 FoaMaT (/% ZCONGMIC LIFE OF SUILDING =% I3 % YEaps )

& FoRMAT { = NU, OF TIME INTERVALS =%, I3 )

9 FORMAT ( /% NQ., OF MODIFICATION SCHEMES =%, I )

19 FORMAT /3% SCHEME NOJ®*e 4Xs % COST {DOLLAKS) * )

11 FORMAT { Sxe [2s 17Xe Fl2.2 )

12 FORMAT ( lHls//7% FREDICTION PERIOD®/® CONFIDEMNCE OF PREDICTION =%,
i Feoed

13 FORMAT {//3Xe7PCA | FVEL %94 Xs%¥FROM (G) %4 X227 (GlusaxX#0ROEARTL ITY
1=/

4 FORMAT ( BXe 27Xy FAa3a SXe FHa3s (Xs FEL3 )
is FORMAT ( //% AMBIENT PERIOD %)
16 FORMAT (/% DAMACE STATE CLASSIFICATION 1%/,

1 ¥ ODAMAGE STATE = 1 ¢ EARTHGUAKE DAMACE OnbLY#/,
pd * DAMAGE STATE = 2 ¢ EARTHOQUAKE + FlIrvk DAMAGESR/.
3 # NAMAGE STATE = 3 @ EARTHAUAKE + SUNSTROCTURL FATLURE#R/
4 # DAMAGE STATE = 4 ¢ FARTHQUAKE + FIRF + SUBSTRUCTURE®,
3 * FATLURE®/ )
20 ForMAT { /% ANNUAL INFLATION PATE =Hs FGa? 3}
21 ForMaT ( ® ANNUAL INTEREST RATE =%, FA.3 )

RFETURN

EnD

SUBROUTINE DATAZ ( NP )

COMMUN/DAM/DS (494910

COMMON/FEAZARD, PR (IGYs FPSS(LIN) s PS{491Q)

00 20 IP= 1 NP

RELD &e PFEIPYs PSS(IP)

PRINT Ts 1P

PRINT Als PF(IP)e PSS(IP)

CalL STATES (IR)

PRINT R

PRINT Ge ( PS{IsIFP)Ys I= 19 4 )

Dy 190 I1= 1 &

READ 1ne( OS{TIadeIP)s J= 1 4 )

IF(ITLECLT1Y PRINT 11 ( DS{ILsJsIP)s J= 1e 4 )
IF(TII.EQa2)y PRINT 124 ( DSH{IIsJeIPy, J= {9 4 )
IF(ITILEQ.3) PRINT 13y ( DS{IIeJsIP)Ys J= 19 4 )
IF(ILeFQes) PRINT 14 ( DS{ILedeIP)e d= 1l 4

190 ConTINUE
250 CAnTINUE

FORMAT ( 2F1C.u )
FrgMaT (/% PGA LoVEL = = » 12 )
FARMAT (% DAMAGE STATE NU=#410xe1H1s SA01F2eSxalH2e9x,174)
FORMAT (% PRURABILITYz#410XeF&.3a3(aXeFE23))
FORMAT ( 4Fl1d.7 3
FORMAT (3% STRL. UAM, RATIO #. 4l4aXaF6,3))
CORARMAT (8 ARCH DAM, RATIO e 4laxsF6.3))
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13 FOAMAT MECH  UAM, RATIO #*s 4{&XxeF043)

OO

)

(s
14 Fowmat (=
(

)
"Lt'.C- *‘;AM. PATIU e ‘{G(QXCFﬁﬂ.j))

':‘9 F(,‘o

CSLH(»)

g
61 FORMAT /% PRORAETLITY OF FIRFE ==, FR 3/
1 + PRORASILITY OF S. S. FATLURE
RETURN
E~i
SURBRCUTINE DAvAGL (IF. ©°T)
COMMON/DAM/DS (GG s 1 )
COMMUN/ HLDG / RV{&4)s NLIFES NPER, NSCH,
COMMUN/FAZARD Y, PFLIG)Y s ES5S{19)e PS{4s10)
DIMENSICN nTP(4)
DO 180 K= 1« 4
DTP(KY= ¢
130 CONTINUE
Do 230 I= 1y 4
On 190 K= 1e 4
DTR{IY = DTPILTY + DS{laxsIP) # PS(Kk,IP)
160 CoONTINUE
200 COMTINUE
UT = ¢
O 360 I= 1s 4
DT = CT + OTP(D) 3 RV(I)
330 CONTINUE
RETURN
EnD
SUBRCOGUTINE STAaTES (IP)
COMMON/HAZARD, PEF{10). 2SS{IN)s PS{&aslD
Pcf\g = I. - pF‘Ip)
PSSN = 1. = PSS{IF)
PS(1»IP) = PFN * FSSi
PS(2sIP) = PF{IF) #* PSS
PS{3eIP) = PFN ® FSS(IP)
Po{sasIP) = PF({IB) # PSS(IP)
RETURN
ED
SURROUTINE PREOLICT ( nSCH )
CoMMON/ ACCEL / NPP. PPGAP({10)s NPAL PPGAA(LD)
COMMON 7 MONEY 7/ UTOT( 6e42+¢4 ) RD
OTMENSTION DTOTLYL 4 )
PeINT 1y MoCH
CaLL wORKE®R ( NFPs PPGAPs DTOTL )
00 100 I= 1+ 4
OT0T7T{ NSCrHa 1o 1T ) = OToTLC T )
1450 CCMTINUE
1 FORuaT ( 1Hle% SCrEME NUW= %o I2e /% PREDICTICH
RETURN
ENG
SUBROUTINE AMRIENT ( NSCH )

CrMvOnN /s ACE:T /7 PR PRGAS Y N B B3 aar TS

3.

PFHI()D.,-.*

s

)



O

@]

(@)

COMMON, MONEY / OTOTH( 6e2e4 ) RO

DIMENSICN DTOTLC 4 )

PRINT 1s NSCH

Calll, WORKER ( MP2s PPGAZ, DINTL

Dot I= 1e 4

DTCT( NSCHe 24 T ) = DTOTLLC T
£

100 CONTINU

1 FOorMaT ( 1Mlse #* SCHEME 0. = %

RETURN
E~D
SUBRGUTINE SUMMARY

)

12,

COMMON/ RBILDG / RV A{a)s N IFEs NPER,

Comminy/ PRED , PPRED

COMMON/ MONEY / UTOTL 69244 )

DIMENSTION TLUSS(n), COTOT (&)

PRINT 1
DO 1&‘1‘) I= 1 f\:SC‘j
Dy 1060 J= 1e &

DTOTO Isls ) = PERED ® DTOT(

170 CONTINUE

D9 200 K= 14 o

GO TO € 111s 112+ 113« 114 )

111 PRINT 11

112 PRINT e

GO TO 1éu

GO TO 127

113 PRINT |3

G0 TO 120

114 POINT 14

120 ConTINUE

1

1

PRINT 2aoe { 1s I= 1e NSCH )

PRINT 21 ( CoCH(I)s I= le WNSCH
1s

PRINT 225 ( DTOT( Islar ) I=

0o 139 I= 1e NSCH

R0

K

30 TLOSSHI) = CSCHUD) + DToT{ [sl4K

ANLIFF = MUIFE
DELTAT = ANLIFE 7/ NPER

Do 149 Il= 1+ MNPER

TIME = 11 # GELTAT = DELTAT / P.

DA 148 I= 1 nvSCH

CaLL CONVERT ( TIME. OTCT( LeZe

45 CONTIMNUE

PIINT 23 ( ITe  COTOTH{I). I=

Do 150 I= s nsSCH
TLOSS(I)Y = TLASS{(IY + CRYOT(D)
S CONTINUE

Tomy T

K

1

}

NS

}

Yo

NoCH,

AR OAMATENT PECTOD .8 ™

TelaJ )

CH )

CoToi

HSCH )Y )

1

CsCH (&)

) e

P

)



<y

(e

IS

POINT 24,

2¢0 ConTINUE
P oFowMaT |
11 FRPMAT |
i
12 FOMAT |
13 FORMAT |
1 *

14 FORMAT |

FEEAY]

L

( TEoSs(i)s I= le NSCh

IHl e ®SUMMARY OF ANALYSI
/s CASE = j#/%
#OeONSIDERED® /)

/7% CASHE =
/7% CASE = 3%/%
FAalLURE DISREGARDED®
S/% CASE = 4an/%

/)

2#/% PROBARILITY
PROBARTIL

)

S FOLLOw=E® )

FIRE anND quUBSTRUCTURS

OF FIRE
ITY

i #SUBSTRUCTURE FAILURE DISREGARDED®/ )

70 FORMaT |
21 FharMaT |
22 FORMAT |
23 FNRMAT (
c4 FORMAT (

RE TURN
EnD
SHUBROUTIN

COMMUN/HA
DIMENSTION

NCASE

as i
CALL

DATA

Do 3G I=
PFI(L) =
PSsSItI) =
CONT INUE
DYOT = ©C.
Io = ]

CapL LDAMA
DT = CT=

DTOT = 0T
IF ( IR.E
Te +
1G9

1o =
6o 1O

CONT [NUE

DTOTL o

GO 70 |
PEINT 1,
PEINT 7y

21¢

MCASE = 2
vy 400 IP
PF{IF) =
CALL STaT
COMTINUE
GO TU 9§
a4l PIINT 3,
FoOINT 4y
Meast = 3

on sS40 IP

PF(IP) =

pssip) =

NCASE )y =

#* SCHEME NC. =%,
/% COST CF
/% UAMACE FROM PREC, E.
DAMAGE FROM AMR, PER,
TOTAL EXPECTED LOSS#,

18Xs4 ¢
3
L

£ OWORKER ( NPs PPGA,
ZARD/ BF (10},
FEL(1I0) s PSS1(10),

FSS(I0)

2 0 NP )

s 10
PF(D)
PSS}

GE ( IFs DT
PPGA( IP )
07 + O7F

GamP ) GC 7O 206

i

pDTOT
210+413+S10s017 )
NCASE

aTOT

NCASE

- .io l‘,

I
.

Fs (1P)

MCASE
nNTeT

= 1, 10
PFI(TP)
LI

R

n

MODIFICATION®,

IR.7X ) )
DA 94 (
Q.%s BXe4{
=% e I2e 4X44¢

10Xe4{ ZXo

DTIOTL )

PS({4¢10)
PPGA(IC)

DTOTL(

ZXF
ZXa

PIsREGARDENR
OF SURSTLUCTHRE

PROBASILITY OF 3CTH FIRE

1342
Fa
2K
Fl13.7

4

FATLURE

AND

)

3
F

1
)

)
£
3

3
Y

24
Woa

* .

)
2

)
)

)

)



5,0 COMTINUE
GO TU 8

PoINT 3+ nNCASE
pPrind 5. 0707

Ut
pod
»

NOASE = 4

Nn 659 IP = 1. 10

F""-_(ID) = i,

PSS(IP)Y = N

CALL STATES (1P)
30 CONTINUE

GO TU 9o

610 PRINT 3s NMCASE
PRINT &« OTO0T

1 FopMAT (/7% CASE =%, 13 )
2 FARMAT (1H +#707Tal EXPECTED DAMAGE »ITH #/,
i # FIRE aND SUBSTRUCTURE =/,
P # FAILURE PROBABILITIES AS SHUwM  =%F14.24% L0111 ARS,®)
3 FORMAT {//1H «2CASE =3, I3 )
4 FARMAT (1A «#TOTal EXPECTED OAMAGE wWITH */,

1 2 PECHBARILITY OF FIRE DISREGAHUED =%aF 14,72¢% DOLLARS )
S FaeMaT (LK +#TOTAL EXPECTED DAMAGE wiTH i/,

! # PROCEABILITY OQF SURSTRUCTURE #/.

2 # FATLLRE OISREGARCED = F VTG, 2% DO L ARS )
& FORMAT (11 +#TOTal EAPECTED DAMAGE wltn %/,

1 # BROJGARILITY QF BOTH FIRL AND =/,

2 # SUBSTRUCTURE FATLURE DISREGARDEDz®«F 14 ,2% DO LARS,.®)

RFTURN

Enth

SURRAQUTIME CONVERT ( Te XPe XTs RD )

XT = XP % FXP ( =R{=T )

RETURN
e

(&



Appendix D
ILLUSTRATIVE EXAMPLE

D.1 Example Problem

In order to demonstrate the practicality of the computer program
"DAMSTAT", a hypothetical problem was considered for evaluation. Even
though the input data were hypothetical, an effort was made to make the

data as "realistic” as possible.

In Section D.2 a computer print-out of the example problem is presented.
The print-out is self-explanatory and expected to be understood without

any specific knowledge of computers or computer programming.

In the first page of the print-out, the general data are }isted. For

this example, four subsystems (structural, architectural, mechanical,

and electrical) were selected. The replacement values for these sub-
systems are assumed to be $3 million, $2 miltion, 30.5 million and

$0.4 million, respectively, resuiting in a replacement value of

$5.9 million for the whole building. The building is assumed to have a
useful T1ife of 20 years and this time span is studied in 5 time periods

of 4 years each (ambient period). The annual rate of inflation is assumed
to be 7%. Interest rate (or rate of return on investment) is taken 10%.
These two values are used to estimate the present dollar value of damages

from future earthquakes.

Three possible courses of action are considered. The first one is a
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"do nothing" scheme with an initial cost of zero. The second scheme

is a minor modification or temporary bracing scheme which costs $0.5
million to the owner. The last scheme represents a major upgradﬁng at

a much higher original cost of $2 million. The second page of this
print-out lists the available seismic hazard information. This infor-
mation is presented in two parts. The first part defines a predicted
earthquake. The confidence of the prediction is assumed to be 0.85.
Probability distribution of the predicted earthquake over several levels

of peak ground acceleration is shown under the column titled "probability."

The second part of the seismicity data represents the probability

vector for the ambient period. This vector corresponds to a time period
of four years. It should be noted that probability vectors can be
defined for any number of peak ground acceleration leveis. On the same
page, classification of four "Damage States" are given. These states

are referred to in the following pages with numbers 1, 2, 3 and 4.

Starting on the third page of the print-out, probabilities of fire and
substructure failure and the damage matrices are listed for each scheme

and for predicted and ambient seismicity.

At the end of each damage matrix, expected values of damages for the
specific schemes and the seismicity vectors are listed for four
different cases. These four cases provide flexibility in evaluating the
resuylts and allow for subjective considerations, e.g., if one owner

does not wish to consider probabilities of fire or substructure failure
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D.2

he will base his decisions on the Case 4 results.

Once the expected values of damages due to two seismicity vectors
{predicted and ambient) and three different schemes are calculated, these
results are summarized in a tabular form. In this tabhle, expected 1oss
components are listed for each scheme and the four cases. These
expected cost components are in terms of today's money and they have
already been modified for the confidence of prediction and the interest
and inflation rates. Final results are the "Total Expected Losses" for
schemes 1, 2 and 3 for each case. If the owner chooses to ignore pro-
bability of fire and substructure failure he will consider the following

values from case 4 for his final decision:

Scheme No.
oz 3
Initial Cost 0.0 0.5 2.0
(miliion dollars)
Total Expected Loss 5.355  1.571 2.822

(million dollars)

Assuming that the owner will cheoose the course of action on the basis of

the Total Expected Loss, Scheme No. 2 will be chosen for impiementation.

Computer Print-out for the Example Problem

(See the following pages.)

D-3



%
%

T AE TR 48 2 10 I R T I 4 R 4V I R 4p SE Sk b 45T

EXAMPLE NG, 6 Ffsears

REPLACEMENT VALUES ARE &S FOLLOWS
STRUCTURAL = 2G00000.00% DOLLAES
ARCHITECTURAL = 2000CH0«00 VOLLARS
MECHANICAL = SQuGAN00 DOLLAPS
ELECTRICAL = 400000400 DOLLARS
ECONOMIC LIFE OF BUILDING = 27 YFARS
NG, OF TIME INTEPVALS = =

ANNUAL INFLATIOM RATE = JO70
ANNUAL TNTERFST 2ATE = LJ1nrd
NG, OF MODIFICATION SCHEMES = 3
SCHEME N0, COST (DOLLARS)

3.00
500000.060
20005C0.00

LN e



PREOTICTTION
CONMF TUENCE

PGA LEVEL

XN U W -

AMBIENT PERIQD

PGA LFEVFL

DAMAGE
DAMAGE
DAMAGE
DAMALGE
DAMAGE

Dy e U BT e

STATE
STATE
STATE
STATE
STATE

PERIOD
OF PREDICTIUA

FROM (G)

3,000
.050
.15%
250
. 351
A5
250
LASD

*
-

FROM (G}

t.000
. 050
.15¢
+ 256
. 359
.550
+659

0459

o ()

L 050
150
e250
« 350
450
JHO50
D.060

7O (G)

<050
L1580
« 250
« 3510
450
+550
+656
2.000

CLASSIFICATICON 3

£ Ny e

¢ FARTHROQUAKE DAMAGE
T EARTRQUAKE + FIRE
¢ EARTROUAKE

+ EaARTEQUAKE

PROFABTILLITY

PROBRABILITY

200
« 346
200
.150
« 100
.050
D.e00
D000

ONLY
DAMAGE

+ SUBSTRUCTURE FAILURE
+ FIRE + SUBSTRUCTURE FAILURE



SCHEME NQa.= 1
PRECGICTION PERICD...,

PGA LEVEL = 1

PROBABIVITY OF FIRE = o019
PROBRABTLITY OF S. S. FATLURE
NDAMAGE <TATF NQO= 1
PROBABILITY= 980
STRL. DaM, RATIO « 0973
ARCH Dar, RATIO <050
MECH Dam, =RATIO e 059
FLEC. DaM, RATIO « 150
PGA LEVEL = 2

PROBABILITY OF FIRE = .03
PROBABILITY OF S, 5. FATLURE
DAMAGE STATE NO= 1
FROBABILITY= «531
STRLL, DaM, RATIO L1018
ARCH DaM, RaTIO 1385
MECH D&M, RATIO 1920
FLEC. Daw, RATIO L1600

PGA LcvEL = 3

PRORABILITY OF FIRE = 4170

PROBRABILITY OF S, S. FAILURE
DAMAGE STATE NO= |1

PROBAEBI ITY= + 858
STRL, DAM, RATIG « 150
ARCH DAM, BATIO « 209
MECH DAM. RATIO 154
FLEC. DaM, RATIC «152

PGA LEVFEL = &

PROBABILITY QF FIRL = .157

PROBASBILITY GF S. S. FaTLURE
DAMAGE STATE NO= 1

PROBABILITY= « 765
ARCH [DaM, RATIC « 300
MECH DAM, RATIQ <200
ELEC, Dam, RATIQ 209
FPGA LEVFL = &5

PROBABTILITY OF FIRE = 250
PROBABILITY OF S. 5S. FATLURE

DAMAGE STATE NO= 1

PROBABIt ITY= «638
STRL. DaM. RATIO « 300
ARCH Dam, RATIO LA0Y
MECH Dam, RATIO o250
ELEC. DamM, RATIAO 258

PGA LEVFL = €

G108

010
«5G0
« €00
2700
400

«020

145
+ 550
«550
«2510)
« 450

620
<760
V300
S0 0

Reproduced from
best available cop

X

«019
5598
«B50
250

+E600
.700
<406
«300

«0
6
<TG

v

[Saie s QW]

c;ét:cblr

[V

L N
o2

o112
- 700
700
<400
.300

]
1] 760
700
s 4l
«S00

+ ONG
200
759
+500
2554

«315
°»20E
« 750
«8ha

-
o

L] F53}:‘1
250
« 750
AL
s £ 00



PROBASILITY GF FIRE = ,300
PROBABILITY OF S. S. FATLURE =

DAMAGE <TATE NO= i
PROBAYINITY= Y1
STRL. OAM, RATIO Lu0h
ARCH  Dam, 2aTll0 La0p
MECH DaM, =aTILO « 300
FLEC. UaM, RATIO L300

PGA LEVEL = 7

FPROBagILITY OF FIRE = 409
PROBABILITY OF S, S, FAILURE =

DAMAGE STATE NO= 1
PROBABILITY= 450
STRL, Dam, RATIO 5090
ARCH Datt, RATIC 500
MECH DaM, BATIO L350
FLEC. Dam, RATIO «af0
PGA LEVFL = #

PROBABILITY OF FIRE = +606
FROBaABILITY OF S. S. FATLURFE =
DAMAGE STATE NO= 1
FROBABII ITY= « 2810
ARCH Dam, RATIO « 100
MECH aM, RATIO ea 00
FLEC. DAM, RATIO «2NG
CASE = 1

TOTAL EXPECTED DAMAGE wiTH
FIRE AND SURSTRUCTURE
FAILURE PROBABILITIES AS SHOWwN

CASE = ¢
TOTAL EXPELTED DAMAGE wWITH

PROBARILITY OF FIRE DISREGARDED

CASE = 13

TOTAL EXPECTED DAMAGE WITH
PROBABILITY OF SUBSTRUCTURE
FAILURE DISREGARDED

CASE = 4
TCTAL EXPECTED DAMAGE wITH
PROBABILITY OF B0TH FIRKE AND

SUBSTRUCTURE FAILURE CISREGARUED=

£ 200

» 240
«290
754
«550
<050

« 300

420
« 500
+800

«700
7160

143
« 700
LTG0
$ 459
-43(.!

«15¢
«70¢C
«700
4520
450

»124
w760
754
500
«+550

2629917.5vu

213825£5.09

2420150.90

1962000.0¢

0N
LT
.;EC’O
50
e 700

+ 100
+ 900
L300
$ 700

« 74D

S 1R
. G50
eSS0
$ 750
«300

DOLLARS,

DOLLARS,

DOLLARS,

POLLARS,
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SCHEME NOW. = 1}
AMBIENT PERIOD o,

PGA LEVEL = 1

PROBABIILITY OF FIRE = (010

PROBABILITY oF S, S, FATLURE
AMAGE STATE NO= 1

PROBABILITY= L 3H0
STRL, DaM, RATIO £ 050
ARCH  DaM, BATIO « 050
MECH DAM, RATIO . 150
ELEC. DAM, RATIN <056

PGA LEVEL = 2

PRORARILITY OF FIRF = 4450

PROBABILITY CF S. S. FATLURF
DAMAGE <TATE NO= 1

PROBABIL ITY= <931
STRL. JaM, RATIOD «100
ARCH Dam, RATIO v 120
MECH  Dam, RaTIO 100
ELEC, DaM, RATIO .189

PGA LevVEL = 3

PROBABII ITY OF FIrEe = L1060

PROBABILITY OF S, S, FATLURE
DAMAGE STATE NO= 1

PROBABILITY= 855
STRL, DaM, RATIO «15¢
ARCH DaM, RATIO 290
MECH Dam, RATIO L1580
ELEC, DamM, RATIQ «15n0

PGA LEVFL = &

PROBABILITY OF FIRE = L1680
PROBABILITY OF S. S. FATLURE

DAMAGE &TATE NO= }

PrROBABI} ITY= e 765
STRL. DaM, pRATIO « 200
ARCH  DaM, RATIO « 3090
MECH DaM, RATIO 200
FLEC. vaM, RATIQ 2NN

PGA LEvel = S

PROBABILITY OF FIRE = .280

EROBASTILITY CF S. S. FATLURFE
DAMAGE STATE NO= 1

PRORABILITY= «H38
STRL., DAM, RATLO L300
ARCH Dam, RaATIO 401G
MECH DaM, pATIO . 25N
FtEC. LaM., RATIO s 251}

PGA LEVEL = 6

H

]

i

U1l

+u1G
«530
600
200
460

» 049
« 350
659
250
<454

« 050

« 095
600
- 790
+ 300
+S00

L1007

«135
+650
R
«400
«SG0

é
»213
« 779
«700
<500
«904

$5G0
«HOD
« 3090
cP_’JO

L0193
«550
« 650
+ 359
+ 250

045
+ 600
« 700
Jald
«3G0

« 085
«651
«7G0
4040
«300

112
S T00
« 120
o"“‘{"‘j
« 300

« 3070
« 700
e ADHG
« 580

o
t“ﬂ}»)

-0-’31
7100
« 700
2400
« SN0

005
+200
« 750
& E00

S50

.A'3b
."15‘%
T
e AGD
A

o3



PROBaNILITY OF FIRE = 300
PROBAZBILITY OF S. S, FALLURE =

DAMAGE STATE NO= 1

PROBABII ITY= £ S5O0
STRL. OaM, RATIO L4010
APCH  Dam, RATIO R 1)
MECH Dep, RATIO £ 300
ELEC., Dam, ®ATIO L3089

PGA LovEL = 7

PRORABILITY OF FIRE = L40f
PROBABILITY OF S. S. FATILURF =

NDAMAGE STATE NO= 1
PROBARILITY= $450
- STRL,., DaM, RATIO <500
ARCH  Dawm, RATIO JE00
MECH Dam, BATIG « 3510
FLEC. DaM. RATIO «an0

PGA LeVFL = 8

PROBABILITY OF FIRE = 600
PROBASILITY OF 5, S. FAILURE =

DAMAGE STATE NO= 1
PROBABILITY= P 2B
STRL. DaM, RATIO i AN
ARCH Dad, RATIO IR
MECH  Dam, sATIO LO00
FLEC,., Dam, RATIO «S00
CASL = i

TOTat EXPECTED DAMAGE WITH
FIRE aNn SUBSTRUCTURE
FATLURE PRGAACGILITIES 45 SHOWM

CASE = 2
TOTAL EXPFCTED DAMAGE ~ITH
PROBABILITY noF FIRE DISKEGARDED

CASE = 3

TOTAL EXPECTED DAMACE #1Th
PROBABILITY OF SURSTRUCTURE
FAILURE DISREGARDED

CASE = 4
TOTAL EXPECTED OAMAGE wITH
PROBABLILITY OF BOTH FIRE AND

$ 200

-

&*

i

SUBSTRUCTURE FAILURE CISREGARDED=

240
«BGD
150
«550

+600

2574

« 360
« 850
750
600
6060

307

e420
+500
300
o 7100
« 700

1

1

o« 100
YA
TG0
456
2400

. 150
« 7100
00
« 450
. 450

120
« 700
2 7514
Y
«5940

108755,.60

214230.0¢

9234000.00

.{’6{:’
« 25D
eang
m50

e 70N

21060
« GG
-QCQ‘
0700
« 700

1RO
$ 350
+ 756
700

DOLILARS,

DULLARS,

DOLLARS,

OOLLARS,



SCHEME MW= £

PGA LEVEL = 1

PROHABTL ITY OF FIRE = L4010
PROBARBILITY OF S. 5. FATLURE
DAMAGE STATE NO= 1
PRORARILITY= e S
STRL, DAM, RATIO LO10
ARCH  DaM, RATIO A T
MECH Dam, =ATIO 210
FtEC, Dam, RATID 017

PGA LEVEL = ¢

PEOBAZILITY OF FIRE = 49%9
PROBABILITY OF S. 5. FaTLURE

CAMAGE sTATE NO= 1

PROGABILITY= .331
STRL. UaM, RATIO 02e
ARCH Dap¢, RATIO + 030
MECH DavM, SaATIO « 120
FLEC,. DaM, RATID 20

PGA LEVEL = 3

PROBABILITY OF FIRE = L1000

PROBABILITY 0OoF S. S. FATLURE
DAMAGE <TATE NO= 1

PROBAGBILITY= « 255
STRL. DamMm, RATIO « 03¢
ARCH DamM, RATIO « 040
MECH (OAM, RATIO 030
ELEC, Dam, @ATID « 0390
FPGA LEVEL = 4

PROBABIHITY OF FIRE = « 1560

PROBABILITY OF S. S. FATLURF
NAMAGE <TATE NO= 1

PROBABIILITY= . 765
STRL, DAM, RATIO « 40
ARCH DaM, RATIO « 069
MECH Dam, =ATIO « DG
FLEC, Dam, 2ATIC » 040

PGA LEVEL = 5

PROBArTLITY GF FIRE = 250
PROBABILITY OF S, S. FATLURE

DAMAGE STATE KNO= 1

PROKABIL ITY= . 638
STRL, DaM, RATIO L0680
ARCH  DAM, RATIO <080
MECH DaM, QATIO $ 050
ELEC. DaM, RATIO 050

PGA LEVEL = &

i5

i

it

» 10

010
+ 250G
« 300
+ 180
« 230

« 029

« G439
2 250
2339
«130
+ 230

<100

« 135
«330
«350
«200
2250

o150

«213
« 350
« 350
250
250

014
« 250
£ 150
.100

S
. 287
2330
« 140
2130

. 342
L300
» 350
200
« 150

« 085
«33¢
« 350
« 204
.ISD

o113
2353
« 200
+ 150

NEAREY
159
» 330
1?‘"’"\'
. 2510

1]
£ 352
300
200
+ 750

&4
005
P
¢ G
« 254G
$ PEN

I"’}S
.f#-.".‘O
+« 180
« PE8G
300

.37
2430
s IRD
s 300
200

O

'0



PROBAVBILITY OF FIRE = L300

PROBABILITY OF S, S, FATLURFE = ,200

DAMAGE sSTATE NO= 1 2 3 4

PRORASBILITY= « 26N « 240 e 146 « 60
STRL. vaM, SaTIY L 80 #4050 « 3540 v 330
ARCH  Dam, RATIC 100 s 3RE « 350 « 00
MECH Dam, SATIO L0600 <285 233 3130

FLEC. DamM, FATIN BN 2300 + 200 » 38
PGA LEVEL = 7

PROBASILITY OF FIRE = 440
FROBABILITY OF So So FAILURE =  ,25°

DAMAGE STATE NO= 1 2 3 4
PROBABIL ITY= -459 « 300 159 100
STRL,., D&M, RATIGC 2100 « 430 « 358 « 450
MECH DaM, RATID S GT0 «35¢C « 230 » 3006
FLEC. DAM, GATID « 080 « 300 230 « 50

PGA LEVFL = 8

PREOBAAILITY OF FIRE = 4600

PRFOBABIILITY OF S. S, FoalLURFE = £ 300

DAMAGE STATE NO= 1 2 E} 4
PRORABILITY= «2HB0 YAt 120 o 1HG
STRL., DAM, RATIO L1208 £ 450 . 3590 L alh
ARCH  Dam, RATIO 140 «400 « 334 e GFED
MECH DaMm, RATIO B0 « 358 . 250 « IHY
FLEC, DaM, RATIO «18 +« 350 « 280 400
"CASE = 4

TOTalL EXPECTED DaAMAGE WITH

FIRE AND SURSTRUCTURE

FaltUre PRORABILITIFS 48 SHOYWN = 957900.50 O0LL AKS,
CuLsSE = 72

TOTAL EXPECTED OAMAGE wlTH

PROBABILITY OF FIRE DISREGARDED = 610985,00 DOLLARS,
CASE = 3

TOTAL EXPECTED DAMAGE WITH

PROBABILITY 0OF SUBSTRUCTURE

FAILURE DISREGARDED = 783680.00 DOLLARS,

CASE = 4

TOTAL EXPECTED DAMAGE wITH

PROBABTILITY nF BoTH FIRE AND

SURSTRUNTURE FAILURE DISREGARGED= 388400400 DOLLARS,



SCHEME NG = 2
AMBIENT PERIOD...

PGA LEVEL = 1

PROBABILITY OF FIR
PROZABILITY OF S.

DAMAGE STATE NO=
PROBABILITY=

STRL. Dam, RATIO
ARCH  DaM, RATIU
MECH Dam, RaTIO
ELEC, Dam, RATIOC

PGA LEVEL = 2

PROBABILITY GF FIR
PROBABTILITY OF S,

DAMAGE STATE NO=
PROBABIILITY=

STRL. DaM, RATIC
ARCH DaM, RATIO
MECH DaM, RATIC
ELEC, am, RATIO

PGA LEVEL = 3

PROBA3TIITY OF FIR
PROBABILITY OF S,

DAMAGE STATE NO=
PROBABILITY=

STRL, DaM, RATIQ
ARCH Dam, RATIC
MECH  DaM, RATIO
FLEC. D&M, RATTO

PGA LEVEL = 4

PROBARILITY OF FIR
PROBASILLITY OF S,

DAMAGE STATE NO=
PROZABILITY=

STRL. DAM, RATLO
ARCH DAM, RATIO
MECH DaM, RATIO
FLEC. DaAM, RATID

PGA LEVFL = S

pPrOBadILITY OF FIRE

PROBABICLITY OF S,

NAMAGE STATE NO=
PROBABILITY=

STRL, DaM, RATIOD
ARCH DAm, RATIO
MECH  DaM, rRATIQO
FLEC. DaM, RATIO

PGA LEVEL = &

£ = .fly
5, FaILURE

F o= .f‘E»}

Se FATLURE

i
«531
L0290
«030
.ﬂ2ﬁ‘
020

o= L1008
S. FaltLURE

1
255
« 336
AR

# 030

£ = «» 150

Se FalLUre

1
.?65
“340
2060

340

= 2570

S. Fallure

i
038
. 160
. EN
L0590
050

5]

L0138

L9010
250
200
.100
,290

020

45
$280
£330
.130
$230

G50

195
«360
» 3540
156
250

NN L G N
[S20RV 1IN0 ) I EaIR iR hY)
OO Ca L)

L 3 - * L L]

<

<014
» 250
«» 330
oI5
L1820

LOLS
230
<330
186
o130

e (145
« 300
+ 3540
.2'}9
£ 156

. {}bS
+330
« 200

e ¢ @
]
et

L]
ACEL NI U I
Ut L) U e B
Eit S R

*

L0001
s 358
e 2110

e P50

» 105
ALY
¢ MO
« P50

28

«15
4N
e RN
e PHG
2 30

."BH
f420
-“Wﬁg
e 200

300

jo-{>



PROBELBILITY OF FIRE = .23
PROGABILITY OF S, »,. FA[LYRE

DAMAGE STATE NO= 1

PRO®ASTILITY= EBi;
STRL. Dam, RaTIO o HHED
ARCH  DAM, PATIO 2100
MECH  pam, BATID AN
FILEC. Dam, RATID « 0670

PGA LEVEL = 7

PROHASTILITY OF FIRE = .400
PROBASTILITY OF S, S. FalLURE

DAMAGE STATE ho= 1

PRORABIY ITY= 450
STRL, Oam, RATID 2100
ARCH Dam, RATIO 0120
MECH  DaM, RATIOC NE I A
FLEC, DaM, RATID AN

PGA LEVEL = 8

PROBABILITY OF FIRE = +AQ0
PROBABILITY OF S. S. FALLURFE

DAMAGE <sTATE NO= i
PROBABTILITY= «289
STRL, DaM, RATID - . 120
ARCH Dam, RATIO J140
MECH Dam, RATIO (1810
FILEC. DaMe RATIO «100
CASE = 1

TOTAL EXPECTED DAMAGE wITH
FIRE abn SURSTRUCTURE
FalLURE PRUBABILITIES A

(%))
w

CASE = 2
TOTAL EXRECTED GAMAGE WI

TH
PROBABTILITY OF FIRE DISKEGARDFD

CASE = 3
ToTat EXPECTED DAMAGE #1TH
PROBABILITY OF SUBSTRUCTURE
FAILURE UOISREGARDEU

CASE = a4 .
TOTAL EXPECTED DAMAGE ~ITH
PROBAHII ITY OF BNTH FIRE AND

MOk

200
2 3 &
« 240 v 143 o« BN
ot 31} « 354 RS T
.3"}9 135{/ 0’4’,”:1
s 230 23 » 3314
03(‘(} .2".‘3'-) n?‘:"?
2510
2 3 a
« 300 156 100
L+ 430 « 350 ALY
« 300 o 230 . 357
03{\0‘ IEBG .1‘:{3—
« 300
2 3 A
420 « 120 e b
450 « 350 o 480
400 e 380 AR
«350 « 250 ¢ 380

SUBSTRUCTURFE FAILURE DISKEGARDED=

422274158 DULLARS,

2AEABY 00 DOLL 2RSS,

356342,00 DOLEAFS,

1572400.00 olLL RS,



SCHEME NOW.= 3
PREDICTION PERIOD..,.
PGA LEVEL = 1}

PROBABTILITY OF FiReo = ol

NDAMAGE STATE NO= i

PRQBA&ILITY: .Qtﬁ(}
STRL. Dam, RATIG L0058
ABRCH  Oam, RATIO LOUs
MECH  pat, RPATIO «OUB
F1 EC, DaM, RATID L0

PGA LEVFL = 2

PROBABILITY OF FIRE = .7cg

PROBABILITY OF S. S. FAaILURF
DAMAGE <TATE NO= i

PROSABILITY= 931
STRL. AM, RATID 01k
ARCH Dam, RATIO « 24
MECH DaM, RATIO «Nlp
FLEC. DaM, RATIN .1A

PGA LEVEL = 2

PrOBaBIL ITY OF FIRE =  JOHD
PRORABILITY DF S. S. FAILURE

DAMAGE STATF NO= 1

PROBAGBTII ITY= 814
STRL. Dam, RaTIO 024
ARCH DAM, R2aTI0 . 032
MECH Oam, RATIO e 124
FLEC. DAM,., RATIN 024

PGA LEVEL = 4

PRORABTILITY OF FIRE = L1279
PROBABILITY OF S, S, FAILURE

LAMAGE STATE NO= )
PROBABIILITY= « 792
STRL. DaM, RaATIO D32
ARCH DaM, RATIO « 24
MECH  DaM, RATIO ‘ 037
FLEC. DamM, 3ATIOD 332

PGA LEVEL = 5

PROSABINITY OF FIRE = L2010
PROFASILITY OF 5. 5, FATILUKE

DAMAGE STATE MNO= 1

PPOZABILITY= PE80
STRL. Da, RATIO e 4R
ARCH  Daw, RATIO L0604
MECH DAM, RATID L Gan
FLEC, Dam, RATIO JLan

PGA LEVEL = 6

2
« 143
.220
+260
«120
0180

Vd
«1710
«280
o280
200

200

2010
Dot
240
J12u
LB

018
220
2510
n}‘fg
«1680

D56
.2
« 284
+ 160

« A
264

C 6233

166
120

.28
Y
L1606
J1es

o'!n(f
e PE0
s D
SE:

+ 200

N

PR
e 2FEN
» 160

W 20

« 312
« 320G
« 100
« P20
o P LN

\0*15/



PROBARILITY OF FIRE = 240

PROBABIILITY OF S. S. FajLUKF =
DAMAGE =TATE NO= 1
PRORABSILITY= «E18
STRiL, Dam, RATID A
ARCH Dam, RATIO OB
MECH Dam, EATIQ o jH4R
ELEC, OadM, BATIN ELY79]

PROFABILITY QF FIRE = 4359
PRORBABILITY OF S, 5, FAILURE =

DAMAGE STATE NO= i

PROBABILITY= <488
STRL. DaM, RATIO «DED
ARCH  DaM, RATIO <100
MECH DaM, RATIO « 356
ELEC. Dam,., BATIU « 064

BPGA LEVEL = A8

PRORABILITY OF FIRE = 4500
FROBABILITY OF S. 5, FALLURE =

DAMAGE STATE NO= 1

PEQZABH ITY= « 350
STRL. DaM, SATIO «104G
ARCH  Dap, RATIO «110
MECH DAM, RATIO L0164

Caseg = 1

TOTAL ExPFCTED DAMAGE wWilTh
FIRE AND SURSTRUCTURE

FATLURE PROBABILITIES &S SHOwWN

CasE = 2
TOTal EXPECTED DAMAGE «ITH
FRPORABILITY OF FIRE DISREGARDED

cast = 3

TOTAL EXPECTED DAMAGE AITH
PROBARILITY OF SUBSTRUCTURE
FAIiLURE DISRECARDED

CASE = 4

TOTAaL EXPELTED DAMAGE #ITH
PROBABILITY OF BOTH FIAE anp
SUBSTRUCTURE FaliLURg CISRFGARDED

-

™
<3

J320
« 300
220
‘24{}

25"

«e2Hh3
« 3406
« 308
« 2410
« 240

309

+ 350
« 359
320
2260
+2580

122
284
« 184G
tl()’.}‘

«163
e 28U
« 180G
« 183

150
+ 284
e300
2200
220

THS5147.93

558414 ,40

£
."1,6{?
e 60
» 230
s RED

e 154

Dz
e 120
« 150
¢ 3100
° AP0

DOLY 4RS,

CGOLLARS,

DOLL RS,

POLL aws,

lo-fo



SCHEME NC» = 3
AMBIENT PERTOD ewa
PoA LEVEL = 1

PROBABII ITY OF FIPE = L0135
PROBABI| ITY OF S, S. FATLURF

DAMAGE STATE NO= 1

PEOSABTIL JTY= PR=Fo%s
STRL, DaM, rRATIU L00R
ARCH DA, RATIO 008
MECH DaM, BATIO L08R
FLEC. DAM, RATIO .08

PGA LEVFL = 2

PROBASIILITY OF FiRE = 089
PROBABILITY OF S, 5, FAILURE

DAMAGE STATE iNO= 1

PROBABILITY= «531
STRL. DaM, raTIO «15
ARCH DAM, RPATIO o (124
MECR Dat, <ATIO « D16
FLEC. Dam, RATIU « 016

PGA LEVEL = 3

FROBARILITY NF FIRE = 584
PUOBABILITY OF S. S. FAILURF

NDAMAGE STATE NO= i

PROBABIIITY= 874
STRL, Dam, RATIO L0248
ARCH Dam, RATIO JN32
MECH Dam, RATIO 2o
ELFEC, DaM, RATIOQ (124

PGA LEVEL = 4

PROSABILITY OF FIRF = 4120
PROBABILITY OF S, S. FAltLURE

DAMAGE STATE NO= 1

PROBABIIITY= « 792
STRL, DAM, RATIO L032
ARCH DamM, RaATIO 2026
MECH D&M, RATIO . 032
FLEC, Dam, RATIOD «032

PGA LEVFL = %

PROBABILITY OF FIRY = 200
PROBABIL ITY OF S, S, FAILURE

DAMAGE STATE NO= 1

PROBABILITY= B8N
STRL. DaMm, BATIO PG5
ARCH DAY, RATIO «NB4
MECH Dam, RATID 040
FLEC. Dam, RATIO « 840

PGA LEVFL = &

i

£210
+200
« 240
« UHO

100

« 108
taf)O
\..ERO
e 168
N0

- I%L‘

170
230
.28
0200
20N

3
oUi{:‘
QEC‘C‘
2G4
120
<0730

.280
« 260
« 148
100

. NGE
24y
280
«168
127

(38
e 260
. 280
. 164

»1cC
2810
«2B0
'lbU
140

L0901
S PED
« 7R
o’t‘o
2p0

-

o 17144
8« 320
w}{\r‘
« 200

220

112
« 320
« 306G
Tt

-

./i{»(“

« 12N
e 350
s LD
. 240
« 240



PROBABILITY OF FIRE = .24

PROBASILITY OF S, S, FalLURE
DAMAGE <TATE NO= 1

PROBARBILITY= «£08
STRL . DaM, RATIO PRATLY
ARCH  DamM, RATIO PR E 4]
MECH DaM, RATIC o B4R
FLEC. Dam, PATIN DB

PGA LEVEL = 7

PROBARILITY OF S. S. FAILURE

NAMAGE STATE NO= 1

pPROBABL ITY= 4nf
STRL. DAM, RATIOQ + 080
ARCH DAM, RATIO 100
MECH Dam, BATIO .56

FLEC. DaM, RATIO « 04
PGa LEVEL = 8

PROBABILITY OF FIRPE = L5300

PROBABILITY OF S. S. FATLURF
NAMAGE STATE NO= 1
PRORABILITY= i L%
STRL, DaM, RATIO L1600
ARCH  Dam, PATIO o110
MECH Dav, RATIO 104
ELEC. Dam, RATIO L0080
CASE = 1

TOTAL EXPECTED DaMaGE WITH
FIRE an® SUBRSTRUCTURE

= '2"‘"

.1972
« 320
30y
o229
LD

= .dgﬁ

FAILURE PROBABILITIES AS SHOWN =

CASE = 2
TOTAL ExPECTED JAMAGE #iTH

peoradli ITY oF FIRE DISREGARDED =

CASE = 3

TOTAL EXPECTED DAMAGE «ITH
PROSBABILITY GF SUBSTRUCTURE
FaTLURE DISREGARDED

CASE = 4
TOTAL EXPECTED DAMAGE wlTH
PEOBABRILITY OF BOTH FIRE AND

SUBSTRUCTURE FAILURF DISREGARGED

2
263
+ 340
« 350
02“4‘0
240

J152
285
280
NN

+103
« 2880
o 281
1843
.1&(}

.150
2843
» 320
220G
226

319602.94

221707.2¢

256685.20

15n560.0C

-
SIS
Con

v T

L] * e -

RS IR AT SN
(a4 }'\

[

« B8
» 360
R0
0;9.‘)
» 280

« 15U
80
o« ARG
» 300
s 120

DULLARS,

DULL. '11‘.??5 L]

NOLY ARS,

NOLLARS,

o-1%



SUMMARY OF ANALYSIS FOLLOWS

CASE =

FIRF ANNn SURSTRUCTURE FATLURFE CONSIDERED
SCHEME NO, = 1 :
COST OF wCUIFICATION .00
DAMAGE FROM PRED, E. W 2235426 ,58
DAMAGE Fw(m AMB, PER. = 1 1246029.,44
NAMAGE FRCM AM3, PER. = 2 1115128,.98
DAMAGE FROM AMB, PER, = 3 5306161.48
DAMAGE FROM AMB. PER. = 4 B69325.24
DAMAGE F=QOM AMB, PER. = 5 171022.32
TOTAL EXPECTED L0SS 72070097 .34
CASE = 2

PROBAHLY ITY OF FIRE DISREGARDED

SCHEME ~D, = 1

COST OF MODIFICATION 5.0
DAMAGE FROM PREU., £E. Q. 16863646,25
DAMAGE FpOM AM3, PER. = 1 1244186.14
DAMAGE FRQM aMB, PER, = 2 Se6lln.n2
DAMAGE FRCM AMB, PER. = 3 821385,91
DAMAGE FROM aMbB, PEF, = 4 728503.95
DAMAGE FRCM AMB, PER. = § £46125.04

TOTAL EXPECTED LOSS

CASE = 1

PROBABILITY OF SuUgsTrRUC

SCHEME w0,
COST OF

DAMAGE
DAMAGE
DAMAGE
DAMAGE
NDAMAGE
DAMAGE

FROM
FoQM
FRQOM
FROM
FROM
FROM

TOTAL

CASE

= 4

PROBABILITY OF 30TH FIRE AND SUBSTRUCTURE FAILURE OTSREGARDED

SCHEME ™0,
COST OF

FROM
FROM
FROM
FaQM
FROM

DAMAGE
DAMAGE
DAMAGE
DAMAGE
NAMAGE

MODIFICATION

PRED, E. G
AMB,., PER.
aMB, PER.
AMB, PER,
AMB. PER.
AMB, PLR.

EXPECTED LNSS

MOUIFICATION

PRED, E. O
AMB . PEPR,
AMB. PEFR,
AMB. PEp.
AMB, PER.

Hilbh b
U P Wy~

[T T )}
£ W N

6(029957.39

TURE FAILURFE DISREGARDED

1
0.00

2057127.90
1143518.75
1014210.15
395523, 71
7378n5,%6
7275%0.41

6619776.48

1
0+.00

1656700,400
528579.83
B23576.43
T3044RTT
fuaT7B4a8.16

c

520050 .00
BRi421c.42
40705723
3613244409
320201.77
2P23697,49
25187%,63

2938371.04

2

53000000

519337.25
2HFUER 448
238BAG4 .12
211627 .87
137692,65
l66462,45

209275n0,7%

4
580000.00

BARE12R, D10
335Z91.26
207641 586
263984 ,65
234137,3%
237657 .68

250513%.82

P
SCONGNL0G

330140,60
18571=,97
164715429
146085,35
1795649.63

3
EEELT TN

299375, 7R
I23990.72
64554 JRP
236747 .68
209954, 10
186248,06

3RG3331.18

3
2A00000,00

4ORPR7.3N
2LRT795,94
1881435,47
164244473
145672.01
129159 .48

3241384.93

3
2500006,00

4746852 .24
2la401.5¢0
190157.67
1658654,10
14G6%82,735

439184 .88

.
SRLB0NT LG

25RA32.00
141792.67
125758, 28
111537.59
RG24 .57



DAMAGE FRCM AMB, PERF., = 5 574685, 74 114317.96 .?‘.7738-7‘3-‘%.‘5

TOTAL EXPECTED LOSS 5355746 ,97 157114%.1° DRLZIRT 4T

O3






